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Introduction

Conventional breeding methods have relied on plant genetic diversity as the source of
new (raits to improve our domesticated crops. Early in our history selection for
characteristics affecting, e.g. ear brittleness of wild grasses (which were related to
barley} allowed the first ‘domesticated’ cereals to be developed and grown (Dunwell,
1995). Such advances enabled humans to abandon their nomadic lifestyle in favour of
settlements and farming. Domestication of cereals was the foundation for the great
civilizations seen in the Middle East and continues to be the cornerstone of human
civilization today.

Plant breeding techniques have generally provided increasing yields, especially
over the last 50 years. This has been achieved by the ntroduction of new genetic traits
obtained from wild relatives, by selecting for induced genetic mutations, use of
fertilizers and the widespread use of pesticides to control commercially important
pests and diseases. Together, these have all contributed to the ‘green” revolution that
has occurred since 1945. However, as genetic diversity within individual species is-
limited, and tolerance to many of our pesticides has been observed, new ways to
improve and protect crops have been sought. .

During the last decade great efforts have been directed towards understanding the
genetics of all our staple crops and how to further improve them. This research has
been performed, both from an academjc and industrial view point, with the ultimate
aim of breeding more productive crop plants. Many important crop traits have been
located using restriction fragment length polymorphism anaiysis. Disease resistance
genes and other plant genes are being cloned, and plant growth and development is
better understood. Together, these advances are facilitating the development of poten-
tially more accurate molecular breeding programmes and increase crop productivity
as a result. However, such gene usage was restricted to closely related species until the
development of genetic transformation methods, which have allowed the introduction
of genes from any species and kingdom.

On a commercial scale, plant transformation has now produced crop varieties with
new and unusual characteristics that cannot be obtained by conventional approaches
alone. McElroy (1996) has reported on the industrialization of transgenic plant
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production, and this molecular plant breeding is becoming routine world-wide. New
varieties produced via molecular biology are now undergoing extensive field trials
and some transgenic crops have already been commercialized. In Canada during the
last three years, several varieties of transgenic canola have appeared, while in
America, tomatoes with a longer shelf-life have been on sale since May 1994
Biotechnology has also been used to produce insect-resistant cotton by using the
Bacillus thuringiensis (Bt) toxin, and this new cotton variety was released to US
farmers in 1996. This is thought to have benefited the environment by a substantial
reduction in pesticide application on cotton and has given knock on economic benefits
for the farmers (Scheli, 1997).

The transfer of basic research to commercial product has identified new, and to
some extent, unpredicted research opportunities. Initially, it was thought that the main
obstacle to producing plants would be regeneration and transformation steps, but
while this was a problem particularly for cereal crops, it has been achieved. It was also
expected that the new ‘transgenes’ would express normally and follow Mendelian
inheritance. However, various regulatory pathways are now being studied which
influence the stability of transgenes in transgenic plants, and over the last decade
increasing numbers of reports have appeared describing and investigating the phe-
nomena of ‘transgene silencing’.

Plant transfermation technigues

There are a number of different methods which can be employed to obtain transgenic
plants and these are briefly discussed below.

AGROBACTERIUM MEDIATED TRANSFORMATION

This is probably the most widely used method to obtain transformed plants.
Agrobacterium is a gram-negative soil bacterium that causes either tumorous growths
called crown galls (A. tumefaciens), or hairy root syndrome (A. rhizogenes) on a wide
variety of plant species. The disease is caused by the transfer of a segment of DNA
from a bacterial plasmid to wounded plant cells. This segment of DNA (T-DNA or
transforming DNA) contains genes for phytohormone production (leading to gall or
root production) and genes for the biosynthesis of opines, amino acid derivatives that
are catabolized by the bacterium. The T-DNA is stably inserted into the hosts genome
and can be transmitted to the next generation following normal Mendelian genetics
(For arecent review see Sheng and Citovsky, 1996.) This natural DNA transfer system
has been modified to effect transformation and transfer genes of scientific interest into
the genomes of plants. Until very recently, it was thought that this biological method
was restricted to broad leaf dicotyledonous plants and gymnosperms but rice, maize
and barley are reported to have been transformed using this bacterium (Park ef al.,
1996: Tshida et al., 1996; Escudero et al., 1996; Tingay et al., 1997). Both forms of
Agrobacterium can be used; A. rhizogenes has been used to transform meore recalci-
trant species such as Antirrhinum majus (Senioret al., 1995), but has the disadvantage
that several rounds of back-crossing may be required before normal looking transgenic
plants are produced, due to the close integration of both pathogenic and the desired
traits (Newbury and Senior, 1998). A. tumefaciens is the usual choice as it produces
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transgenic plants without need to separate pathogenic characteristics from the desired
trait.

Agrobacrerium-mediated transformation methods were developed for whole plant
explants, cultured celis and protoplasts. Transformation of explants and subsequent
direct shoot regeneration has been a very successful and efficient technique for the
generation of transgenic plants. It also minimizes somaclonal variation associated
with regeneration from cultured cells and calli. There are many factors which can
influence the efficiency of transformation such as choice of bacterial strain,
phytohormones used, presence of acetosyringone, selection conditions, explant age,
and tissue culture conditions. Therefore, an empirical approach to transformation
methodology is required to obtain a working system.

PARTICLE BOMBARDMENT

This is the method of choice to transform monocotyledonous plant species (such as
wheat, rice and barley) and over the last five years all major cereal crops have been
successfully transformed using this method. The process entails DNA coated gold or
tungsten particles (1 jim in diameter) being ‘shot” through the cell wall and membrane
into the plant cells and plants being regenerated from such transformed cells. The
method was originally described by Klein e al. (1987) and has been extensively used
for cereal transformation. Maize was one of the first plant species to be successfully
transformed using this method (Gordon-Kamm ez al.,, 1990) using embryogenic
suspension cultures bombarded with the bar gene. (For reviews see Vain et al., 1995
and Christou, 1996.)

PROTOPLAST TRANSFORMATION

The methodology behind the use of protoplasts has improved significantly over the
last few years. The advantage of using protoplasts over other tissues is that chimeric
plants are not regenerated using these techniques. The main obstacle, however, is that
it is limited to those cultivars that can be successfully regenerated from cultured
protoplasts. There are a variety of ways in which protoplast have been transformed and
these are outlined below.

Polyethylene (PEG) mediated plant transformation

PEG has been used to increase the porosity of protoplast membranes to allow the direct
uptake of DNA. This methodology has been widely used for transformation of
monocotyledons, e.g. Tall fescue transformation with the bar gene (Wang et al,
1992}, Indica rice transformation of protoplasts, again with the bar gene (Datta et al.,
1992}, to produce fertile transgenic plants jn both cases.

Electroporation

This method uses short electrical pulses of high field strength to enable DNA to
permeate cell plasma membranes. The success of this method depends on the
amplitude and duration of the electric pulses, and the medium used, as they can affect
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both uptake and subsequent survival of the putative transformed protoplasts. The
method has been used successfully on rice (Shimamoto ef al., 1989), maize (Fromm
er al., 1986) and oilseed rape (Guerche et al., 1987) but is not widely used.

Micro-injection

It requires considerable skill to inject cells with DNA. 1t is widely used for animal cell
transformation but has not often been used for plant cells. Few examples are available,
e.g. Alfalfa (Reich er al., 1986), and Oilseed rape (Neuhaus et al., 1987).

Physical abrasives and laser beams

Silicon carbide fibres have been used to physically puncture cells to allow the direct
uptake of DNA. Several species have been successfully transformed using this method
including maize (Frame et al., 1994) and tobacco (Kaeppler ez al.,, 1992). There are
reports of microlaser beams being used to burn small holes through the wall of rice
cells to allow the passive uptake of DNA ( Weber et al., 1988a, b, 1990)}. Brassica
napus pollen grains have been transformed using this technique and been regenerated
into whole plants (Weber ef al., 1990). Similarly, pollen grains from Impatiens have
been transformed {Yamaguchi et al., 1994).

IN PLANTA TRANSFORMATION — VACUUM INFILTRATION

This is a variation on Agrebacterium transformation. Instead of using plant parts for
transformation, whole plants are used. Shoot meristems are exposed toAgrobacterium
infection by slitting bolting shoots and inoculating the incision. Subsequent shoot
production is quick for non-transformed but slow for transformed tissue. A second
round of inoculation is usually performed after which new flowering shoots are
allowed to set seed. On average, 5.5% of newly formed shoots produced transformed
progenies (Chang et al., 1994). Bechtold ez al. (1993) reported the transformation of
Arabidopsis thaliana by vacuum infiltration of an Agrobacterium suspension. Their
genetic and molecular analysis suggested transformation occurred late in floral
development as all transformants were hemizygous and contained different T-DNA
inserts.

Gene siiencing phenomena

Once transgenic plants had been produced, researchers expected that their new
transgenes would act as dominant Mendelian traits. These plants were expected to be
used in a variety of ways, including complementation and over-expression studies, to
identify gene function or to increase yields. Early literature showed that while
generally this sort of effect was seen, there were a number of noticeable deviations
from expected phenotypes. Reports of such cases were infrequent during the 1980s,
but since the phenomena was recognized the number of reports into gene silencing
have escalated. Matzke er al. (1994b) undertook a survey of reported gene silencing
events and found the percentage incidence ranged from 3% to 100% (zero incidence
of gene silencing is also known). The exact incidence of silencing events is not known
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but it is frequent enough to be a potential drawback in commercial production of
transgenic plants. A report by Finnegan and McElroy (1994) stated that 30 companies
working with transgenic plants had encountered problems with silencing of their
introduced transgenes, while a meeting report used the title “Treasure your exceptions’
(Phillips er al, 1995) when discussing the phenomena.

EARLY INDICATIONS OF [TRANS]GENE SILENCING

During the 1980s probable instances of gene silencing were reported, but presented as
unusual events or non-Mendelian inheritance. Deroles and Gardner (1988a, b) re-
ported the observation of low frequency inheritance of a kanamycin construct associated
with low expression, and for some Petunia lines segregation ratios could not be
explained by Mendelian genetics (Deroles and Gardner, 1988b). Of these, many of the
parents contained high copy numbers of the construct used (Deroles and Gardener,
1988a). Jones et al. (1987) reported weak expression of their transgene, while Shirsat
et al. (1989) found gene copy number did not correlate with expression level of alegA
transgene.

Heberle-Bors e al. (1988) analysed seeds from 283 tobacco transgenics for
embryo-lethal mutations caused by T-DNA integration. Instead of identifying reces-
sive lethal mutations, they observed the loss of marker genes or their expression
between generations. They also found transgene inactivation could be independent of
other genes encoded by the T-DNA, i.e. kanamycin was inactivated whilst nopaline
synthase was not. Sukhapinda er al. (1987) also observed suppression or loss of
marker gene expression in their transgenic tomatoes.

Sinkar et al. (1988) used Agrobacterium rhizogenes to transform tobacco. This
species of Agrobacterium causes abnormal shoot development due to transfer of
hormonal genes to the plant. This usually produces plants with short internodes,
altered leaf morphology, loss of apical dominance and delayed flowering. Occasion-
ally, revertant normal looking shoots can be produced. Analysis showed reverted
shoots still contained the transgene but they had been transcriptionally inactivated
(Sinkar ef al., 1988). They suggested that silencing of T, -DNA was age related and
probably the result of ‘cellular processes directed towards silencing of foreign genes
inplants’. Such cases led to more detailed investigations of these *silencing’ phenom-
ena and paved the way to the discovery of a variety of processes not previously
envisaged.

TYPES OF GENE SILENCING RECOGNIZED

Gene silencing has been observed in a variety of situations: single transgene only,
transgene—transgene or transgene-cndogenous gene interactions. It can be due to
either transcriptional or post-transcriptional mechanisms (Table / )

Single copy transgene silencing has been observed in tobacco {Elmayan and
Vaucheret, 1996} and Brassica napus (Owen, personal communication). But silenc-
ing occurs more commonly when many copies of the transgene are present in the
genome (Stam ef al., 1997a; Matzke et al., 1994a). When two or more constructs are
present, silencing can occur over considerable distances, e.g. different chromosomes
(trans silencing; Matzke et af., 1989), or they can be present and silenced on the same
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Table 1. identified Gene Silencing Phenomena.

Type of silencing interaction  Transcriptional or post- References
transcriptional silencing

Single copy transgene Transcriptional Meyer et al., 1992
Post-transcriptional Elmayan & Vaucheret 1996

Transgene—transgene ‘Transcriptional — in cis Assaad ef al,, 1993
Transcriptional — in trans Matzke et al., 1989

Post-transcriptional - in trans Hobbs er af., 1990, 1993;
English et al., 1996

Both transcriptional and Thierry and Vaucheret, 1996
post-transcriptional
Transgene—cndogenous gene  Post-transcriptional Napoli et af., 1990;

van der Krol er ., 1990a
Multiple endogenous genes

silencing
(a) + promoler Post-transcriptionat Seymour ef al., 1993; Jones er al., 1996;
{b) — promoter Post-transcriptional Starm, 1997
Antisense transgenc—

endogenous gene Post-transcriptional Rothstein ef al., 1987; Smith et al,, 1988;

Hamilton et al., 1990

stretch of DNA (cis silencing; Assaad ef al,, 1993). T-DNA integrations themselves
can be simple single copy mserts or very complex inserts, where transgenes are
arranged as: direct repeats, inverted repeats (head to head or tail to tail), or even
complex insertions where constructs are present in several different forms (Stam
1997) and they can include bacterial DNA from outside the T-DNA borders (Kononov
et al., 1997).

Plant gene silencing can be the result of, or influenced by:

(&) Position of T-DNA insertion into the genome
(i) Environmental conditions

(i1} Transcriptional silencing

(iv) Post-transcriptional silencing

(v) Antisense silencing

(vi) Chromatin mediated silencing.

Some of these silencing effects are similar to those observed in non-transgenic
plants and other organisms. Transcriptional silencing, for instance, is considered to be
similar to paramutation (Brink, 1973; Hellick ez al, 1997) in plants (Matzke erf al.,
1996; Martienssen, 1996) and to fungal Methylation Induced Premeiotically (MIP)
(Rossignol and Faugeron, 1995; Irelan and Selker, 1996; Selker, 1997) and Repeat
Induced Point mutation (RIP) (Singer and Selker, 1995; Irelan and Selker, 1996;
Selker, 1997) phencmena. While viral-induced gene silencing appears to be a defence
systern of plants to inhibit viral spread (Covey ef al, 1997; Ratchiff er al, 1997).
Antisense suppression in prokaryotes is known to be a natural control system for
accessory genetic elements such as phages, plasmids and transposons (Wagner and
Simons, 1994).
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TRANSCRIPTIONAL GENE SILENCING

The first gene silencing observation to be examined in detail was published in 1989.
Initially, two different but partially homologous transgene constructs were introduced
into the same plant by a sequential transformation experiment (Matzke ez al., 1989),
and in later experiments loci were brought together by sexual hybridization (Matzke
et al., 1993}. The two constructs encoded either kanamycin and nopaline synthase or
hygromycin and octopine synthase. Only hygromycin was controlled by the 358
CaMYV promoter; the other three genes were under the control of the NOS promoter.
After combining these constructs, progeny segregations were analysed. Instead of
finding both hygromycin (H) and kanamycin (K) resistant phenotypes, they found
kanamycin resistance was silenced when the two constructs were present in the same
plant. Examination of the promoter region showed that an Sstil site was methylated.
This correlated with gene inactivation in the presence of the hygromycin construct,
and expression when it was absent. Analysis of the progeny from such experiments
indicated that loss of promoter methylation and subsequent improvement of kanamy-
cin expression was a progressive rather than a one-step process, even if H alleles had
been lost during outcrossing (Matzke and Matzke, 1991).

The extent to which K was silenced was determined by the nature of the incoming
hygromycin loci. When H1 was introduced, K remained active and was not methyl-
ated: H2 caused silencing and methylation of K in both homozygous and hemizygous
plants, while H3 caused partial inactivation and methylation when hemizygous but
this was more complete in the homozygous condition (Matzke ef al., 1993). Analysis
of these three loci showed; H1 to consist of a single copy transgene without methyla-
tion, H2 had four copies which were completely methylated, while H3 contained two
to three partially methylated copies of the transgene (Matzke ef al., 1994a). Simitar
results have been obtained for a potent 355 silencer locus called 271 (Vaucheret,
1993, 1994). It too consists of multiple, methylated copies of the transgene and causes
heritable silencing and methylation of targeted genes.

Such instances of homology-dependent transcriptional gene silencing have been
compared fo paramutation (Matzke er al, 1996; Martienssen, 1996). This latter
phenomena is thought to occur when one allele (or locus) is able to weaken the
expression of a second. The change to the second allele (or locus) is inheritable and
often accompanied by cytosine methylation, while the ‘silencer’ allele remains
unchanged. Such effects are common in many plant species and have been extensively
studied in Antirrhinum majus and maize (Martienssen, 1996). Structural analysis of
maize paramutant alleles has shown them to be complex and sometimes associated
with transposable elements. Martienssen (1996) suggested these elements may also
play a role in gene silencing.

CO- OR SENSE SUFPPRESSION

This is a particularly interesting form of gene silencing as it was so unexpected. First
reports of sense suppression occurred in 1990, when two independent groups working
with Petunia chalcone synthase (CHS) gene noticed that up to 50% of transformants
had white or variegated flowers (Napoliet al., 1990; van der Krolef al., 1990a). N apoli
ef al. (1990) were trying to over-express the CHS gene in order to test whether the
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enzyme was rate limiting to anthocyanin biosynthesis. Detailed examination of gene
expression was performed and showed mRNA level of the co-suppressed line was 50-
fold lower relative to the control (Napoliet al., 1990). Van Blokland ez al. (1994) used
nuclear run-on experiments Lo analyse co-suppression further. This revealed normal
levels of transcription occurred, but the CHS transcript steady-state level was greatly
reduced in white and variegated tissue compared to pigmenied flowers. From this data,
a post-transcriptional gene silencing mechanism was thought to be operational.

Since these initial findings, co-suppression has been observed in many other plant
species transformed with sense construcis which have homology to endogenous
genes. Research into co-suppression mechanisms has continued to use transgenic
Perunia plants, due to the case of obtaining transgenics and the readily observable
phenotypes. One interesting feature observed in Perunia plants was that co-suppres-
sion does 1ot always occur in all side branches of a suppressed plant. Petfunias have
been obtained where fully pigmented flowers occur on one side branch, while other
branches have white or variegated flowers, indicating the extent of suppression is
variable. Flavell (1994) suggested these effects were somatically inherited and
suppression was inittated in individual branch meristems. Various colour patterns can
be obtained via CHS and dihydroflavonol reductase {DFR) co-suppression in Petunia
flowers (van der Krol er al., 1988, 1990a; Napoli et ¢, 1990) and antisense CHS in
Eustoma (Deroles et al.,, 1995). Patterns are either ordered or erratic in nature and
Jorgensen er al. (1996) have established a relationship between pattern type and
transgene locus structure. For sense constructs they observed a range of phenotypic
pigmentation patterns that antisense CHS constructs do not produce. Transgene
organization, in particular its repetitiveness, was the primary determinant for these
patterns. They also showed that the degree of co-suppression was subject to a
transgene dosage effect. Interestingly, no such co-suppression-induced floral patterning
has been observed in species which traditionally Iack patterned varieties such as rose
or Gerbera (Davies and Schwinn, 1997).

There is conflicting evidence for the role of transcription in initiation of co-
suppression. Smith et al. (1990a), showed that down-regulation of expression only
occurred when both transgene and endogenous genes were transcribed. While other
studies have used promoterless constructs and stitl observed co-suppression (van
Blokland et al., 1994). In the latter case antisense transcripts were found, suggesting
that endogenous transcription produced these transcripts. Their exact role, if any, in
co-suppression was not established. Other studies have indicated a thresheld ievel of
transcript is required to initiate down regulation (Dorlhac de Bomne et al., 1994; Hart
et al., 1992). Transgenes in a homozygous state can be more effective in initiating co-
suppression than hemizygous transgenes. This suggests a gene dosage effect or thata
threshold needs to be surpassed before suppression occurs. An alternative explanation
is that these alleles interact in some way, which results in the production of low levels
of aberrant mRNAs. These are detected and are degraded along with all other correct
homologous copies, switching off expression. Metzlaff er al. (1997) suggested a role
for the 3' end of RINA in co-suppression. They observed the accumulation of aberrant
poly AchsA RNA in Petunia plants with active transgenes and consider this is the
active inducer of co-suppression in their system. Their model suggests loss of c/isA
RNA in floral co-suppression occurs via pairing ~ cleavage cycles between aberrant
RNA fragments and complementary 3' sequences of the full length mRNA. This is
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thought to be active in the nucleus (Metzlaff er af., 1997). Analysis of potato virus X
carrying GUS sequences also suggested a link between gene silencing and 3’ end
(English ez al,, 1996).

There are instances of co-suppression which are developmentally controlled in-
stead. Some transgenes have been identified which are silenced after a lag period. This
can occur at different stages of development (Dorlhac de Bomneer al., 1994; Hartetal,,
1992) or at a defined stage in plant development (de Carvalho e al., 1992). Co-
suppression can also be triggered by environmental conditions (de Carvatho Niebel ef
al., 1995). High light intensity has been implicated in suppression of CHS in Perunia
{van der Krol ef al., 1990a) and 3-1.3-glucanase genes in tobacco (de Carvatho et al.,
1992). Cultural conditions have also been found to cause silencing. Chitinase genes in
N. sylvestris (Hart et al., 1992) and nitrate reductase in tobacco (Dorthac de Borne er
al., 1994) were silenced by germination and growth conditions. The acetolactate
synthase (ALS) gene in tobacco was silenced when seedlings were transplanted into
the field (Brandle er al., 1995).

Many examples of co-suppression are meiotically transmissible showing the silent
state is stably transferred to the progeny. This is obviously important for commercial
development of co-suppression technology (dubbed “Trans-Switch’™ by DNAP).

HOMOLOGY-DEPENDENT VIRAIL RESISTANCE

Plant viruses have been impossible to control directly by chemical means; only the
vectors of disease have been successfully targeted by chemical sprays. With the
development of transgenic plants, new ways to control viral plant pathogens have
emerged. Since the concept of pathogen-derived resistance (PDR) was postulated
(Sanford and Johnston, 1985), great advances in obtaining virus resistant plants have
occurred, and the first commercial product, virus-resistant squash (Asgrow Co,
Kalamazoo, MI, USA) became available in July 1995 (Meeusen, 1996). For an
overview of PDR types and mechanisms, see Beachy (1997).

There are two basic methods for PDR: ene relies on viral coat protein transgene
expression for resistance, the other is a gene silencing mechanism. The latter is
operational at the post-transiational level and appears to be directly linked to RNA.
Several papers have recently appeared discussing this phenomenon and the mecha-
nisms by which it conld operate and the reader is directed to these for more details
(Lindbo et al., 1993; Dougherty and Parks, 1995; Baulcombe, 1996a, b; Baulcombe
and English, 1996; Angell and Baulcombe, 1997; Beachy, 1997). Viral resistance
techniques are commercially important as many crop plants are susceptible to viral
infections and significant yield losses can occur (strategies also exist using transgenic
viruses to infect non-transgenic plants in order to produce high value therapeutic
proteins and secondary metabolites; see Della-Cioppa and Grill, 1996). Plant viral
resistance so far observed is a highly strain-specific phenomenon, as unrelated viruses
can still infect and damage plants which are expressing resistance against another
virus. It is thought that this type of resistance occurs through a homology-based
inactivation system similar to co-suppression.

Covey et al. (1997) have identified a non-transgenic or natural gene silencing
mechanism operating against cauliflower mosaic viris (CaMV). CaMV-infected
Brassica species initially showed viral symptoms before recovery occurred. Plants
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that first showed chlorosis, vein banding and necrosis quickly reverted to asymptomless
phenotypes and newly emerged leaf tissue was virus free. Analysis of viral replication
showed that there was a change from viral replication to a post-replicative state. The
authors suggested a similarity to transgene silencing events. Analysis showed that the
CaMV mini-chromosome was still highly transcribed but that the mRNA produced
was degraded. They suggested that a post-transcriptional mechanism was operating.
Such findings support the idea that gene silencing is a resistance mechanism against
viruses causing disease, endogenous proliferating sequences such as transposable
elements (Matzkeet al., 1996} or other invasive DNAs. Ratcliffer al. (1997) have also
identified a natural anti-viral mechanism operating against nepovirus infection in
Nicotiana sp. They demonstrated that recovery from nepoviral infection and gene
silencing are both viral inducible and suggested both use the same mechanism to target
specific RNAs. Ratcliff er al. (1997) proposed that plant recovery, and thus gene
silencing, is initiated upon viral penetration of the meristem (viruses are usually
excluded from plant meristerns and surrounding arcas where gametes are produced).
The possible relationship between nepoviral recovery, plant meristems and gene
silencing suggest the latter could be more frequent when transgenes are expressed in
plant meristerns. Silencing may thus occur when plants falsely identify a transgene, or
its RNA product, to be viral in origin and initiate an anti-viral defence mechanism:
gene silencing (Ratchiff et al., 1997).

ANTISENSE SUPPRESSION

This is now a very well-established technique for manipulating gene expression in a
wide variety of organisms (for a plant review see Bourque, 1995). Antisense suppres-
sion is.a natural system to controf gene expression in bacteria (Simons & Kleckner,
1983; Wagner and Simons, 1994) and has led to the design of strategies to control
eukaryotic gene expression. The first case of antisense use in multicellular eukaryotes
was in plants (Rothsteiner al., 1987) and, since that time, many reports using antisense
technology have been published. The mechanism of antisense suppression probably
results from the formation of an RNA duplex between sense and antisense transcripts.
Gene suppression may result from a number of mechanisms. Interference with the
normal processing of mRNA could be caused by sequestration of transiation initiation
signals (although this appears unlikely). Duplices could prevent transportation into the
cytoplasm and inhibit its subsequent translation or the duplex could be a target for
double strand RNase action. Whatever the actual cause, the result is that gene
expression is prevented (Bourque, 1995; Wagner, 1996). Kumar and Carmichael
{1997) have recently used mouse polyoma virus to show that antisense RN A can cause
adenosine to be converted to inosines or guanosines via modification of RNA
duplexes by double stranded RNA adenosine dearninase or a related enzyme. Such
transcripts were retained in the nucleus and remained untranslated. Whether or not
such transcript pools exist in other systems is unknown, as these modified transcripts
are thought 1o be invisible to normal hybridization probes (Kumar and Carmichael,
1997).

One potential drawback of antisense technology is differential inhibition of expres-
sion. Many plant genes are members of extended gene families which vary in their
homology to each other, timing and location of expression. This reduces the suppres-
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sive effect and might allow greater endogenous expression than is wanted. Equally, it
could be used to advantage by production of a range of phenotypes from which the
desired type can be chosen. Elomaa et al. (1996) reported the effects of two different
¢DNAs of the CHS gene family, gchs] and gchs2. These were transformed into
Gerbera hybrida, which has up to 10 members of the CHS super family, and the effects
of the antisense constructs on expression of members of this super family was
determined. They found the degree of suppression observed was dependent on the
percentage of homology between the different family members. Relaxation of inhibi-
tion in some transformants was shown to start from the most distantly related gene,
adding to the belief that sequence homology is a determinant of the antisense effect.
Elomaa et al. (1995) suggested that two mechanisms may be operational in antisense
mediated suppression. They observed differences in amount of antisense RNA
between two family members. For anti-gchs2 plants, a positive correlation between
amount of inhibition and level of RNA was observed. But, for anti-gehs/ a large
amount of antisense RNA was associated with no inhibition of gchsl mRNA, when
inhibition was observed neither mRNA nor antisense mRNA was detectable. To
ensure efficient suppression of a family member, a gene-specific antisense fransgene
needs to be used (Elomaa er al. 1996).

There are many factors which could regulate inhibitory activity of antisense, from
availability of complementary sequences, rate of binding, rate of synthesis of each
strand and rates of their decay, to the mechanism that inhibits target RNA once the
duplex has formed, e.g. presence of double stranded RNA-degrading enzymes (Wagner,
1996). In contrast to eukaryotic systems, prokaryotic antisense processes have been
better elucidated, e.g. replication control of bacterial plasmids.

So far, plant antisense technology has been the most widely used form of gene
silencing because of the simplicity in obtaining reduced expression. Antisense has
been used in many ways including: to define roles for newly isolated plant genes of
unknown functions (Bird er af., 1991; Smith ef al.,, 1988; Hamilton er af., 1990); for
crop improvement (Knutzon ef al., 1992; Fader et af, 1995) and to determine the
relative effect of enzymes in metabolic processes (Heineke ef al., 1994; Riesmeier et
al., 1993, 1994). Since antisense was shown to work in plants {(Rothsteiner al., 1987),
it has been a vital component in all areas of plant molecular biology and has gained
commercial uses.

Gene silencing — potential and utilization

Most research has concentrated on the ‘why” aspect of gene silencing and determining
mechanisms by which it could operate. Many reviews and papers are available on the
subject (Flavell, 1994; Stamet al., 1997b; Baulcombe and English, 1996; Baulcombe,
1996a, b; Matzke and Matzke, 1995a,b; Matzke et al., 1996; Martienssen, 1996;
Dougherty and Parks, 1995; Meins and Kunz, 1995; Meyer, 1995; Depicker and
Montagu, 1997; Kunz et al, 1996; Metzlaff ef al., 1997). Such phenomena are
potentially very useful commercially, by controlling unwanted traits or suppressing
plant activity until it is required and even redirecting metabolism from one pathway to
another. This technology will only be successful if the silent phenotype is stable
throughout the lifetime of the crop and maintained in following generations. If we can
find refiable ways to control gene silencing, then we have a new and very powerful
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technique to control plant growth, development and metabolism in ways previously
impossible to achieve. Some notable successes have already been made in this area
and the next section is intended to highlight some of the areas in which gene silencing
has already made an impact or where gene silencing has the potential for commercial
products or academic advances.

USE OF SILENCING TO IDENTIFY POTENTIAL HERBICIDE SITES OF ACTION

Development of herbicides and other pest control agents is a time-consumning and
expensive business. It relies on the synthesis of a wide array of different chemical
compounds from which new pest controlling agents can be discovered. This is largely
an empirical process, relying on identification of compounds with some biological
activity and manipulating the chemical structure in such a way as to enhance pesticidal
effects. These compounds are assessed in vive, in the glasshouse and finally full-scale
field tests before the compounds are released for sale. Such methodology allows early
identification of chemicals with the desired characteristics and these can be gquickly
progressed to the field for assessment alongside industry standards (Ormrod and
Hawkes, 1995). This safety verification process has overtones of the procedures
needed for the release of new transgenic plants around the world.

Pesticidal compounds discovered over the last 30 years have usually been single-
site inhibitors {e.g. sterol biosynthesis inhibitors) rather than the older multi-site
compounds (e.g. copper sulphate). Multi-site inhibitors are often more toxic to a wider
range of organisms and have {argely been replaced by single site types. The efficacy
of these newer compounds is very good but they tend to exert alarge selective pressure
on the biclogical target for resistant mutants. If pesticide usage is not carefully
controlled, these resistant mutants can arise guickly and reduce effectiveness of
control agents.

One such class of single site inhibitors is the acetolactate synthase (ALS) herbicide
group which encompasses a diverse range of compounds. ALS herbicides have been
widely used for the past 10 years, and have provided effective control against a wide
variety of weeds world-wide (Sherman ef af., 1996). However, there is the on-going
problem of target weed resistance, as single mutations can provide enough resistance
for the weed to survive and set seed. Weed resistance is a world-wide problem (Le
Baron, 1991) and new approaches to identifying new control agents and maintaining
efficacy against a wide range of weeds are of constant concern.

As more crop plants are now transformable, plant molecular biology techniques
are increasingly applicable to agriculture. It is now possible to use gene silencing to
verify which plant genes could be targets for new herbicides. Both co-suppression
and antisense approaches could be used, but so far, only antisense methods have
been reported (Foster and Hofgen, 1993; Hofgen ef al, 1995b). Instead of the
empirical approach of producing compounds with little or no biological activity, a
more direct or rational approach to target validation and pesticide discovery can be
used. A practical definition for target validation is the suppression of enzymatic
activity by 80% or less, by genetic or chemical means, which produces lethal effects
(Rendina and Abell, 1994; Abell, 1996). If the genetic approach is successful in
identifying a target site, it also provides a ready means to over-express the gene and
obtain large amounts of the target for detailed mechanism stadies, high throughput
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screening and crystal structure elucidation (Rendina and Abell, 1994; Abell, 1996).

Using gene silencing to down-regulate expression, it is possible to see how
important individual genes are for normal plant growth and development. Any genes
found which have very deleterious or lethal effects on plant development, are
candidate herbicide targets. The next step is to determine the protein structure of the
gene products, which are then used to model the enzymatic reaction centre. From this
information a chemical inhibitor can be designed to bind to the active site. Foster and
Hafgen (1993) showed that this approach will work. They ‘antisensed’ three genes;
the ALS gene (inhibits branched chain amino acid synthesis), threonine deaminase (an
enzyme of the isoleucine biosynthesis pathway), glutamate semialdehyde aminotrans-
ferase (GSA-AT, §-aminolevulinate a precursor of chlorophyll synthesis). They found
similar phenotypes in regenerants of ALS antisense plants when plants are treated with
ALS herbicides. They had reduced gene expression by 80% and this was enough for
herbicidal activity. This contrasted with the results for the second target, threonine
deaminase. Previous mutagenesis studies showed lack of enzymatic activity was
lethal, but rescuable with addition of isoleucine (Negrutiu et al,, 1985). Antisense
potato plants showed considerable phenotype disruption. Plants were shorter, had
altered leaf / plant morphology and discoloured tubers. Antisense tobacco plants
showed most inhibition in the FI generation where plants were extremely dwarfed,
had a completely different leaf morphology and lost apical dominance. However,
these effects were not sufficient for good herbicidal activity. The final example used
an antisense GSA-AT gene which is involved in chlorophyll biosynthesis. A number
of transgenics were obtained and these showed a range of phenotypes depending on
the level of gene inhibition. These phenotypes mimicked a wide variety of chlorophyll
variegation patterns known from horticulture and mutation analysis (Hofgen er al.,
1994). Greenhouse grown plants showed leaf damage, and even death, which was
dependent on the level of light and chlorophyll content. It was considered that this
gene was a suitable candidate for herbicide design (Foster and Hofgen, 1993).

Mode of action studies on many pesticidal compounds have been successful in
elucidating what is inhibited but rarely provide information on subsequent events
leading to cellular death. Hofgen er al. (1995a) have used antisense of the ALS gene
to further elucidate how the herbicidal effect is generated. It had been speculated by La
Rossa er al. (1987) that toxicity of ALS herbicides was due o the build-up of 2-
oxobutyrate, a precursor of acetolactate, or its transaminated product 2-aminobutyrate.
Other suggestions included amino acid starvation as a cause (Schloss, 1989; Shaner
and Singh, 1993). Neither reason appears to be correct. Héfgen ez al. (1995a) found
that both antisense and herbicide-treated plants showed a general increase in the free
amino acid pool, which was accompanied by imbalances in their relative proportions.
They considered this to indicate a general deregulation of amino acid biosynthesis,
which itself might be enough to elicit retardation of plant growth, cell division and
other pleiotrophic effects.

IDENTIFICATION OF HERBICIDE MODE OF ACTION

Auntisense technology has been used to determine why oilseed rape and wheat are
highly resistant to the herbicide quinclorac, while tomato and other vegetables are
susceptible. Herbicide activity of quinclorac was thought to be caused by its auxin
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activity, which induces synthesis of ethylene in sensitive plants (Grossmann and
Kwiatkowski, 1993). By studying ethylene synthesis inhibitors and using antisense
aminocyclopropane-1-carboxylate {ACC) synthase tomato plants, Grossmann and
Schmitlling (1995) showed ethylene biosynthesis was implicated in quinclorac action.
Stimulation of ACC synthesis increased ethylene production and caused the accumu-
lation of toxic levels of endogenous cyanide, produced during ACC degradation
{Yang et al., 1988). Cyanide causes chlorosis of growing leaves, quickly followed by
wilting and shoot necrosis (Grossmann and Kwiatkowski, 1993). Antisense ACC
synthase plants were highly resistant to quinclorac action. Ethylene biosynthests
inhibitors were also successful in alleviating the toxic effects of the herbicide.

Use of gene silencing for the establishment and validation of possible pesticide
targets is a new and valuable tool. Down-regulation of genes leads to similar effects
observed when plants are treated with herbicides. As discussed for plant herbicide
design, the down-regulation of genes from plant pests and diseases would convey
information on the usefulness of targeting a given gene product as a potential
pesticide. Such information will allow a more rational approach to the development of
new pesticides and could have an important impact on future agriculture.

CONTROL OF TOMATO FRUIT RIPENING

As amember of the family Solanacea, along with tobacco and potatoes, tomnato was an
early success for transformation technology. While not as widely used as tobacco as
a model system, there have been major advances achieved with this species. For
instance, some of the first plant resistance genes have been identified and cloned from
tomato and their functions elucidated (Jones er al., 1994). As an important food crop,
tomato has received considerable attention from both academic and commercial
organizations, to both understand fruit ripening and to modify its control. This
relationship between commerce and acadernia has resulted in the first widely available
commercial product of gene silencing technology — the long-life tomato.

One of the key components of the ripening process is a simple gas — ethylene. This
gas is involved in many plant processes from leaf and flower senescence and
abscission, root initiation and medification of leaf and fruit pigments to hypoxia-
induced plant adaptions and interference of geotropic responses (Theologis, 1994 and
refs therein). It can be induced by wounding, viral infection, chilling, and drought
amongst other stimuli. Induction of senescence by ethylene causes extensive loss of
fruit and vegetables world-wide. Due to its importance as a regulatory hormone of fruit
ripening, the role of ethylene has been studied extensively.

Fruits are divided into two classes depending on their respiratory response during
ripening. The climacteric fruits such as: tomato, pear, apple, banana, melon and
mango, all undergo a sharp rise in respiration and significant changes in texture and
composition. Non-climacteric fruits like orange, lemon, strawberry do not show any
change in fruit composition. With the climacteric rise, there is production of ethylene.
The fruit ripening process is thought to be regulated by ethylene which co-ordinates
gene expression for respiratory rise, autocatalytic production of ethylene, carotenoid
synthesis, chlorophyll degradation, conversion of starch to sugar and cell wall
degradation (Gray et af., 1992).

One approach to prevent / delay ripening is to inhibit the production of ethylene.
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The biosynthetic pathway is shown in Figure 1. The key enzyme involved in ethylene
biosynthesis (aminocyclopropane-1-carboxylate [ACC] synthase) has been cloned
from tomato plants. This gene has been returned to tomato as an antisense construct in
an experiment (o alter ripening (Oeller et al, 1991). Down-regulation of ACC
synthase caused marked delaying of fruit ripening by inhibition of both isozymes of
ACC synthase (LE-ACS2 and LE-ACS4). Down-regulation of LE-ACS4 mRNA by
LE-ACS2 antisense RNA was attributed to an identical stretch of 180 base pairs near
to the amino terminus (Rottmann er afl., 1991). Antisense fruits did not: show a
climacteric rise, tum red, soften or develop an aroma (Qeller ef al., 1991). This
antisense effect can be reversed by treatment with ethylene or propylene for six days.
Exogenously applied ethylene induces the normal rise in climacteric respiration, full
colour, texture and taste development (Qeller et al, 1991). Ethylene has also been
inhibited using antisense RNA to ACC oxidase {Tom 13) (Hamilton et af,, 1990).
Confirmation that Tom 3 did encode ACC oxidase was obtained when yeast
transformed with a full length cDNA could convert ACC to ethylene (Hamilton e al.,
1991; Spanu ef al,, 1991). This is an example of how gene silencing can be used to
determine the function of an unknown gene. As for ACC synthase, antisensed fruit
could be stored for several weeks at room temperature without over-ripening or
shrivelling. Partial restoration of ripening to wild-type levels was obtained by
exogenously applied ethylene (Picton er al, 1993). Suppression of ethylene by
antisense also delayed the onset of leaf senescence in tomato (Picton ef al., 1993).
Analysis showed a delay of 10-14 days in the ACC oxidase antisensed plants
compared to controls (John e al., 1995). Control of leaf senescence has the potential
to increase yiclds from crop plants.

Many genes have now been cloned from both ethylene biosynthesis and fruit
ripening, opening up the possibilities of understanding the complexity of ripening and
to improve the quality characteristics of tomatoes for consumption. Some of the genes
which have been isolated and manipulated are shown in Table 2.

The first gene to be manipulated was polygalacturonase, an enzyme thought to
control cell wall degradation during ripening. An antisense construct containing this
gene was made to down-regulate its expression (Smither al., 1988). A major decrease
in the levels of PG activity was observed, but initially no differences in fruit firmness
was found between transgenic and control plants (Smith et al., 1988). However,
further work showed minor differences to be present between control and transgenics
at later stages of ripening (Grierson and Schuch, 1993). The transgenic tomatoes were
more resistant to mechanical damage and cracking (Schuch ef g/, 1991) and the low
tevel PG phenotype surprisingly increased pathogen resistance to Rhizopus stolonifer
and Geotrichum candidum (Krameret al., 1992). Tomato juice made from these fruits
was shown to have a higher viscosity than the controls. These characteristics are
commercially significant as they allow tomato fruit to be ripened more fully on the
vine before harvest, reduce handling and storage losses which would usually occur
and improve the quality characteristics conventionally achieved by hot-break process-
ing (Schuch ef al., 1991).

A second gene involved in cell wall metabolism is pectin esterase (PE). This is
responsible for de-esterification of galacturonic acid residues in high molecular
weight pectin. Activity has been detected in a variety of plant fruits such as avocado,
banana, pear and tomato. There are three endogenous PE genes in tomato and two of
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Figure 1. Ethylere Biosynthetic Pathway.

these are expressed in fruit, Hall ez a/l. (1993) used an antisense approach to determine
the role of this enzyme in fruit ripening. Although 93% inhibition of activity was
obtained, no major differences in either fruit development or ripening were detected.
Pectin remained heavily esterified at all stages of fruit maturation, confirming the
gene’s role in pectin de-esterification. Although no differences in either ripening or
storage capabilities were observed, processing properties of the antisense tomatoes
were improved as serum viscosity of fruit was increased. This was attributed to the
different methylation levels of soluble pectin in tomato. This viscosity gave a glossy
appearance o the tomato paste (Hall er al, 1993; Grierson and Schuch, 1994).
Combining both PE and PG down-regulated genes into one plant produced plants
showing characteristics of both and increased soluble solid levels.
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Table 2. Examples of identified and modified genes from ethylene biosynthesis and fruit ripening

CDNA Gene identity Anlisense inhibition Co-suppression
TOM6 Polygalacturonase Smith et al,, 1988, 1990a Smith ez al., 1990b
Fl Polygalacturonase Sheehy ef al., 1988
PGIl6 Polygalacturonase
PEI Pectinesterase Hall et af., 1993
PETI Pectinesterase Tieman er al., 1992 Ticman et al., 1992
TOMI3 ACC oxidase Hamillon et al., 1990
Picton et al.. 1993
tACC2 ACC synthase Qclicr et al., 1991
tACCH
ER Unknown Penarrubia ef ai., 1992
TOMS Phytoene synthase Bird er al., 1991 Fray and Grierson, 1993

Additionally, combining these genes dissipated the ‘granular taste’ associated with
PG alone (Schuch, personal communication).

The reported research and new technology has resulted in commercial products.
Calgene has used an antisense polygalacturonase gene (PG), while Zeneca used a
truncated sense PG to effect longer shelf-life and different processing characteristics
(Kramer et af., 1993; Smith e al, 1990a). Both companies have been selling
genetically modified tomatoes for the last few years, either as the fresh product,
‘FlavrSavr ™" (Calgene) or as tomato paste (Zeneca). DNA Plant Technology
Corporation have taken a slightly different approach, by using a full length LE-ACS2
coding region to sense suppress ACC synthase and hence ethylene production (Howie
et al., 1996). These workers reported that just 5% of their primary transgenic plants
had 90% or more of their ethylene production suppressed. From these sense-sup-
pressed lines, they have shown sense ripening arrested fruit can be stored for 30 days
prior to ethylene ripening, and these fruits have at least a 14-day life after ripening.
This, coupled with much lower losses during production, makes the new tomato
commercially viable.

This same technology has been applied to Cantaloupe melons by Ayubetal. (1996).
This fruit was chosen owing to its good eating character but poor storage. By
antisensing the melon ACC oxidase gene, they successfully inhibited gene expression
and reduced ethylene production to under 1% of the controls. Transgenic froit
remained attached to the plant, and normal pigment production in the flesh was
observed but the rind remained green. Storage of transgenic and control fruit for 10
days at 25°C, produced no change to the transgenic fruit, whereas the controls were
shrivelled and yellow, with fungal infections starting to appear. Application of
ethylene restored the yellow rind to the transgenic fruit.

Many other fruits and vegetables could be altered similarly to prolong the useful life
of food. This would be particularly useful in hot climates where fresh fruit and
vegetables rot quickly.

TRANSGENIC TREES

Forestry is an important area of agriculture, We rely on a plentiful source of trees for
food, building, furniture and paper amongst others. As for other plant species, the aim
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of tree biotechnology is to improve the quality and / or the characteristics of trees for
human use. Prevention of disease, pest control, modification of lignin and cellulose
are all targets for akteration (Schuch, 1991). The biotechnology of trees has lagged
behind other areas of plant biology. However, with recent advances in the transforma-
tion and regeneration protocols of both hardwood and conifers, new opportunities are
now arising. Most success in transformation of trees has occurred with poplar and
larch tree species which are susceptible toAgrobacterium, although particle bombard-
ment has also been used. Transformation techniques have allowed the introduction of
new characteristics such as herbicide tolerance (glyphosate, Riemenschneider and
Haissig, 1991; chlorosulfurcn, Brasilero et al,, 1992 and glufosinate ammonia, De
Block, 1990), and pest resistance (Bacillus thuringiensis delta endotoxin (BT) gene,
McCownet of., 1991) into trees. Stability of introduced transgenes (rolC gene fromA.
rhizogenes) has recemtly been examined and, as for other plant species, transgene
inactivation via methylation can occur (Fladung, 1996). Trees are long-lived organ-
isms, and reach reproductive maturity over a period of years. Introduction of transgenes
into trees, requires them to be stably maintained over the long lifetime of the plant.
Any unwanted transgene silencing could cause considerable losses to the industry.

Lignin modification

Lignin is an important component of wood, making up 15-35% of the dry weight. In
order to manufacture wood pulp and paper, lignin has to be removed. This process 18
costly both in terms of inputs required and in pollution produced via the process. In the
US it is estimated that 20 Mt of lignin is removed from wood fibres each year, and for
each tonne 800 kg of sodium hydroxide and 300 kg of sodium sulphide are needed
during the process. Lignins also limit the digestibility of forage crops by cattle.
However, lignin reduction would only be advantageous for non-ruminants as bloat
can otherwise occur (Chesson, 1997). Any reduction in Hgnin content of trees will give
cost benefits both to industry itself and to the environment by reduced pollution.

Characteristics of lignin in conifers differs from the hardwoods because they
contain structuratly condensed guaiacyl lignin rather than guaiacyl-syringyl lignin.
Gymmosperm lignins have a 5-aromatic position available for carbon—carbon bonds.
These are very sirong bonds making themn resistant to the pulping depolymerization
process. Guaiacyl lignin thus costs more to process than guaiacyl-syringyl lignin,
which does not have these bonds. Conifer trees are still preferred for the pulping
process, as they produce longer and better quality cellulose fibres which are suited to
many manufacturing processes. A second desirable change to lignin is the substitution
of ~-OCH, to ~OH groups in angiosperm lignin. This would increase lignin solubiliza-
tion and result in decreased amounts of sulphur-containing compounds released into
the atmosphere during processing (Boudet ef al,, 1995).

The metabolic pathway leading to lignins is relatively well known (Boudet et al,
1993), although recent evidence has indicated two methoxylation pathways for lignin
biosynthesis exist. The first uses free acids (caffeic acid and 5-hydroxyferulic acid) as
substrates, while the alternative route uses Co A esters of hydroxycinnamic acids as
substrates {(Ye ef al., 1994). There are three types of monolignols that can be formed
in plants. These are p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol. Once
formed these are transferred to the cell wall where polymerisation occurs forming
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condensed lignin. Down-regulation of specific enzymes of the pathway to condensed
lignin would result in considerable reduction in pulping costs. To this end, various
suppression experiments have been performed using different genes of the biosynthetic
pathway.

Some of the genes involved in the lignin biosynthetic pathway have been cloned,
opening up the opportunity for genetic manipulations. The phenylalanine ammonia-
lyase (PAL) enzyme was one of the first genes isolated and was used in antisense
experiments. Reduced lignin content was obtained in transgenic tobacco but it also
caused pleiotrophic effects such as altered leaf shape and texture, altered flower
morphology and pigmentation (Elkind er af., 1990). Such early enzymes of the
pathway are unsuitable for manipulations due to these effects.

O-methyltransferase (OMT) genes are a target for manipulation as reduction in
activity should improve lignin solubilization and require less polluting chemicals in
paper manufacture. This idea has already been tested by several groups. Ni ef ai.
(1994), introduced a heterologous antisense OMT fragment into tobacco and obtained
significant reductions in lignin content without alteration of monomer composition.
Atanassova et al. (1995) successfully altered tobacco lignin using both sense and
antisense OMT constructs. For the full-length sense construct, only 1 out of 20
transformants showed significant co-suppression, with just 3% of control activity.
Most other transformants over expressed OMT activity. Antisense constructs were
more successful in down-regulating OMT expression (15 plants obtained), with the
most suppressed line exhibiting just 3% of control activity. Even though considerable
inhibition of activity was demonstrated, total amount of lignin was unaffected
contrasting with the result of Ni er al. (1994). Atanassova et af. {1995}, showed
composition of lignin obtained from OMT down regulated plants was significantly
different from controls. The syringyl : guaiacyl ratio was altered owing to a decrease
in syringyl unit abundance and a new monomer, 5-OH guaiacy! unit, appeared. To
obtain such changes, OMT aclivity had to be reduced by 80% or more. Similar
changes have also been observed in transgenic poplar trees (van Doorsselaere et al.,
1995), with an additional change to xylem colour. This changed from the control white
/ yellow to pale rose. This has been compared to the brown midrib mutants of maijze
and sorghum which are known to have altered lgnin composition and increased
digestibility (Grand er al., 1985; Pillonel et al, 1991). Caffeoyl CoA O-
methyltransferase, has also been suggested as a target to alter the monomeric
composition of lignin. This enzyme may be involved in an alternative pathway to G
units, which could produce lignins with different monomer compositions (Boudet and
Grima-Pettenati, 1996).

There are two enzymes considered to be lignin biosynthetic pathway specific,
Cinnamoyl-CoA reductase (CCR) and cinnamoyl alcohol dehydrogenase (CAD).
CCR has been down-regulated by antisensing the gene and this caused an orange-
brown colour in the xylem area. It is thought that this indicated significant changes in
composition of lignin had occurred. CAD was first targeted by Halpin et al. (1994)
who used an antisense CAD tobacco construct to down-regulate expression to as little
as 7% (line 50). The plants obtained had low CAD activity and the xylem was red-
brown. Analysis indicated that there was an increase in coniferyi and sinapyl aldehydes
in line 50. CAD down-regulation had thus produced a novel lignin. The pulping
characteristics of the CAD down-regulated tobacco and poplar plants have been
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investigated and antisense plants had better pulping characteristics than their controls.
The pulp yield was increased along with decreased chemical inputs (Boudet and
Grima-Pettenati, 1996).

Ralph er al. (1997) have shown a loblolly pine mutant produced a novel lignin
monomer, dihydroconiferyl alcohol. This accounted for up to 30% of the units in the
mutant. They also observed increased levels of aldehydes including the production of
two new methoxybenzaldehydes. The wood of this mutant pine was red-brown and
was likened to that of the brown midrib mutants, The changes observed resulted from
a CAD deficiency. For homozygous mutant pines carrying the cad-ni allele, CAD
activity was 1% or less compared to wild-type. Such results indicate the plasticity of
lignin biosynthesis and show large changes to composition do not necessarily disrupt
lignin functions (Ralphet al., 1997). Results obtained from both mutant and transgenic
studies indicate lignin manipulation can be achieved through the use of gene silencing.

Fruit tree modification

Genetic transformation of fruit trees has been achieved (James ez al,, 1989). Apple
frees have been shown to reliable maintain transgene stability throughout the long
juvenile stage (James, 1993). Transgenic apple trees have now been shown to display
stable expression of kanamycin, both in fruit flesh and in subsequent generations
(James er al, 1996). Apples are climacteric fruits and as such their ripening is
controlled by ethylene. These trees can therefore be modified to prolong the survival
of their fruits using an antisense approach against ethylene production, in the same
manner as for tomatoes (see earlier). ACC synthase and ACC oxidase have been
cloned from apples (Donget al., 1991, 1992) and these have been introduced back into
apple trees (James, 1993). Another ACC synthase has recently been identified from
ripening Mclntosh apples (MdACS-2) and has been transformed back into Royal Gala
and MclIntosh apple plants in another attempt to down-regulate ethylene and hence
fruit ripening (Hrazdina ez al., 1997). No reports of success have been published. As
forforestry trees, genetic modification will introduce a wide variety of genes to control
pests and diseases.

OIL MODIFICATION

This area of research has been at the forefront of transformation technology because
of the potential for valuable new and novel products it encompasses. Since the first
report of novel oil production in the early 1990s (Knutzon et af., 1992), there have
been many successes in manipulations of oil composition, some of which have now
emered fuli scale agricultural production (Kridl and Shewmaker, 1996). Higher plants
are thought to produce over 200 different fatty acids, but the majority of plants used
for oil production only accumulate about ten of these to any extent. The majority of
these differ only in chain length and level of unsaturation, but these can be converted
to a range of useful products such as coatings and paints, adhesives, surfactants and
lubricants. Natural sources of fatty acids are a mixture and these need to be converted
t0 a common derivative or separated into individual fatty acids before they can be
processed. By using molecular biology to increase purity of natural fatty acids, some
of this processing could be reduced. The other aim is to increase the variety of fatty
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acids available from field crops, reducing the need for chemical conversion or use of
non-renewable raw materials.

Alterations to lipid composition

Gilseed rape (Brassica napus) is an obvious choice for molecular plant breeding. In
our laboratory it is readily transformable and manipulated at both molecular and tissue
culture levels. Since the early 1970s, oilseed rape has become a common agricultural
crop in the UK and its oil has wide commercial application. Fatty acid composition is
known to be amenable to manipulation by conventional breeding methods (Liths and
Friedt, 1993). Reduction in erucic acid (C22: 1 Jycontent and glucosinolates by conven-
tional plant breeding has produced the canola varieties extensively grown in the USA
and Canada. Considerable molecular breeding has already occurred and new canola
lines have entered commercial agriculture, e.g. high laurate canola (Voelker e al.,
1992). Most of this molecular breeding has been by incorporating new genes into
Brassica to produce novel oils. High laurate canola was produced using a lauroyl-ACP
thioesterase gene from the Californian bay tree (Voelker er al., 1992). However, there
are apportunitics for gene silencing in oil modification. Knutzon et al, (1992)
successfully increased the stearate (C18:0) levels of mature seeds of both B, napus and
B. rapa, using an antisense seed specific stearoylacyl carrier protein desaturase gene
construct. This enzyme catalyses the first desaturation reaction in fatty acid biosynthe-
sis. By down-regulating this enzyme, seed oil contained up to 25 times more stearate
acid than controls and, by using a seed specific promoter, they maintained the normal
membrane fatty acid composition in the rest of the plant, By increasing 18:0 levels in
oilseeds, a cocoa butter-like fat is produced. A similar fat is normally produced by
cocoa itself, or by the hydrogenation of vegetable oil. Using oilseed to make this fat
reduces the dependency on other resources, there are health benefits as no rrans fatty
acids are produced and it may have novel properties, as stearate is not incorporated
into the s»n-2 position of the triacyl glycerides. Kinney (1994) suggested that further
increases in saturated oil content could be achieved by hybridisation of down
regulated A® desaturase phenotype with over-expressed thicesterase phenotype, but
such attempts have not so far been reported.

Seed companies are also interested in reducing the level of 18:2 and 18:3 fatty acids,
which will improve both oil stability to oxidation and its taste characteristics. Various
mutants are known with fower levels of these fatty acids such as IMCOI1 mutant of
canola, and the AS mutant of soybean (Kinney, 1994 and refs therein). Both canola
and soybean have also been genetically modified to produce lower levels of 18:3. This
has been achieved using both antisense and sense suppression techniques to inhibit the
A'desaturase (Faderer al., 1995). These new sources of modified fatty acids have uses
for frying and in salad oils. Cancla and soybean have been genetically modified so that
they produce high levels of 18:1 fatty acids (Faderez al,, 1995). This has resulied from
the down regulation of oleate A'? desaturase (fud2) by both antisense and sense
suppression, preventing the insertion of the second double bond. This type of oil again
has uses for frying, as salad oil and also as high stability spray oils (Krid] and
Shewmaker, 1996). Broglie er al ( 1997) reported that gene silencing of fud2? in
soybean, had remained stable through multiple generations and 2t many test sites.
Seeds from these transgenic plants contained less than 5% polyunsaturated fatty acids
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and greater than 80% monounsaturated acid. As expected, this had greatly improved
the oxidative stability of the oil.

Cotton is the world’s second largest oilseed crop but, due to the presence of a toxic
sesquiterpene gossypol and derivatives, use of cottonseed meal and oil is somewhat
limited. Wilkins and Loguercio (1997) are attempting to produce gossypol-free
germplasm by down regulating the HMG CoA reductase (HMGR) in pigment glands
of developing embryos using antisense RNA.

Production of polymers in transgenic plants

One of the most exciting possibilities in manipulating oil biosynthesis pathway is the
production of polyhydroxybutric acid (PHB). PHB is a biodegradable polymer which
has a growing commercial market. It is presently produced by fermentation of
bacteria. This is an expensive process and causes the end-product to be more
expensive than other non-renewable plastics. If this polymer could be made by plants,
production cost will be greatly reduced and this will aliow greater use of arenewable,
environmentally friendly plastic. There are other forms of biopolymers that can be
produced in plants and bacteria, e.g. protein-based polymers, that do not rely on
silencing; see Danicll and Guda, 1997.

Production of PHB is dependent on the main building block for fatty acid synthesis,
acetyl CoA. Sequestration of acetyl CoA into PHB synthesis will reduce overall fatty
acid levels in seeds. As both antisense and sense suppression produce a range of
phenotypes, it should be possible to obtain a level of suppression of carboxylase (the
enzyme responsible for acetyl CoA incorporation into lipid), which allows for normal
plant growth and development, but which reduces flux into storage oil. The acetyl
CoA could then be utilized predominantly for PHB synthesis. To enable this objective,
three new bacterial genes and one suppressing gene construct need to be incorporated
into oilseed rape. So far, PHB synthesis enzymes have been expressed in Arabidopsis
thaliana and a level of 14% dry weight PHB has been attained in leaves (Nawrath et
al., 1994), while 1-4% (seed dry weight) PHB production has now been achieved in
leucoplasts of both soybean and canola (Slater ez al., 1997). Slabas er al. (1997) have
indicated that they have used antisense expression to suppress the plasticidal ACCase
and fatty acid synthetase using 355 CaMV and ACP promoters, but little information
is currently available on the resultant phenotypes. At present, much more work is
required before we can farm PHB bioplastics.

MOLECUL AR FLOWER BREEDING - NOVEL TRAITS

The cut Jower industry is another area in which gene silencing may enhance the
commercial end product, Over the last few years a greater understanding of flowering
has emerged. New genes controlling floral organ identity have been discovered (Coen
and Meyerowitz, 1991; Weigel and Meyerowitz, 1994), the biochemistry and genetics
of fower colour production has been elucidated (Forkmann, 1991, 1993}, and
progress has been made into how flowering architecture is controlied (PERIANTHIA
gene from Arabidopsis, Running and Meyerowitz, 1996; CENTRORADIALIS gene
from Antirrhinum majus, Bradley et al., 1996; CYCLOIDEA gene from A. majus,
Luo et al., 1996; CLAVATAL gene from Arabidopsis, Clark et al., 1997), how plants
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switch from vegetative to floral forms (analysis of LEAFY activity in Arabidopsis and
Aspen, Weigel and Nilsson, 1995} and how Myb transcription factors regulate gene
expression {Martin and Paz-Ares, 1997). With the availability of all these genes and
appropriate transformation technologies, we can potentially manipulate flowers and
inflorescences by either, gene expression, or silencing techniques.

Flower colour manipulations

The obvious first choice for genetic manipulation was flower colour as so much is
known about how colour is produced, there are a range of genes already available for
manipulation (Davies and Schwinn 1997} and because of the added premium that
unusual flower colour can command in the market-place. Many flowers have a limited
colour range, for instance, blue-flowering varieties are missing from carnations,
chrysanthemums and roses. Genetic changes to flower colour are non-disruptive 1o
plants themselves and provide an easy assay for success. It is expected that genetic
manipulation of biosynthetic pathways will help to broaden the colour spectrum
available. Other workers have shown how to alter pigmentation patterns (Mocney ef
al., 1995}, or flower colour intensity and lustre {(Noda et al., 1994). Other character-
istics could also be targeted for manipulation, e.g. petal senescence, plant shape and
fragrance to enhance the commercial appeal of such plants. The main cut flower
industry plants and whether they are transformable are shown in Table 3.

Flowers have been at the forefront of gene silencing research as they readily show
any altered phenotype, even if these are only subtle changes. Co-suppression was
discovered by flower colour change (Napoli et al.. 1990; van der Krol e al., 1990a).
A purple Petunia line was transformed with a chalcone synthase transgene, and a
proportion of the progeny were unexpectedly white. Analysis showed the fransgene to
be present and that it, and the endogenous CHS gene, had both been silenced. Early
research showed that transgenes can also be influenced by their environment, as hot
dry conditions induced gene silencing of a Petunia line containing an Al gene from’
maize (Meyerer al., 1992). Petunia plants have continued to be used for gene silencing
research both in Europe and America providing a greater understanding of the
phenomena.

Use of sense and antisense techniques to manipulate flowers

The biosynthetic pathway for flavonoid production is well characterized with genes
being cloned from a variety of sources (Holton and Cornish, 1995, Forkmann, 1991).
This has allowed comparison of homologous (Pefunia) and heterologous (chrysanthe-
mum) sequences for their ability to suppress Petunia chalcone synthase and
dihydroflavonol reductase genes. The heterologous genes were 70% identical to the
endogenous Petunia sequences. Each was driven by the 358 promoter and had the
nopaline synthase 3' terminator sequence. For the Petunia sequence, 16% of
transformants showed suppression of CHS, and 10% for DFR. The chrysanthemum
sequences did not suppress expression of either gene. Guiterson (1995) suggested that,
for efficient sense suppression, the host gene is the favoured gene source. Gutterson
{1995) went on to show that sense suppression in Petunia could be achieved with as
little as 225 bp of sequence. There was a penalty incurred, however, while suppression
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Table 3. The main plant species of the cut flower industry : transformation and regeneration

Plant Transformable?  Method used  Plaats regencrated?  References

Rose Yes At Yes Gutterson 1995
Ar Yes van der Salm ef al., 1997

Carnation Yes At Yes Lueral, 199§

Tulip* Yes PB Yes Wilmink et al., 1994
Ar No Wilmink et af., 1992
PB {pt) No Tanaka et al., 1995

Chrysanthemusn Yes Al Yes Ledger et al., 1991

Freesia* TE PB (pt) No Tanaka et af., 1995

Gerbera Yes At Yes Elomaa ef al., 1993

Lily* TE PB (pt) No Nishiharza ef al., 1993
E (pt) No Miyoshi et al., 19935
PB () No Tsuchiya et al., 1996
At No Langeveld et af., 1994

Ins* No - - -

Daffodii* No - - -

Gypsophila No - - -

* = Monocot spp.

Al = Agrobacteriwm tumefaciens mediated ransformation,

Ar = Agrobacterium rhizogenes mediated transformation.
PB = Particle bombardment transformation.

(pty = Polien, transient gene expression.

£ = Electroperation transformation.

TE = Transient expression.

could be seen, the proportion of plants with high suppression fell when the sequence
size was reduced to below 550 bp.

CHS sense suppression has been used to either produce white or pale-coloured
flowers for Petunia, chrysanthemum, camnaticn and rose. The extent of suppression
varied between the species. For chrysanthemum, completely white flowers were
obtained by both sense and antisense constructs (Courtney-Guiterson ef al., 1994),
although the frequency of such plants was low for both construct types (3/133 sense
and 3/83 antisense). For carnations and roses, only pale-coloured flowers were
obtained as CHS suppression was incomplete (Gutterson, 1995). To address transgene
stability, 200 chrysanthemum cuttings were prepared for each of three field sites. No
differences were found for the original cultivar (moneymaker) or for control
regenerants. Cuttings from transgenic white flowered plants generally remained
white; however, four plants produced pink colouration. This was thought to be
environmentally induced as cuttings from pink flowering branches subsequently gave
white flowers. At the two other test sites a higher proportion of transgenics gave pink
flowers (up to 12%). Overall, sense-suppressed plant cuttings gave higher proportion
of pink flowered offspring than antisense plants. The transformation process had also
affected both plant height and time to flowering, but neither change was considered
commercially important (Courtney-Gutterson et al., 1994). Suppression of CHS can
have other effects on flowers. Variegated Petunia flowers have been produced which
are similar to horticultural varieties such as picotee type, Cossack Dancer, stars and
highly disordered patterns (Jorgensen, 1995; van Blokland et al, 1994). If these
pattern types can be stabilized, new novel variegated varieties could become commer-
cially available.
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Antisense lechnology was first used to modify flower colour in 1988. Van der Krol
et al. (1988} used antisense technology to down-regulate Petunia CHS expression.
Fully white transformants were obtained along with other variable phenotypes having
sectored pigmentation patterns. This unexpected effect was influenced by plant
hormones and light intensity. The natural Perunia chs mutant, Red Star, also shows
these effects {van der Krol ef al., 1990h).

By targeting different genes, it is possible to use antisense to increase the colour
mntensity of flowers. Holton ef al. (1993) antisensed a flavonol synthase (FLS) gene
involved in flavonol biosynthesis. Introduction of this gene into Petunia produced 4
out of 12 transformants having redder flowers, thought to be caused by alteration to
copigmentation. Flavonol synthesis was markedly reduced compared with controls.
This same construct produced flowers with increase levels of anthocyanins in an
heterologous tobacco system (Holton et al,, 1993). Antisense modification of flavo-
noid pathway can affect copigmentation and might be a way to increase anthocyanin
levels of weakly pigmented flowers. Targeting other modification steps of anthocy-
anin biosynthesis have also resulted in altered flower colours. Brugliera ef al. (1994)
antisensed anthocyanidin-3-glecoside rhamnosyltransferase and 7 out of 12
transformants had uniformly pink flowers in most cases, with some having purpie and
red sectors instead of the control flowers purple pigmentation.

Fertiliry control

Flavonoids are probably bestknown for the blue, red and purple colouration they provide
in flowers, fruits and leaves. However, this is not their only function as they also play
important roles in many other areas. These include: defence, signalling compounds in
reproduction, pathogenesis, symbiosis and allelopathy (Shirley, 1996). Therefore, any
modification of such genes could have consequences for the well being of the plant and
its ability to reproduce. Recent evidence has implicated CHS repression by mutation,
antisense or sense constructs in reduced plant fertility (Coeet al,, 1981; van der Meerer
al., 1992; Franken et al., 1991). Van der Meer et al. {1992) showed CHS antisense
construct caused male sterility in Petunia. This was associated with tapeturn expression
of the construct, which suppressed normal flavonoid production during male game-
togenesis and infertile white pollen was produced. While these findings pose possible
problems, any method which could control fertility, might offer the prospect of a new
transgenic hybrid seed process. Such a system is under investigation by Bovy et al.
(1997). They have confirmed that flavonols are required for Petunia hybrida self-
fertilization and that antisensing the CHS-a gene prevented this. They are currently
investigating how to restore sel-fertility to the F1 generation. Their approach is to cross
inamaize /c gene, whichcan up-regulate several flavonoid biosynthesis genes. By doing
this, they have partially restored flavonoid production and fertility.

Long-life cut flowers

Once cut, flowers deteriorate rapidly, and a short vase life is an obstacle to flower
marketing. It is the onset of petal senescence that is the determining factor in the vase
life of flowers. To address this problem, carnation flower senescence has been studied
extensively. Itis widely known that vase life can be extended by addition of silver ions
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or cytokinins, which inhibit ethylene biosynthesis or action (Mol er al, 1995).
Ethylene production, ACC oxidase and two ACC synthase gene’s expression have
recently been examined (ten Have and Woltering, 1997). Using cut flowers of the
variety White Sim, they found that ACC oxidase was expressed in all floral organs,
whereas the two ACC synthase genes (CARACC3 and CARAS1) showed tissue-
specific expression. Savin et al. (1995) created an antisense ACC oxidase construct
and transformed carnation varieties Scania and White Sim. One transgenic from each
variety showed increased cut flower life. These were shown to produce 10% of the
normal control levels of ethylene, and had low levels of mRNA at the time when
mrolling of control flowers occurred. Addition of exogenously applied ethylene could
at {east partially reverse the inhibition. Carnation plant varieties with similar modifi-
cations have been field tested in Australia over the past few years.

Gene silencing and metabolic pathway engineering

Manipulation of metabolic pathways is the ultimate aim of many transgenic plant
programmes. Redirecting carbon flux from one pathway to another will facilitate the
production of high value commodities, reduce reliance on non-renewable resources
and give higher quality food products. However, there are still many problems to be
overcome before these objectives become reality.

CAN MULTIPLE GENES BE DOWN-REGULATED AT THE SAME TIME?

In some instances it might be essential to knock out several pathways at once or
sequentially as part of an overall strategy in manipulating metabolism. So far the
author has only concentrated on manipulation of single genes to alter metabolism, but
it is conceivable that two, three or more genes may be required to be silenced in order
1o attain a new product or pathway. Can this be achieved? The evidence so far is
encouraging. It has been shown that chimeric gene constructs enceding two different
genes cain successfully inhibit the expression of corresponding endogenous genes. In
the first study of this kind, Seymour et al. (1993) suppressed endogenous PE and PG
genes using a chimeric sense PE-PG construct driven by 355 CaMV promoter. They
showed the construct was expressed in leaves at the level of mRNA, Wild-type fruit
express PE and PG during ripening, but transgenic plants carrying a chimeric copy of
PE-PG showed significant reduction in expression along with the transgene. They also
found this construct was inherited following Mendelian principles. Stam (1997)
showed CHS, dihydroflavonol reductase A (DFRA) and flavonol synthase (FLS)
endogenous genes could be targeted and silenced by promoterless chimeric con-
structs. DFRA was fosed to either CHS or FLS and in transformants showing
silencing, the endogenous expression of both genes was shown to be co-ordinately
suppressed. Detailed analysis of the silencing T-DNA loci, showed they consisted of
two or more T-DNAs. The strongest suppression occorred where T-DNAs had
integrated as inverted repeats (Stam, 1997). The amount of repetitive sequence and
arrangement of transgenes in a single locus appears to be the essential component of
the silencing rather than chromosomal position of T-DNA or presence of multiple
unkinked endogenous homologues (Stam, 1997). The level of transcript also appears
to be of low importance for gene silencing in this case. Joneset al. (1996) used asingle
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gene construct encoding PG and PE to silence the same two non-homologous
endogenous genes. They compared their construct against plants produced by hybrid-
izing the two antisense construct together. They found that the chimeric transgene
acted in both sense and antisense orientations similar to iransgenes encoding the single
gene. The suppression observed was co-ordinated even though the two genes are
located on different chromosomes. This was considered incompatible with ectopic
pairing, unless co-ordinated transjent interactions can occur. This technique, when
fully developed, will allow the manipulation of commercially important multiple gene
traits which cannot be altered at present.

WILL ‘STACKING' TRANSGENES CAUSE PROBLEMS?

As more genes controlling different biochemical pathways are identified, metabolic
engineering becomes possible. If more than one construct is required, there is the
possibility that transgenes could interact and gene silencing be encountered. As
already discussed, transgene silencing can-occur in a number of different ways. The
silencing of transgenes seems linked to the copy number of the transgene in a given
plant. Multiple copies at the same genetic locus can exert extensive effects on
transgenes introduced by a second transformation event (Matzke et al., 1989) or by
crossing two different transgenes together (Matzke ef al., 1993). The effects of such
interactions can be felt even after the transgenes have been separated again and can
take several generations to fully reactivate. The amount of homology between the two
different transgene constructs is considered important as this seems to be sensed by the
cell and silenced accordingly. The common factor in gene silencing phenomena
appears to be the presence of more than one transgene at the silencer Jocus (Hobbs et
al., 1990; Linnet al., 1990; Mittelsten Scheidet al., 1991; Assaadet al., 1993; Matzke
et al,, 1994; Vaucheret, 1993, 1994; Clusteret al., 1996; Jorgensen ef al., 1996; Stam,
1997; Stam ef al., 1997b).

However, there is evidence showing transgenes can be successfully stacked in the
same plant. Work by Boulter et al. (1990) showed that different transgenes can be
successfully crossed together. They found an additive effect of combining the two
constructs together over each individually, enhancing pest resistance. Similar work by
Zhu et al. (1994), showed fungal resistance of tobacco was enhanced against
Cercospora nicotianae by using a combination of two different transgenes compared
to either transgene alone. The authors’ own work on Brassica napus has used single
copy transgenes which had regions of homology to each other, in both coding and
promoter regions. When hybridized together, the reporter genes used operated effec-
tively, even though four copies of the 358 Cauliflower mosaic virus promoter were
present in a single plant (Senior ef al, unpublished observations). This observation
further illustrates that the make-up of genetic loci is important in the silencing of
transgenes rather than the DNA sequence alone.

By selecting transgenic plants with single copy inserts and reducing sequence
similarity to known host genes to below 70%, it should be possible to ‘stack’ a range
of constructs together to improve or even make new biochemical pathways in plants.
With the possible exception of highly expressing transgenes causing silencing (Elmayan
and Vaucheret, 1996), single copy transgenic plants should be used in stacking
hybridisations.
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Another way to build a pathway is to use BIBAC vectors (binary bacterial artificial
chromesomes) which can house 150 kb of genetic material (10 or so genes) sufficient
for a new pathway (Hamilton et al., 1996). With such large stretches of DNA, new
controlling factors can be manipulated to enhance expression. Such large stretches of
DNA might climinate site-dependent gene expression, which will be essential in
building multigene pathways. No evidence has so far been published showing whether
these vectors express the encoded DNA, but, as the secondary structure can be
manipulated by altering the sequence of genes and inserting matrix attachment regions
(MAR) and other control elements its possible that gene expression could actually be
enhanced.

One final way to produce commercially viable plant products is to infect non-
transgenic plants with transgenic viruses (tobacco mosaic virus). Large quantities of
product can be obtained within two weeks, alleviating the need to produce stable
transgenic plants and any possible risk associated with them. This approach has been
successfully used in the US by Biosource Technologies CA (Della-Cioppa and Grill,
1996). Kumagai et al. (1995) reported the modification of key isoprenoid intermedi-
ates by up to 50-fold with genetic sequences expressed in either sense or antisense
orientation. This is the first demonstration that antisense transcripts generated in the
cytoplasm can down-regulate the expression of endogenous genes. Such manipula-
tions allow the production of secondary products in amounts normally lethal if
produced by ‘conventional’ transformation techniques. As the technology develops,
multiple genes in both sense and antisense orientations will be incorporated into viral
vectors allowing construction of novel pathways in plants to divert carbon flow into
the desired commercial product (Della-Cioppa and Grill, 1996).

Conclusions

Gene silencing was initiaily an unexpected hurdle to producing stable transgenic
plants with the desired new trait. it has cost-implications for industry irying to obtain
efficient transformation systems and increased the time required to obtain stable
transgenic plants. However, it is now clear that gene silencing offers an exciting
opportunity to produce new and interesting plant products, allowing industry a
valuable opportunity to recoup its investment in plant biotechnology (Senior and Dale,
1996). With the advent of transformation protocols for monocotyledonous species,
silencing technology is already expanding into this area, e.g. antisense of allergenic
components of rice (Tada et ai., 1996) and as cereals form a large part of the homan
diet more examples will quickly follow.

It is interesting to note that the first products of plant biotechnology have arisen
from gene silencing using either antisense or sense suppression techniques. The large
chemical / biotechnology companies have invested the resources to develop products
from initially obscure findings, which have led to the FlaveSavr™ tomato, for
instance. Examination of USDA field releases shows how important gene silencing
is becoming. Many unwanted iraits have been removed by down regulation of the
relevant gene by silencing techniques. Thus new plant varieties have been created
that have resistance to viral diseases (e.g. potatoes), longer shelf-life (e.g. tomatoes),
extended cut flower life (e.g. carnations) and modification of storage compounds
(e.g. potatoes and oilseed species). The opportunities seem endless. However, only
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those products that fulfil a real need should be developed and brought to market.
Ultimately, the approval of such genetically modified organisms relies on consamer
acceptance, which is at Jeast partially dependent on how the new product and
technology is presented. So far, the acceptance of genetically modified tornato
should be an example of how perceived need is translated into a marketable product.
Other transgenic products, whether from silencing technology, or introduction of
new traits, need o fulfil these criteria to be accepted over non-transgenic alternatives
{Senior and Dale, 1996). Overall, plant gene sifencing phenomena have now entered
a new commercial age from which valuable products shouid ensure their continued
SUCCESS,

Acknowledgements

I am indebted to the following people for their helpful comments on the manuscript;
Des Bradley, Mike O’ Dell, Andy Hamilton, Phil Dale, Steve Rawsthorne, Mat Hills
and Adrian Bavage at the John Innes Centre, UK, Wolfgang Schuch at Zeneca, UK
Neil Cooley, and Stephen Foster at AgiEvo, UK. 1 also thank the Ministry of
Agriculture, Fisheries and Food, and the Biotechnology Biological Sciences Research
Council for their financial support.

References

ABELL, L.M. (1996). Biochemical approaches to herbicide discovery: Advances in enzyme
target identification and inhibitor design. Weed Science 44, 734-742.

ANGELL, 5.M. AND BAULCOMBE, D.C. (1997). Consistent gene silencing in transgenic plants
expressing a replicating potato virus X RNA. EMBO Journal 16, 3675-3684.

AssaAD, F.F., TUCKER, KL. AND SIGNER, ER. (1993). Epigenetic repeat-induced gene
silencing (RIGS) in Arabidopsis. Plant Molecular Biology 22, 1067-1085.

ATANASSOVA, R, FAVET, N., MARTZ, I, CHABBERT, B., TOLLIER, M.T., MONTIES, B., FRITIG,
B. AND LEGRAND, M. (1995), Altered lignin composition in transgenic tobacco expressing
O-methyltransferase sequences in sense and antisense orientation. The Plant Journal 8,
465-477.

AYUB, R, GUIs, M., AMOR, M.B., GILLOT, L., ROUSTAN, I.P., LATCHE, A, BOUZAYEN, M. AND
PECH, J.C. (1996). Expression of ACC oxidase antisense geme inhibits ripening of
cantaloupe melon fruits. Nature Biotechnology 14, 862-866,

BAULCOMBE, D.C. (1996a). Mechanisms of pathogen-derived resistance to viruses in transgenic
plants. The Plant Cell 8, 1833-1844.

BAULCOMBE, D.C. (199Gb). RNA as a target and an initiator of post-transcriptional gene
silencing in transgenic plants. Plant Molecular Biology 32, 79-88.

BAULCOMBE, D.C. AND ENGLISH, I.1. (1996). Ectopic pairing of homologous DNA and post-
transcriptional gene silencing in transgenic plants. Current Opinion in Biotechnology 7,
F73-180.

BEACHY, R.N.(1997}. Mechanisms and applications of pathogen-derived resistance in transgenic
plants. Current Opinion in Biotechnology 8, 215-220.

BECHTOLD, N., ELLIS, J. AND PELLETIER, G. (1993). In planta Agrobacterium mediated gene
transfer by inflitration of adult Arabidopsis thaliana plants. Life Sciences/Moleculur
Biology and Genetics 316, 1194-1199.

BIRD, C.R.,RAY, J.A., FLETCHER, ].I)., BONIWELL, J. M., BIRD, A.S., TEULIERES, C., BLAIN, L,
BRAMLEY, P.M. AND SCHUCH, W. (1991). Using antisense RNA to study gene function:
inhibition of carotenoid biosynthesis in transgenic tomatoes. BioTechnology 9, 635-639.

BIrRD, C.R., SmiTH, C.J.8., RAY, I.A,, MOUREAU, P., BEVAN, M.W_, BIRD, A.S., HUGHES, S.,
MORRIS, P.C., GRIERSON, D. AND SCHUCH, W. (1988}. The tomato polygalactaronase gene



108 I.]. SENIOR

and ripening specific expression in transgenic plants. Plant Molecular Bivlogy 11, 651—
662.

BOUDET, AM. AND GRIMA-PETTENATI, J. (1996). Lignin genetic engineering. Molecular
Breeding 2, 25-39.

BOUDET, A.M., LAPIERRE, C. AND GRIMA-PETTENATI, 3. (1995). Biochemistry and molecular
biology of lignification. New Phytologist 129, 203-236.

BOULTER, D., EDWARDS, G.A., GATEHOUSE, A.M.R., GATEHOUSE, J.A., AND HILDER, V. A,
{1990). Additive protective effects of different plant-derived insect resistance genes in
transgenic tobacco plants. Crop Protection 9, 351-354.

BOURQUE, J.E. {1995). Antisense strategies for genetic manipulations in plants. Plant Science
105, 125149,

Bovy, A, BUSSCHER, J., YLSTRA, B. AND VAN TUNEN, A. (1997). An antisense approach for
the production of F1 hybrid seed. In Kevstone Symposia — Metabolic Engineering in
Transgenic Plants. Copper Mountain CO. Abstract pg. 15.

BRADLEY, D)., CARPENTER, R., COPSEY, L., VINCENT, C., ROTHSTEIN, S. AND COEN, E. (1996).
Control of inflorescence architecture in Antirrhinum. Nature 379, 791-797,

BRrRANDLE, J.E., MCHUGH, S.G., JAMES, L., LABBE, H. anDp MIK1, B.L. (1995). Instability of
transgene expression in field grown tobacco carrying the ¢rs/-7 gene for suifonylurea
herbicide resistance. Bio/Technology 13, 994998,

BRASILEIRO, A.C.M., TOURNEUR, C., LerLE, 1.C., COMBES, V. AND JOUANIN, L. (1992).
Expression of the mutant Arabidopsis thaliana acetolactate synthase gene confers
chlorosulfuron resistance to transgenic poplar plants. Transgenic Research 1, 133141,

BRINK, R.A. (1973). Pararmutation. Annual Review of Geneties T, 129-152.

BROGLIE, R., KINNEY, A., HITZ, W. AND KNOWLTON, 5. (1997). Soybean oil with improved
functional and nutritional properties. InNational Plant Lipid Cooperative — Fatty Acid and
Glycerolipids Symposium, South Lake Tahoe, CA. Abstract BS.

BRUGLIERE, F., HOLTON, T.A., STEVENSON, T.W., FARCY, E., LU, C.Y. AND CoORrNisSH, E.C.
(1994). Isolation and characterization of a cDNA clone corresponding to the Bt locus of
Petunia hvbrida. The Plant Journal 5, §1-92.

CHANG, 5.5, Park, S.K., KM, B.C,, KANG, B.J., KiM, D.U. AND NaM, H.G. (1994). Stable
genetic transformation of Arabadopsis thaliana by Agrobacterium inoculation in planta.
The Plant Journal 8, 551-558.

CHESSON, A. (1997). Plant degradation by ruminants: parallels with litter decomposition in
soils. In Driven by Nature: Plant Litter Quality and Decomposition, ed. G. Cadisch and
K.E. Giller, pp. 47-60. CAB International, Wallingford UK.

CHRISTOU, P. (1996). Transformation technology. Trends in Plant Science 1, 423-431.

CLARK, S.E., WILLIAMS, R W . AND MEYEROWITZ, E.M. (1997). The CLAVATA 1 gene encodes
a putative receptor kinase that controls shoot and floral meristem size in Arabidopsis. Cell
89, 575-585.

CLUSTER, P.D., O"DELL, M., METZLAFF, M., AND FLAVELL, R.B. (1996). Details of T-DNA
structural organization from a transgenic Petwnia population exhibiting co-suppression.
Plant Molecular Biology 32, 1197-1203.

CoE, E.H., MCCORMICK, §.M. AND MODENA, S.A. ([981). White pollen in maize. Journal of
Heredity T2, 318-320.

CoEN, EH. aND MEYEROWITZ, E.M. (1991). The war of the whorls: genetic interactions
controlting flower development. Nature 353, 31-37.

COURTNEY-GUTTERSON, N., NaPOLL, C., LEMIEUX, C., MORGAN, A., FIROOZABADY, E. AND
Rosinson, K.E.P. (1994), Modification of flower colour in florist’s chrysanthemum: Produc-
tion of a white-flowering variety through molecular genetics. Bio/Technology 12, 268-271.

CovEY, S.N., AL-KAFE, N.S., LANGARA, A.AND TURNER, D.S. (1997). Plants combat infection
by gene silencing. Nature 385, 781-782.

DaNIELL, H. AND GUDA, C. (1997). Biopolymer production in microorganisms and plants.
Chemistry and Industry, July, 555-558.

Datra, S. K., DATTA, K., SOLTANIFAR, N., DONN, G. AND POTRYKUS, 1. (1992). Herbicide-
resistance Indicarice plants from IRR1 breeding line IR 72 after PEG-mediated transformation
of protoplasts. Plant Molecular Binlogy 20, 619-629.



Uses of plant gene silencing 109

Davies, K.M. AND SCHWINN, K.E. {1997). Flower colour. In Biotechnology of Ornamental
Plants, ed. R.L. Geneve, J.E. Preece and S.A. Merkle, pp. 259-294, CAB International,
Wallingford.

DEBLOCK, M. (1990). Factors influencing the tissue culture and theAgrobacterium tumefaciens-
mediated transformation of hybrid Aspen and Poplar clones. Plant Physiology 93,
1110-1E16.

DECARVALHO, F., GHEYSEN, G., KUSHNIR, S., VAN MONTAGUE, M., INZE, D.AND CASTRESANA,
C. {1992). Suppression of B-1,3-glucanase transgene expression in homozygous plants.
EMBO Journal 11, 2595-2602.

DE CARVALHO NIEBEL, F., FRENDO, P., VAN MONTAGU, M. AND CORNELISSEN, M. (1995).
Post-transcriptional cosuppression of B-1,3-glucanase genes does not affect accumulation
of transgene nuclear mRNA. The Plant Cell 7, 347-358.

DELLA-CIOPPA, G. AND GRILL, LK. (1996). Production of novel compounds in higher plants
by transfection with RNA viral vectors. In Engineering Plants for Commercial Products
and Applications, ed. G.B. Collins and R.J. Shepherd, pp. 57-61. New York Academy of
Sciences, New York.

DEPICKER, A. AND VAN MONTAGU, M. (1997). Post-transcriptional gene silencing in plants.
Current Opinion in Cell Biology 9, 373-382.

DEROLES, 5.C.AND GARDNER, R.C. (1988a). Analysis of the T-DNA structure in a large number
of transgenic Petunias generated by Agrobacterium-mediated transformation. Plant
Molecular Biology 11, 365-377.

DEROLES, 5.C. AND GARDNER, R.C. (1988b). Expression and inheritance of kanamycin
resistance in a large number of transgenic Petunias generated by Agrobacterium-mediated
transformation. Plant Molecular Biology 11, 355-364.

DeErOLES 5.C., BRADLEY, 1.M., DAVIES, K.M., SCHWINN, K.E. AND MANSON, D.G. (1995)
Generation of novel patterns in Lisianthus flowers using an antisense chalcone synthase
gene. In Proc. Of the XVIHth Eucarpia Symposium, Ornamental Section, Tel Aviv, Israel.

DONG, J.G., KIM, W.T., YIp, W K., THOMPSON, G.A., L, L., BENNETT, A.B. AND YANG, S.F.
(1991). Cloning of a cDNA encoding 1-aminocyclopropane- i-carboxylate synthase and
expression of its mRNA in ripening apple fruit. Planta 185, 38-45.

DONG, L.G., OLSON, D, SILVERSTONE, A.AND YANG, S.F. (1992), Sequence of acDNA coding
for 1-aminocyclopropane-1-carboxylate oxidase homolog from apple fruit. Plant Physi-
ology 98, 1530-1531.

DORLHAC DE BORNE, F., VINCENTZ, M., CHUPEAU, Y. AND VAUCHERET, H. ( 1994). Co-
suppressiont of nitrate reductase host gene and transgenes in transgenic tobacco plants.
Molecular and General Genetics 243, 613-621.

DOUGHERTY, W.G. AND PARKS, T.D. (1995). Transgenes and gene sappression: telling us
something new? Current Opinion In Cell Biology 7, 399—405.

DUNWELL, I. (1995). Transgenic cereal crops. Chemistry and Industry, September, pg. 730733

ELKIND, I, EDWARDS, R., MAVANDAD, M., HEDRICK, S. A., RiBAK, O., DIXoN, R.A. AND
LamB, C.J. (1990). Abnormal plant development and down-regulation of phenylipropanoid
biesynthesis in transgenic tobacco containing a heterologous phenylalanine ammonia-
lyase gene. Procedings of the National Academy of Sciences 87, 9057-9061.

ELMAYAN, T. AND VAUCHERET, H. {1996). Expression of single copies of a strongly expressed
355 wransgene can be silenced post-transcriptionally. The Plant Journal 9, 787-797.

ELoMaa, P, HONKANEN, J., PUSKA, R., SEPPANEN, P., HELARIUTTA, Y., MEHTO, M.,
KOTILAINEN, M., NEVALAINEN, L. AND TgERi, T.H. (1993). Agrobacterium-mediated
transfer of antisense chalcone synthase cDNA to Gerbera hybrida inhibits flower pigmen-
tation. Bio/Technology 11, 508-511.

ELOMAA, P, HELARIUTTA, Y., GRIESBACH, R.J., KOTILAINEN, M., SEPPANEN, P. AND TEER,
T.H. (1995). Transgene inactivation in Petunia hybrida is influenced by the properties of
the foreign gene. Molecular and General Genetics 248, 649656,

ELOMAA, P, HELARIUTTA, Y., KOTILAINEN, M. anND TEERI, T.H. (1996). Transformation of
antisense constructs of the chalcone synthase gene superfamily into Gerbera hybrida:
differential effect on the expression of family members. Molecular Breeding 2, 41-50.

ENGLISH, 1.J., MUELLER, E. AND BAULCOMBE, D.C. (1996). Suppression of virus accumulation



110 1.J. SENIOR

in transgenic plants exhibiting silencing of nuclear genes. The Flant Cell 8, 179-188.

ESCUDERQ, )., NEUHAUS, G., SCHLAPP, M. aND HoOHN, B. {1996). T-DNA transfer in
meristematic cell of maize provided with intracellular Agrobacterium. The Plant Journal
10, 355-360.

FADER, G.M., KINNEY, A.J. AND HITZ, W.D. (1995). Using biotechnology to reduce unwanted
traits. Inform 6, 167-169.

FINNEGAN, J. AND MCELROY, D. (1994). Transgene inactivation: plants fight back! Bio/
technology 12, 883-888.

FLADUNG, M. (1996). Stable expression of rolC in a transgenic tree species? In EU Biotechnol-
ogy Meeting: control of gene expression and silencing in transgenic plants. John Innes
Centre. Abstract.

FLAVELL, R.B. (1994). Inactivation of gene expression in plants as a consequence of specific
sequence duplication. Proceedings of the National Academy of Sciences USA 91, 3490~
349¢6.

FORKMANN, G. (1991). Flavonoids as flower pigments: the formation of the natural spectrum
and its extension by genetic engineering. Plant Breeding 106, 1-26.

FORKMANN, G. (1993). Control of pigmentation in natural and transgenic plants. Current
Opinion in Biotechnology 4, 159-163.

FOSTER, 5.G. AND HOFGEN, R. (1993). Towards the rational design of pesticides. British Crop
Protection Council Monograph No.55 |, 75-81.

FRAME, B.R., DRAYTON, P.R., BAGNALL, §.V., LEWMAU, C.J., BULLOCK, W.P., WiLsON, H.M.,
DUNWELL, .M., THOMPSON, J.A. AND WANG, K. (1994). Production of fertile transgenic
maize plants by silicon carbide whisker-mediated transformation. The Plant Journal 6,
941-948.

FRANKEN, P., NIESBACH-KLOSGEN, U., WEYDEMANN, U_ MARECHAL-DROUARD, L., SAEDLER,
H. AND WIENAND, U. (1991). The duplicated chalcone synthase genes C2 and Whap (white
pollen) of Zea mays are independently regulated, evidence for translational control of Whp
expression by the anthocyanin intensifying gene in. EMBO Journal 18, 2605-2612.

FrAY, R.G. AND GRIERSON, D. (1993). Identification and genetic analysis of normal and mutant
phytoene synthase genes of tomato by sequencing, complementation and co-suppression.
Plant Molecular Biology 22, 589—602.

FroMM, MLE., TAYLOR, M.P. AND WALBOT, V. (1986). Stable transformation of maize after
gene transfer by electroporation, Narure 319, 791-793.

GORDON-KAMM, W.J., SPENCER, T.M., MANGANG, M.L., ADaMS, T.R., DAINES, R.J., START,
W.G., O’BRrian, 1.V, CHAMBERS, S.A., ADAMS, W.R,, WILLETTS N.G, RICE, T.B,,
Mackgy, C.J., KROEGER, R.W., KAUSCH, A.P. AND LEMAUX, P.G. (1990). Transforma-
tion of maize cells and regeneration of fertile transgenic plants. Plant Cell 2, 603618,

GRAND, C., PARMENTIER, P., BOUDET, A. AND BOUDET, A M. (1985). Comparison of lignins
and enzymes involved in lignification in normal and brown midrib (bm3) mutant com
seedling. Physiology Veg. 23, 905-911.

GRrAY, ], PICTON, S., SHABBEER, ., SCHUCH, W.AND GRIERSON, D. (1992). Molecular biclogy
of fruit ripening and its manipulation with antisense genes. Plant Molecular Biology 19,
68-87.

GRIERSON, D. AND SCHUCH, W. (1993). Control of ripening. Philosophical Transactions of the
Royal Society, London B342, 241-250.

GRIERSON, D. AND SCHUCH, W. (1994). Control of ripening. In The Production and Uses of
Genetically Transformed Plants, ed. M.W. Bevan, B.D. Harrison and C.J. Leaver, pp. 53~
62, Cambridge: Cambrnidge University Press.

GROSSMANN, K. AND KWIATKOWSK]I, J. (£993). Selective induction of ethylene and cyanide
biosynthesis appears to be involved in the selectivity of the herbicide quinclorac between
rice and barnyardgrass. Journal of Plant Physiology 142, 457—466.

GROSSMANN, K. AND SCHMULLING, T. (1995). The effects of the herbicide quinclorac on shoot
growth in tomato is alleviated by inhibitors of ethylene biosynthesis and by the presence
of an antisense construct to the l-aminocyclopropane-I-carboxylic acid {(ACC) synthase
gene in transgenic plants. Plant Growth Regulation 16, 183-188.

GUERCHE, P., CHARBONNIER, M., JOUANIN, L., TOURNEUR, C., PASZKOWSKL, J.AND PELLETIER,



Uses of plant gene silencing 111

G. (1987). Direct gene transfer by electroporation in Brassica napus. Plant Science 52,
111116

GUTTERSON, N. {1995). Anthocyanin biosynthetic genes and their application to flawer color
modification through sense suppression. Hort Science 30, 964-969.

HaLL, LN, TUCKER, G.A., SMITH, C.J.S., WaATSON, C.F., SEYMOUR, G.B., BUNDICK, Y.,
BONIWELL, J.M., FLETCHER, 1.D., RAY, J A, SCHUCH, W., BIRD, C.R. AND GRIERSON, D).
(1993). Antisense inhibition of pectin esterase gene expression in transgenic tomatoes. The
Plant Journal 3, 121-129.

Haerin, C., KNIGHT. MLE., Foxon, G.A., CAMPBELL, M.M., BOUDET, A.M., BooNn, J.J.,
CHABBERT, B., TOLLIER, M. T. AND SCHUCH, W. (£994). Manipulation of lignin quality by
downregulation of cinnamyl alcohol dehydrogenase. The Plant Journal 6, 339-350.

HAMILTON, AJ., LYCETT, GW. AND GRIERSON, D. {1990). Antisense gene that inhibits
synthesis of the hormone ethylene in transgenic plants. Nature 346, 284-287.

HAMILTON, A J., BOUZAYEN, N. AND GRIERSON, . (1991)}. Identification of a tomato gene for
the ethylene forming enzyme by expression in yeast. Proceedings of the National Academy
of Sciences USA 88, 74347437, .

HAMILTON, C.M., FRARY, A, LEWIS, C. AND TANKSLEY, S.D. (1996). Stable transfer of intact
high molecular weight DNA into plant chromosomes. Proceedings of the National
Acudemy of Sciences USA 93, 9975-9979.

HaART, C.M., FISCHER, B., NEUHAUS, 1.M. AND MEINS, F, (1992). Regulated inactivation of
homologous gene expression in transgenic Nicotiana sylvestris plants comtaining a
defense-related tobacco chitinase gene. Molecular and General Genetics 235, 179—188.

HEBERLE-BORS, E., CHARVAT. B, THOMPSON, D)., SCHERNTHANER, I.P., BARTA, A., MATZKE,
AL M. AND MATZKE, M. A. (1988). Genetic analysis of T-DNA insertions into the tobacco
genome. Plant Cell Reports 7, 571-574.

HEINEKE, I, KRUSE, A., FLUGGE, U.L, FROMMER, W B., RIESMEIER, J.W., WILLMITZER, L.
AND HELDT, HW. (1994}, Effect of antisense repression of the chloroplast triose-
phosphate translocator on photosynthetic metabolism in transgenic potato plants. Planta
193, 174--180.

HoBBS, 5.L.A., KPODAR, P. AND DELONG, C.M.0. (1990). The effect of T-DNA copy number,
position and methylation on reporter gene expression in tobacco transformants. Plant
Molecuiar Biology 15, 851-864.

Hoess, S.L.A., WARKENTIN, T.D. AND DELONG, CM.O. (1993). Transgene copy number can
be positively or negatively associated with transgene expression. Plant Molecular Biology
21, 17-26.

HOFGEN, R., AXELSEN, K.B., KANNANGARA, C.G., SCHUTTKE, I, POHLENZ, H.D., WILLMITZER,
L., GRIMM, B. AND VON WETTSTEIN, D). (1994). A visible marker for antisense mRNA
expression in plants: Inhibition of chioraphyll synthesis with a glutamate-[-semialdehyde
aminotransferase antisense gene. Proceedings of the National Academy of Sciences USA
91, 1726-1730.

HOFGEN, R., LABER, B., SCHUTTKE, L, KLONUS, A K., STREBER, W. AND POHLENZ, H.D.
(1995a). Repression of acetolactate synthase activity through antisense inhibition. Plant
Physiology 107, 469-477.

HOFGEN, R., STREBER, W .R., AND POHLENZ, H.I). (1995b). Antisense gene expression as a took
for evaluating molecular herbicide targets. Pesticide Science 43,175-177.

HOLLICK, §.B., DORWEILER, ].E. AND CHANDLER, VL. (1997). Paramutation and related atlelic
interactions. Trends in Genetics 13, 302-308.

HOLTON, T.A. AND CORNISH, E.C. (1995). Genefics and biochemistry of anthocyanin biosyn-
thesis, The Plant Cell 7, 1071-1083.

HOLTON, T.A., BRUGLIERA, F. AND TANAKA, Y. (1993). Cloning and expression of flavonol
synthase from Petunia hybrida. The Plant Journal 4, 1003-1010.

Howie, W., LEE, K., JOE, L., BADEN, C., MCGUGIN, C., BEDEROOK, J. AND DUNSMUIR, P.
(1996). Suppression of ACC synthase. Commercialization of ripening-impaired fresh
market tomatoes. In Mechanisms and Applications of Gene Silencing, ed. D. Grierson,
G.W. Lycett and G.A. Tucker, pp. 119-125. Nottingham: Nottingham University Press.

HRAZDINA, G., ROSENFIELD, C-L.., K188, E.,, NORELL, J. AND ALDWINCKLE, H. (1997). Cloning



112 I.J. SENIOR

and sequencing of two ACS genes from apple (Malus domestica} and transformation of the
cultivars Royal Gala and Mclntosh to down regulate ethylene synthesis. In Keystone
Symposia — Metabolic Engineering in Transgenic Plants. Copper Mountain CO. Abstract
p- 26.

IRELAN, J.T. AND SELKER, E.U. (1996). Gene silencing in filainentous fungi: RIP, MIP and
quelling. Journal of Genetics 75, 313-324.

ISHIDA, Y., SaiTo, H., OHTA, S., HIEL, Y., KoMarl, T. AND KUMASHIRO, T. (1996). High
efficiency transformation of maize (Zea mays L.) mediated by Agrobacterium tumefaciens.
Nature Biotechnology 14, 745-750.

JamEes, D.J. (1993}, Progress with transgenic trees. In Opportunities for Molecular Biology in
Crop Production, ed. D.J. Beadle, D.H.L. Bishop, 1..G. Copping, G.K. Dixon and D.W.
Hollomon, pp. 127132, Farnham: British Crop Protection Council.

JAMES, D.J., PASSEY, A J., BARBARA, D.J. AND BEvVAN, M.W. (1989). Genetic transformation
of apple (Malus pumila Mill.) using a disarmed Ti-binary vector. Plant Cell Reports 7,
658-661.

James, D, PASSEY, AJ., BAKER, S.A. AND WILSON, F.M, (1996). Transgenes display stable
patterns of expression in apple fruit and Mendelian segregation in the progeny. Bio/
technology 14, 56-60.

JoHN, 1., DRAKE, R., FARRELL, A., COOPER, W ., LEE, P., HORTON, P. AND GRIERSON, D). (1995).
Delayed leaf senescence in ethylene-deficient ACC-oxidase antisense tomato plants:
molecular and physiological analysis. The Plant Journal 7, 483-490.

JoNES, C.G., SEYMOUR, G.B., BIRD, C.R., SCHUCH, W., BONIWELL, I., LYCETT, G.W. AND
TUCKER, G.A. {1996). Down regulation of two non-homologous endogenouns genes with
a single chimeric gene construct. In Mechanisms and Applications of Gene Silencing, ed.
D. Grierson, G.W. Lycett and G. A, Tucker, pp. 85-95. Nottingham: Nottingham Univer-
sity Press.

JoNES, D.A., THOMAS, C.M., HAMMOND, K.E., BALINT-KURTI, P.J. AND JONES, J.D.G. (1994).
Isolation of the tomato Cf-9 gene for resistance to Cladosporium fulviem by transposon
tagging. Science 266, 789-793.

JONES, §1.D.G., GILBERT, D.E., GRADY, K.L. AND JORGENSEN, R.A. (1987). T-DNA structure
and gene expression in Petunia plants transformed by Agrobacterium numefaciens C58
derivatives. Molecular and General Genetics 207, 478-485.

JORGENSEN, R.A. (1995). Cosuppression, flower color patterns, and metastable gene expression
states. Science 268, 686—691.

JORGENSEN, R.A., CLUSTER, P.D)., ENGLISH, ], QUE, Q. AND NaroLl, C.A. (1996). Chalcone
synthase cosuppression phenotypes in Petunia flowers: comparison of sense vs antisense
constructs and single copy vs. complex T-DNA. Plant Molecular Biology 31, 957-973.

KAEPPLER, H.F., SOMERS, DA, RINES, HW. AND COCKBURN, AF. (1992). Silicon carbide
fiber-mediated stable transformation of plant cells. Theoretical and Applied Genetics 84,
560-566.

KINNEY, A.J. (1994). Genetic modification of the storage lipids of plants. Current Opinion in
Biotechnology 5, 144-151.

KLEIN, T.M., WOLF, E.ID., WU, R. AND SANFORD, 1.C. (1987). High-velocity microprojectiles
for delivering nucleic acids into living cells. Nature 327, 70-73.

KnuTZON, D.S., THOMPSON, G.A., RADKE, S.E., JOHNSON, W.B., KNAUF, V.C. AND KRIDL,
J.C. (1992). Modification of Brassica seedoil by antisense expression of a stearoyl-acyl
carrier protein desaturase gene. Proceedings of the National Academy of Sciences USA 89,
2624-2628.

KONONOV, MLE., BASSUNER, B. AND GELVIN, S.B. {1997). Integration of T-DNA binary vector
*hackbone’ sequences into the tobacco genome: evidence for multiple complex patterns of
integration. The Plant Journal 11, 945-957.

KRrAMER, M., SANDERS, R., BOLKAN, H., WATERS, C., SHEEHY, R.E. AND HIATT, R W. (1992},
Post harvest evaluation of transgenic tomatoes with reduced levels of polygalacturonase:
processing, firmness and disease. Postharvest Biology and Technology 1, 241-255.

KRAMER, M., SANDERS, R.A., BOLKAN, H., WATERS, C.M., SHEEHY, R.E. AND HiATT, W.R.
(1993). Postharvest evaluation of transgenic tomatoes with reduced levels of polygalactu-



Uses of plant gene silencing 113

ronase: processing, fimness, and disease resistance. In Transgenic Plants Fundamentals
and Applications, ed. A. Hiatt, pp. 283-300. New York: Marcel Dekker, Inc.

KRIDL. J.C. AND SHEWMAKER, C.K. (1996). Food for thought: improvement of food quality and
composition though genetic engineering. In Engineering Plants for Commercial Products
and Applications, ed. G.B. Collins and R.J. Shepherd, pp. [-12. New York: New York
Academy of Sciences.

KuMAGal, M.H., DONSON, .. DELLA-CIOPPA, G., HARVEY, D., HANLEY, K. AND GRILL, L.K.
(1993). Cytoplasmic inhibition of carotenoid biosynthesis with virus-derived RNA.
Proceedings of the National Academy of Sciences USA 92, 1679-1683.

Kumar, M. AND CARMICHAEL, G.G. {1997). Nuclear antisense RNA induces extensive
adenosine modifications and nuclear retention of target transcripts. Proceedings of the
National Academy of Sciences USA 94, 3542-3547.

Kunz, C., SCHOB, H., STAM, M., KOOTER, LM. AND MEINS, F. (1996). Developmentally
regulated silencing and reactivation of tobacco chitinase transgene expression. The Plant
Journal 10, 437-450.

LANGEVELD, S.A., DERKS, AFLM., GERRITS, M.M., BOONEKAMF, P.M. AND BoL, IF.
(1994}, Transformation of Lilly by Agrobacterium. In 4" International Congress of Plant
Molecular Biology, Amsterdam. Abstract 2039,

La Rossa, RA. Van DYE, TK. AND SMULSKY, D.R. (1987). Toxic accumulation of 2-
ketobutyrate caused by inhibition of branched chain amino acid biosynthetic enzyme
acetolactate synthase inSalmeonella typhimurium. Journal of Bacteriology 169, 13721378,

LEBARON, H.M. (199]). Distribution and seriousness of herbicide-resistant weed infestations
worldwide. In Herbicide Resistance in Weeds and Crops, ed. J.C. Caseley, G.W. Cussans
and R.K. Atkin, pp. 27-43, Oxford: Butterworth-Heinemann Ltd.

LEDGER, S.E., DEROLES, §.C. AND GIVEN, N.K. (1991). Regeneration and Agrobacterium-
mediated transformation of Chrysanthenum. Plant Cell Reports 10, 195-199.

LINDBO, FLA., SHVA-ROSALES, L., PROEBSTING, WM., AND DOUGHERTY, W.G. (1993).
Induction of a highly specific antiviral state in transgenic plants: Implications for
regulation of gene expression and viral resistance. The Plant Ceil 5, 17491759,

LinN, F., HEIDMANN, L, SAEDLER, H. AND MEYER, P. (1990). FEpigenetic changes in the
expression of the maize Al gene in Petunia hybrida: Role of numbers of integrated gene
copies and state of methylation. Molecular and General Genetics 222, 329-336.

L, €., NUGENT, G., WARDLEY-RICHARDSON, T., CHANDLER, S.F., YOUNG, R. AND DALLING,
M. (1991). Agrobacterium-mediated transformation of carnation (Dianthus caryophyilus
L.}. Bio/Technology 9, 864-868.

Luss, W. AND FRIEDT, W, (1994). Non-food uses of vegetable oils and fatty acids. In Designer
Oil Crops: Breeding, Processing and Biotechnology, ed. D. Murphy, pp. 73-100. New
York: VCH Publishers Inc.

Luo, D., CARPENTER, R., VINCENT, C., COPSEY, L. AND COEN, E. {1996). Origin of floral
asymrmetry in Antirrhinum. Nature 383, 794-799,

McCown, B.H., MCCABE, D.E., RUSSELL, D.R., RORINSON, D.J., BARTON, K.A. AND RAFFA,
K.F. (1991}. Stable transformation of Popuius and incorporation of pest resistance by
electric discharge particle acceleration. Plant Cell Reports 9, 590-594.

MCELROY, D. (1996). The industrialization of plant transformation. Nature Biotechnology 14,
715-716.

MARTIENSSEN, R. (1996). Epigenetic phenomena: paramutation and gene silencing in plants.
Current Biology 6, 810-813,

MARTIN, C. AND PAZ-ARIES, J. (1997). MYB transcription factors in plants. Trends in Genetics
13, 67-73.

MATZKE, M.A. AND MATZKE, A.JM. (1991). Differential inactivation and methylation of
transgene in plants by two suppressor loci containing homologous sequences. Plant
Molecular Biology 16, 821-830.

MATZKE, M. A ANDMATZKE, A J.M. (1995a). Homology-dependent gene silencing in transgenic
plants: what does it really tell us? Trends in Generics 11, 1-3.

MATZKE, M.A. AND MATZKE, A.J.M. (1995b). How and why do plants inactivate hotologous
(Trans)genes? Plant Physiology 147, 679—685.



114 L.J. SENIOR

MATZKE, A.J.M., NEUHUBER, F., PARK, Y.D., AMBROS, P.F. AND MATZKE, M.A. (1994a).
Homology-dependent gene silencing in transgenic plants: epistatic silencing loci contain
multiple copies of methylated transgenes. Molecular and General Genetics 244,219-229.

MATZKE, ML.A., MATZKE, A.JM. AND EGGLESTON, W.B. (1996). Paramutaion and transgene
silencing: a common response to invasive DNA? Trends in Plant Science 1, 382-388.

MATZKE, M.A., PRIMIG, M., TRNOVSKY, J. AND MATZKE, A J.M. (1989). Reversible methyla-
tion and inactivation of marker genes in sequentially transformed tobacco plants. EMBO
Journal 8, 643-649.

MATZKE, M.A., NEUHUBER, F. AND MATZKE, A JM. (1993). A variety of epistaic interactions
can occur between partially homologous transgene loci brought together by sexnal
crossing. Molecular and General Genetics 236, 379-386.

MATZKE, M., MATZKE, A.J.M, AND MITTLESTEN-SCHEID, Q. (1994b). Inactivation of repeated
genes — DNA — DNA interaction. In Homologous Recombination and Gene Silencing in
Plants, ed. J. Paszkowski, pp. 271-307. Kluwer Academic Publishers.

MEEUSEN, R.L. (1996). Commercialization of transgenic seed products — Two case studies. In
Engineering Plants for Commercial Products and Applications, ed. G.B. Collins and R J.
Shepherd, pp. 172--176. New York: New York Academy of Sciences.

MEINS, F.AND KuNZ, C.(1993). Gene silencing in transgenic plants: A heuristic autoregulation
maodel. In Gene Silencing in Plants and Related Phenomena in Other Eukaryvotes, ed. P.
Meyer, pp. 105-120. Berlin: Springer-Verlag.

METZLAFF, M., O’DELL, M., CLUSTER, P.D. AND FLAVELL, R.B. (1997). RNA-mediated RNA
degradation and chalcone synthase A silencing in Petunia. Cell 88, 845-854.

MEYER, P. (1995). Understanding and controlling transgene expression. Tibtech 13, 332-337.

MEevYER, P., LInN, F., HEIDMANN, I, MEYER, H., NIEDENHOF, I. AND SAEDLER, H. (1992).
Endogenous and environmental factors influence 355 promoter methylation of a maize Al
gene construct in trangenic Perunia and its colour phenotype. Moleculur and General
Genetics 231, 345-352.

MITTELSTEN SCHEIDR, O., PASZKOWSKI, J. AND POTRYKUS, I, (1991}, Reversible inactivation of
a transgene in Arabidopsis thaliana. Molecular and General Genetics 228, 104-112.

MivosHi, H., Usami, T. AND TANAKA, L (1995). High level of GUS gene expression driven by
pollen-specific promoters in electroporated lily pollen protoplasts.Sex Plant Reproduction
8, 205-206.

MoL, JN.M., HOrTON, T.A. AND KOES, RE. (19953). Floriculture: genetic engineering of
commercial traits. Tibrech 13, 350-355.

MOONEY, M., DESNOS, T., HARRISON, K., JONES, J., CARPENTER, R. AND COEN, E. (1995).
Altered regulation of tomato and tobacco pigmentation genes caused by the delila gene of
Antirrhiman. The Plant Journal 7, 333-339.

NaroLL, C., LEMIEUX, C. AND JORGENSEN, R. {1990). Introduction of a chimeric chalcone
synthase gene into Perunia results in reversible co-suppression of homologous genes in
trans. The Plant Cell 2, 279-289.

NAWRATH, C., POIRIER, Y.AND SOMMERVILLE, C. (1994). Targeting of the polyhydroxybutyrate
biosynthesis pathway to the plastids of Arabidopsis thaliana results in high levels of
polymer accumulation. Proceedings of the National Acadenty of Sciences USA 91, 12760~
12764,

NEGRUTIU, ., DE BROUWER, D., DIRKS, R. AND JACOBS, M. (1985). Amino acid auxotrophs
from protoplast cultures of Nicotiana plumbaginifolia, Vivianil. BUdR enrichment
selection, plant regeneration and general characterisation. Molecular and General Genet-
ics 199, 330-337.

NEUHAUS, G., SPANGENBERG, G., MITTELSTEN SCHEID, (0. AND SCHWEIGER, H.G. (1987).
Transgenic rapeseed plants obtained by the microinjection of DNA into microspore-
derived embryoids. Theoretical and Applied Genetics T3, 30-36.

NEWBURY, H.J. AND SENIOR, 1J. (1998). Transformation in Amtirrhinum majus L. (snap-
dragon). In Biotechnology in Agriculture and Forestry, ed. Y .P.S. Bajaj. Springer-Verlag,
Berlin. In Press.

NI, W, Palva, N.L., AND DIXON, R.A. (1994). Reduced lignin in transgenic plants containing
a caffeic acid o-methyltransferase antisense gene. Transgenic Research 3, 120-126.



Uses of plant gene silencing 113

NisHIHARA, M., TTO, M., TANAKA, I, KY0, M., ONO, K., IRIFUNE, K. AND MORIKAWA, H.
(1993). Expression of the [3-glucuronidase gene in pollen of Lily (Lilium longiflorum),
Tobacco (Nicotiana tabacum, Nicotiana rustica), and Peony (Paeonia lactiflora) by
Particle Bombardment. Plant Physiology 102, 357-361.

NopA, K.L, GLOVER, B.J,, LINSTEAD, P. AND MARTIN, C. (1994). Flower colour intensity
depends on specialized cell shape controlled by a Myb-related transcription factor. Nature
369, 661-664.

OBELLER, P.W., WANG, L.M., TAYLOR, L P, PIKE, [}. A, AND THEOLOGIS, A. {1991). Reversible
inhibition of tomato fruit senescence by antisense 1-aminocyclopropane-1-carboxylate
synthase. Science 254, 437-439,

ORMROD, J.C. AND HAWKES, T.R. (1995). Screening practices in the agrochemical industry.
British Crop Protection Conference - Weeds 1, 97-108.

PARK, S.H., PINSON, S.R.M., AND SMITH, R.H. (1996). T-DNA integration into genomic DNA
of rice following Agrobacterium inoculation of isolated shoot apices. Plant Molecular
Biology 32, 1135-1148.

PENARRUBIA, L., AGUHLAR, M., MARGOSSIAN, L. AND FISCHER, R.L. {1992). Anantisense gene
stimulates ethylene hormone production during tomato fruit ripening. The Plant Cell 4,
681-687.

PHILLIPS, R L., MATZKE, M. A, AND OONQ, K. (1995). Treasure your exceptions. The Plant Cell
7, 15221527,

PicToN, 5., BARTON, §.L., BOUZAYEN, M., HAMILTON, A.J.,AND GRIERSON, D.(1993). Altered
fruit ripening and leaf senescence in tomatoes expressing and antisense ethylene-forming
enzyme transgene, The Plant Journal 3, 469-48].

PILLONEL, C., MUDLER, M.M., BooN, 1. FORSTER, B. AND BINDER, A. (1991). Involvement
of cinnamyl alcahol dehydrogenase in the control of lignin formation in Sorghum bicolor
L. Moench. Planta 185, 538-544.

RALPH, J., MACKAY, |, HATRIELD, R.DD., O'MALLEY, D.M., WHETTEN, R.W., AND SEDEROFF,
R.R. (1997). Abnormal lignin in a loblolly pine mutant. Science 277, 235-239.

RATCLIFF, F., HARRISON, B.D., AND BAULCOMEE, D.C. (1997). A similarity between viral
defense and gene silencing in plants. Science 276, 1558-1560.

RECH, T, IYER, V.N., AND MIKJ, B 1. (1986). Efficient transformation of alfalfa protoplasts
by the intranuclear microinjection of Ti plasmids. Bio/Technology 4, 1001-1004.

RENDINA, A.R., AND ABELL, L. M. (1994). Biochemical approaches to herbicide discovery:
enzyme target selection and inhibitor design. InNatural and Engineered Pest Management
Agents, ed. P.A. Hedin, J.J. Menn and R M. Hollingworth, pp. 407—424. Washington DC:
ACS Symposium Series (551).

RIEMENSCHNEIDER, DLE. anp HAISSIG, B.E. (1991). Producing herbicide tolerant Poplus
clones using genetic transformation mediated by Agrobacterium tumefaciens C58: a
summary of recent research, In Biotechnology of Woody Plants, ed. MLR. Ahuja, pp. 247~
263. New York: Plenum Press.

RIESMEIER, J.W., FLUGGE, U.L, SCHULZ, B., HEINKEKE, D., HELDT, H.W., WILLMITZER, L.
AND FROMMER, W.B. (1993). Antisense repression of the chioroplast triose phosphate
translocator affects carbon partitioning in transgenic potato plants. Proceedings of the
National Academy of Sciences USA 90, 6160-6164.

RIESMEIER, J.W., WILLMITZER, L. AND FROMMER, W.B, (1994). Evidence for an essential role
of the sucrose transporter in phloem leading and assimilate partitioning. EMBO Journal
13, 1-7.

ROSSIGNOL, J.L. AND FAUGERON, G. (1995). MIF: An epigenetic gene silencing process in
Ascobolus immersus. \n Gene Silencing in Higher Plants and Related Phenomena in Other
Eukaryotes, ed. P. Meyer, pp. 179-191. Berlin: Springer-Verlag.

ROTHSTEIN, 5.J., DIMAIO, J., STRAND, M. AND RICE, D. (1987). Stable and inheritable inhibition
of the expression of nopaline synthase in tobacco expressing antisense RNA. Proceedings
of the National Academy of Sciences USA 84, 84398443,

RoTtMany, W.H., PEtER, G.F, OELLER, P.W., KELLER, J.A., SHEN, N.F., NagGY, B.P,
TAYLOR, L.P,, CAMPBELL, A.D. AND THEOLOGIS, A. (1991). 1-aminocyclopropane-1-
carboxylate synthase in tomato is encoded by a muttigene family whose transcription is



116 I} SENIOR

induced during fruit and floral senescence. Journal Molecular Biology 222, 937-961.

RUNNING, M.P. AND MEYEROWITZ, E.M. (1996). Mutations in the PERIANTHIA gene of
Arabidopsis specifically alter floral organ number and initiation pattern. Development122,
1261-1269.

SANFORD, J.C. AND JOHNSON, S.A. (1985). The concept of parasite-derived resistance —
Deriving resistance genes from the parasite’s own genome.Journal of Theoretical Biology
113, 395-405.

SAVIN, K.W., BAUDINETTE, S.5.C., GRAHAM, MW, MICHAEL, M.Z., NUGENT, G.D.,. LU, C.Y,
CHANDLER, S.F. AND CORNISH, E.C. (1995). Antisense ACC Oxidase RNA delays
carnation petal senescence. Hort Science 30, 970-972.

SCHELL, }. (1997). Cotton carrying the recombinant insect poison Bt toxin: no case to doubt the
benefits of plant biotechnology. Current Opinion in Biotechnology 8, 235-236.

SCHLOSS, 1.V, (1989). Origin of the herbicide binding site of acetolactate synthase. In Prospects
Jfor Amino Acid Biosynthesis Inhibitors in Crop Protection and Pharmaceutical Chemistry
Monograph No. 42,ed. L.G. Copping,J. Dalziel and A.D. Dodge, pp. 147-152. Surrey UK:
British Crop Protection Council.

SCHUCH, W. (1991). Advances in plant biotechnology and their implication for forestry
research. In Vitro Cell Developmental Biology 27P, 99-103.

SCHUCH, W., KANCZLER, J., ROBERTSON, D., HOBSON, G., TUCKER, G., GRIERSON, D., BRIGHT,
S. ANDBIRD, C. (1991). Fruit guality characteristics of transgenic tomato fruit with altered
polygalacturonase activity. HorrScience 26, 1517-1520.

SELKER, E.U. (1997). Epigenetic phenomena in filamentous fungi: useful paradigms or repeat-
induced confusion? Trends i Genetics 13, 296-301.

SENIOR, L], AND DALE, P.J. (1996). Plant transgene silencing — gremlin or gift? Chemistry and
Industry, August, 604-608.

SENIOR, LJ., HOLFORD, P., COOLEY, RN. aAND NEWBURY, H.J. (1995). Transformation of
Antirrhinum majus using Agrobacterium rhizogenes. Journal of Experimental Botany 46,
1233-1239.

SEYMOUR, G.B., FRAY, R.G., HiLL, P. AND TUCKER, G.A. (1993). Down-regulation of two non-
homologous endogenous tomato genes with a single chimeric sense gene construct. Planf
Molecular Biology 23, 1-9.

SHANER, D.L. AND SINGH, B.K. (1993). Phytotoxicity of acetohydroxyacid synthase inhibitors
is not due to the accurnulation of 2-ketobutyrate and / or 2-aminobutyrate. Plant Physiology
103, 1221--1226.

SHEEHY, R.E., KRAMER, M. AND HIATT, W.R. {1988). Reduction of polygalacturonase activity
in tomato fruit by antisense RNA. Proceedings of the National Academy of Sciences, U.S.A.
85, 8805-8809.

SHENG, J.AND CITOVSKY, V. (1996). Agrobacterium —plant cell DNA transport: have virulence
proteins, will travel. The Planr Cell 8, 1699-1710.

SHERMAN, T.D., VAUGHN, K.C. AND DUKE, 5.0, (1996), Mechanisms of action and resistance
to herbicides. In Herbicide Resistant Crops: Agriculiure, Environmental, Economic,
Regulatory, and Technical Aspects, ed. 5.0. Duke, pp. 13-35. New York: Lewis Publish-
ers CRC.

SHIMAMOTO, K., TERADA, R, Izawa, T. AND FURBMOTO, H. (1989). Fertile transgenic rice
plants regenerated from transformed protoplasts. Nafure 338, 274-276.

SHIRLEY, B.W. (1996). Flavonoid biosynthesis: ‘new’ functions for an ‘old” pathway. Trends
in Plant Sciences 1, 377-382.

SHIRSAT, A.H., WILFORD, N. AND CroOY, R.R.D. (1989). Gene copy number and levels of
expression in transgenic plants of a seed specific gene. Plant Science 61, 75-80.

SIMONS, R.W. AND KLECKNER, N. (1983}. Translational control of 1§10 transposition. Ce!l 34,
683-691.

SINGER, M.J. AND SELKER, EU. (1995). Genetic and epigenstic tnactivation of repetitive
sequences in Newrospora crassa: RIP, DNA methylation, and quelling. In Gene Silencing
in Higher Plants and Related Phenomena in Other Eukaryotes, ed. P, Meyer, pp. 165-177.
Berlin: Springer-Verlag.

SINKAR, V.P., WHITE, F.F., FURNER, I.J., ABRAHAMSEN, M., PYTHOUD, F. AND GORDON, M P.



Uses of plant gene silencing 117

(1988). Reversion of aberrant plants transformed with Agrobacterium rhizogenes is
associated with the transcriptional inactivation of the T, -DNA genes. Plant Physiology 86,
584-590.

SLABAS., A R., ELBOROUGH, KM. AND WHITE, A.T. (1997) Down regulation of fatty acid
synthesis using antisense. InNational Plant Lipid Cooperative — Fatty Acid and Glycerolipids
Symposium, South Leake Tahoe, CA. Abstract B3.

SLATER, 8., MITSKY, T., HAO, M, LA VALLEE, B., GRrUYS, K., TAYLOR, N., RODRIGUEZ, D,
SHAG, D.. CLEMENTE, T., TRAN, M., LOWRY, S., COLBURN, S., WU, Z., HINCHEE, M.,
STARK. D., KISHORE, G. AND PADGETTE, S. (1997). Production of polyhydroxyalkanoates
in transgenic oilseed crops. In Keystone Swnposia - Metabolic Engineering in Transgenic
Plants. Copper Mounrain CO. Abstract p. 22.

SMITH, C.J.5., WATsON, C.F..RAY, 1., BIRD, C.R., MORRIS, P.C., SCHUCH, W. AND GRIERSON,
D. (1988). Antisense RNA inhibition of polygalacturonase gene expression in transgenic
tomatoes. Narure 334, 724-726.

SMITH, S., WATSsoN, C.F., BIRD, C.R., RAY, I, SCHUCH, W. AND GRIERSON, D. (1990a).
Expression of a truncated tomato polygalacturonase gene inhibits expression of the
endogenous gene in transgenic plants. Molecular and General Genetics 224, 477-48].

Smite, CJ.S., WaTson, C.F., Morris, P.C., SCHUCH, W. AND GRIERSON, D. (1990Db).
Inheritance and effect on ripening of antisense polygalacturonase genes in transgenic
tomatoes. Plant Molecular Biology 14, 369-379.

SPANU, P., REINHART, D. AND BOLLER, T. (1991). Analysis and clone of the ethylene-forming
enzyme from tomato by functional expression of its mRNA in Xenopus laevis oocytes.
EMBO Journal 10, 2007-2013.

STaM. M. (1997). Post-transcriptional silencing of flower pigmentation genes in Pefunia
#vbrida by (trans)gene repeats. Amsterdam: Vrije Universiteit,

StaMm, M., DE BRUIN, R, KENTER, S., VAN DER Hoorn, RA L., VAN BLOKLAND, R., MoL,
J.N.M. AND KOOTER, J.M. (1997a). Post-transcriptional silencing of chalcone synthase in
Pennia by inverted transgene repeats. The Plant Journal 12, 63-82.

StaM, M., MOL, J. N.M. AND KOOTER, J.M. (1997b}). The silence of genes in transgenic plants.
Annals of Botany 79, 3-12.

SUKHAPINDA, K., SPIVEY, R., SIMPSON, R.B. AND SHAHIN, E.A. (1987). Transgenic tomato
{Lycopersicon esculentum 1.) transformed with a binary vector an Agrobacterium
rhizogenes: non-chimeric origin of callus clone and low copy numbers of integrated vector
T-DNA. Molecular and General Genetics 206, 491497,

TADA, Y., NAKASE, M., ADACHI, T., NAKAMURA, R.,SHIMADA, H., TAKAHASHI, M., FUIIMURA,
T. ANDMATSUDA, T.{1996). Reduction of [4-16kDa allergenic proteins in transgenic rice
plants by antisense gene. FEBS Letrers 391, 341-345.

TANAKA, T, NISHIHARA, M., SEKI, M., SAKAMOTO, A, TANAKA, K., IRIFUNE, K.ANDMORIKAWA,
H. (1995). Successful expression in polfen of various plant species of in vitro synthesized
mRNA introduced by particle bombardment. Plant Molecular Biology 28, 337-341.

TEN HAVE, A. AND WOLTERING, EJ. (1997). Ethylene biosynthetic genes are differentially
expressed during camnation Dianthus caryophylius L. flower senescence. Plant Molecilar
Binlogy 34, 89-97,

THEOLGGIS, AL (1994). Controt of ripening. Current Opinion in Biotechnology 5, 152-157.

THIERRY, D). AND V AUCHERET, H. (1996).Sequence homology requirements for transcriptional
silencing of 355 transgenes and post-transcriptional stlencing of nitrite reductase (trans)genes
by the tobacco 271 locus.Plant Molecular Biology 32, 1075-1083.

TIEMAN, D.H., HARRIMAN, R.W., RAMAMOUAN, G. AND HANDA, AK. (1992). An antisense
pectin methylesterase gene alters pectin chemistry and solubie solids in tomato fruit. The
Plant Cell 4, 667-679.

TiNGAY, S, MCELROY, D., KALLA, R., FIEG, S, WANG, M., THORNTON, 5. AND BRETTELL, R,
(1997). Agrobacterium tumefaciens-mediated barley transformation. The Plant Journal
11, 1369-1376.

TsucHiYa, T., TAKUMI, 5. AND SHIMADA, T. {1996). Transient expression of a reporier gene
in bulbscales and immature embryos of three Lilium species is affected by 5' upstream
sequences and culture conditions. Physiologia Planiarum 98, 699-704,



118 L.J. SENIOR

VaIN, P, DE BUYSER, 1., BUITRANG, V., HAICOUR, R. AND HENRY, Y. {1995). Foreign gene
delivery into monccotyledonous species. Biotechnological Advances 13, 653—671.

vAN BLOKLAND, R., VAN DER GEEST, N., MOL, J.N.M, AND KOOTER, J.M. (1994). Transgene-
mediated suppression of chalcone synthase expression in Perunia lrybrida results from an
increase in RNA wmover. The Plant Journal 6, 861-877,

VAN DER KROL, A.R., LENTING, P.E.. VEENSTRA, J., VAN DER MEER, L. M., KOES, R.E., GERATS,
A.GM., MoL, I.N.M, anD STUITIE, A.R. (1988). An antisense chalcone synthase gene in
transgenic plants inhibits flower pigmentation. Narure 333, 866-869.

vAN DER KrOL, AR, Mur, LA, BELD, M., MoL, JN.M. aND STUItIE, A.R. (1990a).
Flavonoid genes in Perunia: addition of a limited number of gene copies may lead to a
suppression of gene expression. The Plant Cell 2, 291-299.

VAN DER KROL, A R., MUR, L.A., DE LANGE, P., GERATS, A.G.M., MoL, J.N.M. AND STUITJE,
AR, (1990h). Antisense chalcone synthase genes in Perunia: visualization of variabie
transgene expression. Molecular and General Generics 220, 204-212.

VAN DER MEER, LM, STaM, MLE., vAN TUNEN, A.]., MOL, J.N.M. AND STUITIE, A.R. (1992).
Antisense inhibition of flavonoid biosynthesis in Petunia anthers results in male sterility.
The Plant Cell 4, 253-262.

VAN DER SALM, T.P.M., vAN DER TOORN, C.J.G., BOUWER, R., HANISH TEN CATE, C.H. AND
Dons, HJM. (1997). Production of Rol gene transformed plants of Rosa hybrida L. and
characterization of their rooting ability, Molecular Breeding 3, 39-47.

VAN DOORSSELAERE, J., BAUCHER, M., CHOGNOT, E., BHABBERT, B., TOLLIER, M.T., PETIT-
ConIL, M., LEPLE, J.C., PILATE, G., COrRNU, D., MONTIES, B., VAN MONTAGU, M. AND
INZE, [ (1995), A novel lignin in poplar trees with a reduced caffeic acid/5-hydroxyferulic
acid O-methyblransferase activity. The Plant Journal 8, 855--864.

VAUCHERET, H. (1993). Identification of a general silencer for 195 and 35S promoters in a
transgenic tobacco plant: 90 bp of homology in the promoter sequence are sufficient for
trans-inactivation. Compte Rendu Academy of Science, Paris, Sciences de la vie/Life
sciences 316, 1471-1483,

VAUCHERET, H. (1994). Promoter-dependent frans-inactivation in transgenic tobacco plants:
kinetic aspects of gene silencing and gene reactivation. Compte Rendu Acadeniy of Science
Paris Sciences de la vie 317, 310-323,

VOELKER, T.A., WORRELL, A.C., ANDERSON, L., BLEIBAUM, 1., Fan, C., HAWKINS, D.J.,
RADKE, S.E. AND Davies, H.M. (1992). Fatty acid biosynthesis redirected to medium
chains in transgenic oilseed plants. Science 257, 72-74.

WAGNER, E.G.H. (1990). Antisense RNA control in prokaryotic systems. In Mechanisms and
Applications of Gene Silencing, ed. D. Grierson, G.W, Lycett and G.A. Tucker, pp. 1-13.
Nottingham University Press, Nottingham.

WAGNER, E.G_.H. AND SIMONS, R.W. (1994). Antisense RNA control in bacteria, phages and
plasmids. Arnual Review of Microbiology 48, 713-742.

WANG, Z.Y., Taxamizo, T., IGLESIAS, V.A., OsUSKY, M., NAGEL, 1., POTRYKUS, 1. AND
SPANGENBERG, G. (1992). Transgenic plants of tall fescue (Festuca arundinacea Schreb.)
obtained by direct gene transfer to protoplasis. Bio/technology 10, 691656,

WEBER, G., MONAIEMBASH]I, S., GREULICH, K.O. AND WOLFRUM, J. (1988a}. Genetic manipu-
lation of plant cells’ and organelies with a laser microbeam. Plant, Cell and Tissue and
Organ Culture 12, 219-222,

WEBER, G., MONAIEMBASHI, S., GREULICH, K.O.AND WOLFRUM, J.(1988b). Injection of DNA
into plant cells with a UV -laser microbeam. Naturwissenschaften 78, 35-36.

WEBER, G., MONAJEMBASHI, S., WOLFRUM, J. AND GREULICH, K.O. (1990). Genetic changes
induced in higher plant cells by a laser microbeam. Physiologia Plantarum 79, 190-193.

WEIGEL, D). AND MEYEROWITZ, E.M.{1994). The ABCs of floral homeotic genes. Cell 78, 203
209.

WEIGEL, D. AND NILSSON, O. (1993). A developmental switch sufficient for flower initiation
in diverse plants. Narure 377, 495-500.

WILKINS, T.A. AND LOGUERCIO, L.L. (1997). Bioengineering of gossypoi-free cotton seed by
genetic manipulation of isoprenoid synthesis. In Keystone Symposia — Metabolic Engi-
neering in Transgenic Plants. Copper Mountain CO. Abstract p. 14



Uses of plant gene silencing 119

WILMINK. A, VAN DE VEN, B.C.E. AND DONS, HI.M. (1992}, Expression of the GUS-gene in
the monccot tulip after introduction by particle bombardment and Agrobacterium. Plant
Cell Reporrs 11, 76-80.

WILMINK. A., VAN DE VEN, B.C.E. AND DoNs, HJ.M. (1994), A transformation procedure for
Tulip. 4 Internarional congress of Plant Molecular Bialogy, Amsrerdam. Abstract 2038,

YAMAGUCHL, T.. WAKIZUKA, T.. OSAKL T. AND WITHERS, L.A. {1994). Gene introduction into
pollen by nsing N2-laser microbearm. Vitlth Imernational Congress of Plant Tissue and
Cell Culture, Abstract S7-51.

YANG. S.F, Yip, WK, SATHO, S.. MIvazax!, JH.. J1ao, X, L. Y. anD Su, L.Y. (1988).
Metabolic aspects of ethylene biosynthesis. In Plant Growth Substances, ed. R.P. Pharis
and §.B. Rood, pp. 291-299. Springer-Verlag. Berlin.

YE. Z.H.. KNEUSEL. R.E., MATERN, U, AND VARNER, LE. (1994). An alternative methyiation
pathway in lgnin biosynthesis in Zinnia. The Plant Cell 6, 14271439,

ZHU. Q.. MAHER, E.A.. MASOUD. S., DIXON, R_A_AND LAMB. C.J.(1994). Enhanced protection
against fungal attack by constitutive ce-expression of chitinase and glucanase genes in
transgenic Tobacco. Bio/Technology 12, 807-812.






