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1 Introduction 
The history of crop domestication by man- 

kind has paralleled the development of civil- 
ization. Agricultural production was a pre- 
requisite for establishing settled communities 
and marked our transition from hunter-gath- 
erers. Today’s crop varieties differ dramatical- 
ly from the crops of our ancestors. Selection 
over approximately 10,000 years, both con- 
scious and inadvertent, has concentrated over 
90% of the world’s crop production on a mere 
15 plant species (WILSON et al., 1996). 

Agricultural sustainability is now a major 
concern. With limited land available for culti- 
vation it will be necessary to increase output 
while minimizing the environmental damage. 
Properly applied biotechnology research will 
make a significant contribution to increasing 
the sustainability of crop production. 

1.1 Targets for Crop Improvement 

The production of food, fiber and animal 
fodder throughout the world has been greatly 
influenced by the genetic improvement of 
crop plants through plant breeding, gradually 
increasing the yield and (unfortunately) con- 
currently reducing the genetic variability of 
the established crops. Nowadays plant 
breeders’ targets for crop improvement still 
focus on the ever-increasing need for higher 
yield potentials, greater yield stability, and in- 
creased quality. 

Yield improvement requires the accurate 
selection of the optimum parents from which 
to develop superior populations. The inheri- 
tance of yield is polygenic and the trait is 
strongly influenced by environmental factors, 
but components contributing to yield are often 
easy to measure and manipulate. For example, 
the introduction of the dwarf phenotype into 
wheat and rice cultivars has been largely re- 
sponsible for the dramatic improvement in 
world food production termed the “green 
revolution” (LAW et al., 1978; CHANG and Lr, 
1980). This yield improvement was produced 
by the redirection of assimilates from elongat- 
ing stems into the developing seeds (KHUSH, 
1999). 

Adaptations affecting flowering time have 
been used to extend growing areas, e.g., the de- 
velopment of day-length neutral wheat allows 
cultivation in an Australian climate (PIXSLEY, 
1983). Factors that reduce post-harvest losses 
during storage increase agricultural return5 
(TUTTE and FOSTER, 1979) and the develop- 
ment of varieties with increased resistance to 
pests and pathogens reduces the need for 
chemical inputs and improves profitability and 
sustainability. Examples of these are varieties 
that possess an increased resistance to biotic 
stresses (ROMMENS and KISHORE, 2000) such 
as fungal (LANDEO et a1.,1995) and bacterial 
(CHEN et al., 1996) pathogens and insect pests 
(SCHULER et al., 1998). Increased tolerance to 
abiotic stresses such as drought (BOY ER, 1996), 
salt (DVORAK et al., 1994; FLOWERS and YEO, 
1995) heat (PAULSEN, 1994) and cold (THO- 
MASHOW, 1994) have also contributed signifi- 
cantly to improving crop productivity and the 
land area available for cultivation. 

Quality traits are also important targets for 
crop improvement. The removalireduction of 
anti-nutritional compounds from crops to 
open up new markets or new applications 
(HARVEY and DOWNEY, 1964; STFFANSSON, 
1976) increasing protein content (SUMBERG 
et al., 1983; LOFFLER et al., 1983) and increas- 
ing oil content (SCARTH et al., 1995a, b) in seed 
are all-important selectable characteristics. 

1.2 An Urgent Need for further 
Crop Improvement 

Over recent time, the replacement of tradi- 
tional varieties of wheat and rice with high 
yielding modern varieties has increased yield 
dramatically without a proportional increase 
in the area of land under cultivation.The yield 
of both wheat and rice doubled over a period 
of 25 years from 308 million tons and 257 mil- 
lion tons in 1966 to 541 million tons and 520 
million tons in 1990, respectively (KHUSH, 
1999). The yield potential of modern varieties 
is only realized when they are used in conjunc- 
tion with management practices that include 
using optimized sowing dates, adequate irriga- 
tion, fertilizer application, soil management, 
and integrated pest management. It has been 
estimated that without the application of agro- 
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chemicals, the yield of today’s crops would be 
reduced by 50% (DEWIT and VAN VIOTEN- 
DOTING, 1993). 

However, the past decade of crop improve- 
ment has failed to reproduce the dramatic 
increases in crop productivity witnessed 
between 1966 and 1990. The strong pressures 
applied by plant breeders to mold crop pheno- 
types have reduced the variation available at 
loci controlling a wide range of traits. In addi- 
tion, increased use of chemical inputs is un- 
desirable both on economic grounds, as it is 
not prudent to increase input costs greater 
than can be remunerated by increased yield, 
and on environmental grounds with phos- 
phates and nitrates applied to the soil leaching 
into the surface water (SMITH et al., 2001a, b) 
and pesticide residues negatively effecting bio- 
diversity. 

The 20th century has witnessed extraordi- 
nary population growth and extrapolating 
from its present rate of growth, it is predicted 
that the world population will reach 9 billion 
by 2054 (U.N., 1999). The future ability of the 
world to generate the increase in agricultural 
productivity necessary to sustain this anticipat- 
ed population size is a growing concern. 

Plant breeders are attempting to introduce 
novel variation into crops through the use of 
wild relatives. This necessitates lengthy cross- 
ing programs to remove detrimental alleles 
dispersed throughout the genomes of these 
wild donor plants, a process which can be ac- 
celerated through the application of marker- 
assisted selection. Alternative biotechnology 
approaches for increasing crop yield potential 
have been developed which involve the intro- 
duction of cloned novel genes directly into the 
plant genome. The quantum leap in gene iden- 
tification and gene function analysis promised 
by genomics research will provide new oppor- 
tunities for the identification and indeed the 
synthesis of improved alleles for a wide varie- 
ty of genes controlling crop productivity. Ge- 
nomics will contribute significantly to provid- 
ing the variation to fuel future crop improve- 
ment. 

2 Gene Discovery and 
Gene Function 

2.1 Use of Model Systems 

Polyploidy, the doubling of chromosome 
number, through either genome fusion or ge- 
nome duplication has played a major role in 
the evolution of crop plants with many notable 
examples, maize (GAUT et al., 2000), soybean 
(SHOEMAKER et al., 1996), wheat (GALE and 
DEVOS, 1998), cotton (JIANG et al., 1998), and 
canola (PARKIN et al., 1995). Polyploids gain a 
natural advantage over their diploid relatives, 
the increased genome size and concomitantly 
the increased cell size leads to a more robust 
and generally larger plant species and the du- 
plicate gene copies buffer recessive mutations 
but allow for rapid diversification. Polyploidy, 
although advantageous to the plant, is incon- 
venient for researchers; the large duplicated 
genomes exacerbate attempts at map-based 
gene cloning and hamper the identification of 
gene function through knockout technologies. 
In an attempt to circumvent the problem, crop 
researchers are turning to model genomes, 
plant species with small genomes, rapid gener- 
ation times, and relatively limited amounts of 
repetitive DNA. 

Arabidopsis thaliana has become estab- 
lished as the model dicot, with over 40 years of 
genetic, molecular, and biochemical research 
already in place, and 115.4 megabases of the 
estimated 125 megabase genome sequence has 
recently been completed (Arabidopsis Ge- 
nome Initiative, 2000). Arabidopsis is a cruci- 
fer closely related to oilseed crop species such 
as Brassica napus (canola) and Sinapis alba 
(mustard), allowing the direct transfer of bio- 
logical information from the model plant to 
agronomically important crops. Although the 
efficacy of using Arabidopsis as a model for 
distantly related species, including those across 
the monocot-dicot divide has been consid- 
ered, the role of a model monocot is generally 
afforded to rice, itself an important crop, form- 
ing the nutritional base for the diet of almost 
50% of the world’s population. Rice has a ge- 
nome size of approximately 3-4 times that of 
Arabidopsis and an international effort to se- 
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quence the whole genome of rice has been in- 
itiated (reviewed in SASAKI and BURR, 2000). 

Comparative mapping in plants allows the 
identification of conserved regions of the ge- 
nome from diverse species (reviewed in 
SCHMIDT, 2000). Such comparative analysis has 
identified conservation of gene content and 
gene order between the genomes of almost all 
economic grass crops, including wheat, rice, 
and maize (MOORE et al., 1995) and between 
genomes of the Solanaceae crops (TANKSLEY 
et al., 1992; PRINCE et al., 1993). The most ex- 
tensive comparative mapping data has been 
compiled for the cereals (the Poaceae). 19 con- 
served linkage segments have been identified 
within the rice genome which can be rear- 
ranged to reconstruct the genomes of 11 dif- 
ferent grass species (GALE and DEVOS, 1998). 
More recently, the extent of colinearity at the 
level of base pairs, micro-synteny, has been 
studied for a number of species. Comparative 
sequence analysis between rice, sorghum, and 
maize localized the regions of conservation to 
the exonic regions of genes and also suggested 
that the considerable differences in genome 
sizes between the species are largely the result 
of expansion of areas of repetitive DNA (BEN- 

Understanding the pattern of colinearity 
between genomes of related species facilitates 
the transfer of technologies and information 
across the boundaries imposed by thousands 
of years of evolution. Through the alignment 
of model genomes, and by extension their as- 
sociated genomic resources, with the more 
complex genomes of crop plants, it will be pos- 
sible to facilitate the cloning of agronomically 
important genes in crops by shuttling between 
the model genome and the more recalcitrant 
crop genome. In regions displaying strong con- 
servation of gene order, it will be possible to 
identify candidate genes for traits of interest. 
A homolog of FLC, an Arabidopsis flowering 
time gene, has been identified as a candidate 
for a major vernalization responsive flowering 
time gene in Brassica rapa (OSBORN et al., 
1997). In any region showing colinearity it will 
be possible to isolate useful markers from the 
model plant for gene tagging and marker-as- 
sisted breeding in crop species. A notable re- 
sult of colinearity studies was the identifica- 
tion of the Arabidopsis ortholog of the cereal 

NETZEN, 2000). 

“green revolution” allele, the Gihherellin In- 
sensitive ( G A I )  gene, which led to higher 
yielding dwarf wheat cultivars (PEW ct al., 
1999). 

2.2 Technologies for Identifying 
Novel Genes and their Functions 

2.2.1 Genome Sequencing 

Whole genome sequencing has become an 
established technology in recent years primar- 
ily because of developments in high-through- 
put sequencing technologies (SPURR et al., 
1999). An established method for whole ge- 
nome sequencing requires the use of ordered 
large insert DNA libraries that are usually 
constructed in BAC (WOO et al., 1994) or P1 
(LIU et al., 1995) vectors. Once a minimum til- 
ing path has been developed for the ordered li- 
brary the individual clones are cleaved and the 
smaller fragments are sub-cloned and se- 
quenced (LIN et al., 1999). The sequence align- 
ment of these smaller fragments is a relatively 
simple task (providing there is little repetitive 
DNA present) and these methods have now 
been used to sequence prokaryotic organisms 
(COLE et al., 1998) and eukaryotic organisms 
such as Cuenorhabditis (C. elegans Sequencing 
Consortium, 1998), Drosophilu (ADAMS et al., 
2000) and Arubidopsis (Arubidopsis Genome 
Initiative, 2000). 

An alternative to this approach is random 
whole genome shotgun sequencing, which has 
recently been employed to sequence many 
prokaryotic (NELSON et al., 2000) genomes as 
well as the Drosophila (MYERS et al., 2000) ge- 
nome. Although this approach is faster than 
the clone-by-clone method, it does require a 
large investment in high-throughput sequenc- 
ing equipment to cope with the large volume 
of sequencing samples and a powerful comput- 
er capability for the manipulation and align- 
ment of sequence data (BRODER and VENTER, 
2000). Additionally, it has yet to be seen how 
this approach would perform when attempting 
to sequence polyploid organisms, such as the 
majority of crops species, where multiple and 
sometimes very closely related genomes reside 
in the same nucleus (PARKIN et al., 1995). The 
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fact that the large genomes of many crops also 
contain considerable amounts of different re- 
peat elements (BENNETZEN, 1998) would make 
any large-scale genome sequencing effort a 
daunting task, although techniques are now 
available to screen out these sequences from 
genomic libraries (RABINOWICZ et al., 1999) 

It is likely that any genome sequencing ef- 
forts in important crop species, such as wheat, 
maize, and soybean, will be limited to regions 
of high interest and utilize instead the se- 
quence data from the Arabidopsis (model di- 
cotyledon) and rice (model monocotyledon) 
genome sequencing projects (Arabidopsis Ge- 
nome Initiative, 2000; SASAKI and BURR 2000). 

2.2.2 ESTs and Microarrays 

The development of large sets of partial se- 
quence data from randomly chosen cDNA 
clones, more commonly known as Expressed 
Sequence Tags (ESTs), was first carried out for 
humans at the beginning of the last decade 
(ADAMS et al., 1991) and then for a range of 
other species (MARRA et al., 1998). The large- 
scale production of ESTs was driven by the ra- 
tionale that this approach would provide a 
rapid way to identify genes in any organism. 
Indeed, the speed and relative ease with which 
ESTs can be generated has meant that large 
numbers have now been generated for the ma- 
jority of economically important crop species 
by a mixture of public and commercial organ- 
izations (PENNISI, 1998). 

The general strategy for an EST project in- 
volves the construction of cDNA libraries 
from a variety of tissues at different stages of 
development, and the subsequent large-scale 
sequencing of clones from these libraries. 
However, a natural consequence of this ap- 
proach is that genes that are highly expressed 
in the different tissues tend to be overly repre- 
sented in the final set of ESTs (MARRA et al., 
1998). To counter this effect normalization 
techniques have been developed to reduce the 
amount of redundancy in the libraries (BO- 
NALDO et al., 1996). Additionally, subtractive 
methods have been developed that allow en- 
richment for genes that are only expressed 
under certain conditions, such as drought or 

pathogen attack in the case of plants (ROBERTS 
and PRYOR, 1995; PIH et al., 1997). 

ESTs provide a wealth of potential uses for 
researchers. Initially, the putative function of 
ESTs can be identified by using algorithms to 
search for homology between the ESTs and 
genes of known function (ALTSCHUL et al., 
1990). They are also an instant source of “off 
the shelf” genes and can be used to design 
PCR primers for the isolation of the genomic 
copy of the gene (BEHAL and OLIVER, 1997). 
An estimation of redundancy within the EST 
data set can be calculated by cluster analysis 
(HUANG and MADAN, 1999), and non-redun- 
dant ESTs can be then be represented on ny- 
lon membrane “macroarrays” or glass slide 
“microarrays” for monitoring gene expression 
at a global level (FREEMAN et al., 2000). Clus- 
tering analysis and sophisticated algorithms 
can identify nucleotides that distinguish mem- 
bers of multigene families of particular impor- 
tance in polyploid crop species (MARTH et al., 
1999). The development of new molecular 
markers can also be accomplished by re-se- 
quencing different EST alleles to identify 
SNPs (SMITH et a]., 2000) which can then be as- 
sayed by a range of different methods. Com- 
parative mapping of ESTs homologous to tar- 
get regions in model species, such as Arabidop- 
sis and rice, can also provide valuable informa- 
tion for fine-mapping experiments (SILLITO 
et al., 2000). ESTs can also be employed to 
provide anchor points for the alignment of 
large insert BAC libraries (YUAN et al., 2000) 
and also help to annotate genomic sequence 
data by providing evidence of transcription 
(MARRA et al., 1998). 

Serial Analysis of Gene Expression (SAGE) 
is an alternative approach to microarrays for 
monitoring global gene expression. SAGE in- 
volves the production of short nucleotide tags 
from expressed genes that are then concaten- 
ated and sequenced sequentially (VELCULES- 
cu et al., 1995). A large amount of data can be 
generated very quickly and it is particularly 
powerful when either a large amount of ge- 
nomic or EST data are available for the target 
organism. These methods can be exploited in 
plant research to identify suites of genes in- 
volved in a variety of important agronomic 
traits such as yield, resistance to environmen- 
tal stresses, and resistance to pests and patho- 
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gens. These methods can also monitor changes 
in global gene expression in newly developed 
transgenic lines. Using only a small pre-select- 
ed subset of 2,375 genes from Arabidopsis, 
representing about 10% of the total number 
of expected genes, SCHENK et al., (2000) were 
able to show that almost one-third were regu- 
lated by either pathogen inoculation, or three 
different elicitors implicated in the plant’s de- 
fence response to pathogens. Of these more 
than 20% were coordinately regulated by 
more than one treatment, demonstrating that 
an extensive degree of cross talk exists 
between disease resistance signalling path- 
ways (FEYS and PARKER, 2000). 

Arabidopsis with previously identified pro- 
teins from various lineages, from yeast to hu- 
man, identified a subset of genes specific to the 
plant lineage and large numbers of genes that 
exhibited remarkable sequence conservation 
with human proteins, emphasizing how func- 
tion bridges evolutionary barriers. A powerful 
new development in bioinformatics is the as- 
signment of putative function through not on- 
ly sequence identity, but also using sequence- 
to-structure-to-function approaches, which ex- 
ploits the conserved structural motifs found at 
the active sites of proteins (reviewed in SKOL- 
NICK and FETROW, 2000). 

2.2.3 Bioinformatics 2.2.4 Proteomics 

The rapid accumulation of DNA sequence 
information and functional expression analysis 
data necessitated the evolution of a new area 
of biology dedicated to the computational 
mining or “in silico” analysis of this valuable 
data. Bioinformatics can take many guises but 
it basically gives researchers the tools to store, 
access, analyze, and search the volumes of data 
being generated. Many novel genes are being 
uncovered through the systematic searching of 
available genomic sequence and their putative 
function is being assigned through sequence 
identity algorithms. For the model dicot Arabi- 
dopsis thaliana, the recent publication of the 
sequence of chromosomes 2 and 4 displayed 
the power of computational biology (LIN et al., 
1999; MAYER et al., 1999). For the combined 
sequence, which covers 32 YO of the whole ge- 
nome, 7,781 putative protein-coding regions 
were identified using a combination of gene 
prediction programs and database searches. 
The availability of such large stretches of con- 
tiguous sequence enabled a comprehensive 
study of the level of gene duplication within 
the model genome. A large number of genes 
(60% of those found on chromosome 2) were 
found to be repeated tandemly and large chro- 
mosomal duplications were also observed. The 
tandem duplication of genes could form an im- 
portant reservoir for allelic diversity or per- 
haps represent a mechanism for ensuring syn- 
chronized expression of genes. The compara- 
tive analysis of the predicted proteins from 

Proteomics is the systematic identification 
and characterization of the proteins (the pro- 
teome) of a cell, tissue, or organelle (reviewed 
in PANDEY and MA”, 2000). The study of 
global gene expression using microarrays or 
SAGE is reliant on the observed phenotypic 
changes being the result of dynamic changes in 
particular mRNA populations. Although ex- 
tremely powerful, these types of analyses at- 
tempt to simplify the relationship between 
genes and their protein products, which are in 
fact the active agents in the cells. A comple- 
mentary approach is proteomics. Through the 
application of 2-D gel electrophoresis, which 
separates proteins based on their charge and 
mass, thousands of proteins can be analyzed 
at one time. Each protein can be identified 
through a combination of microsequencing 
using mass spectrometry and bioinformatics. 
This allows the identification of the primary 
gene products and their post-translational 
modifications. These new technologies are al- 
lowing researchers to identify numerous novel 
proteins controlling important biological pro- 
cesses, including plant proteins expressed in 
response to drought, anoxia, and other envi- 
ronmental changes (reviewed in Z I V Y  and DE 
VIENNE, 2000). Proteomics has also been ap- 
plied to the study of mutant lines, allowing the 
analysis of both the direct and indirect conse- 
quences of metabolic changes caused by a 
single gene mutation (ZIVY and DE VIENNE, 
2000). 
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It is unlikely that the differential display 
techniques, which utilize this combination of 
2-D electrophoresis and mass spectrometry, 
will ever surpass the sensitivity of microarray 
technology. However, proteomics is not limit- 
ed to the study of expression patterns, but also 
encompasses high-throughput functional bio- 
chemical analyses of the proteome. By eluci- 
dating protein-protein interactions using mass 
spectrometry and the yeast-two-hybrid system 
it is possible to gain insight into the functions 
of many unknown proteins. For example, the 
yeast two-hybrid system has been used to 
identify plant proteins which interact with vi- 
ral proteins upon infection of a plant. This 
work is beginning to elucidate the mechanisms 
by which the plant recognizes and prevents the 
replication of invading viruses (LEONARD et 
al., 2000). 

2.2.5 Functional Genomics 

The application of microarrays, SAGE anal- 
ysis, and high-throughput proteomics to the 
study of agrinomically important traits will 
identify a plethora of genes whose expression 
pattern appears to coincide with the observa- 
tion of a desired phenotype. It will be neces- 
sary to quickly confirm the function of these 
novel genes, in some cases bioinformatics will 
prove invaluable in suggesting a function, for 
many others the function will remain a mys- 
tery. From the 25,498 predicted proteins iden- 
tified from the published genomic sequence of 
Arabidopsis only in the range of 69% could be 
assigned a possible function based on homolo- 
gy to known genes and less than 10% of these 
had their function confirmed experimentally 
(Arubidopsis Genome Initiative, 2000). Gene 
knockout systems have been employed in or- 
der to exploit this wealth of information and to 
assist in identifying gene function. So-called 
“functional genomics” describes the identifica- 
tion of gene function through the systematic 
cessation of expression of each and every gene 
from a target genome. This strategy involves 
the development of saturated populations of 
mutagenized plant lines, each line carrying 
mutated copies of one or more specific genes. 
These populations can be used for “reverse 
genetics”, where the function of a particular 

gene is determined by characterizing the phe- 
notype of a line carrying a mutated copy of 
that gene, or “forward genetics”, where a pop- 
ulation of mutant lines is screened to identify 
lines which are defective in a particular biolog- 
ical process, hence, identifying genes control- 
ling that process. 

In plants a number of methods have been 
employed to generate mutants (FELDMAN et 
al., 1994): 

(1) Ionizing radiation, using X-ray or neu- 
tron bombardment of plant cells gener- 
ates large deletions of chromosomal 
DNA or reciprocal translocations and 
other major chromosomal rearrange- 
ments. Such mutants tend to be defi- 
cient for a number of genes, which 
makes it possible to find mutants after 
screening relatively few treated plants, 
but more difficult to identify the partic- 
ular gene responsible for a phenotype. 

(2) Chemical mutagenesis, using alkylating 
agents such as ethyl methane sulfonate 
(EMS). Most commonly EMS causes 
alkylation of guanine, which allows it to 
pair with thymine instead of cytosine 
during replication thus causing single 
base pair changes in the DNA sequence. 
EMS tends to cause a large number of 
mutations per line which means a small- 
er population is necessary to reach sat- 
uration than insertional mutagenesis. 
The single base pair also changes can 
induce subtle variations in alleles and 
phenotypes. However, as with ionizing 
radiation, identification of the affected 
gene requires a lengthy mapping process. 

transposable elements or the T-DNA 
insertion element of the plant patho- 
genic soil bacterium, Agrobacterium. 
The stable integration of such elements 
into the genome either within the cod- 
ing region of a gene or within the up- 
stream regulatory elements can knock- 
out the function of that gene. Since the 
sequence of the integrated DNA is 
known, it is a simple procedure to am- 
plify or clone the genomic DNA flank- 
ing the insertion site and hence identify 
the affected gene. 

(3) Insertional mutagensis, using either 
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It can be very powerful to utilize variants of 
the three methods, e.g., ISHITANI et al. (1997), 
identified hundreds of Arabidopsis mutants 
which were involved in the pathways control- 
ling the plant’s response to osmotic and cold 
stress by utilizing a combination of chemical 
mutagenesis and reporter gene expression. 
Populations of enhancer trap lines have been 
developed which allow the recovery of genes 
expressed at specific stages in cell develop- 
ment (MARTIENSSEN, 1998). 

A number of populations of Arabidopsis 
mutagenized lines have been developed and 
made publicly available (ANDERSON and WIL- 
SON, 2000). The utility of these resources has 
been further enhanced by the development of 
associated databases containing the sequences 
of the DNA flanking the insertion sites (PARI- 
NOV et al., 1999).This allows the researcher the 
luxury of searching in silico for the disruption 
of a particular gene. 

3 Methods to Introduce 
Novel Genes 

Historically, all improvements in crop geno- 
type have been made through traditional plant 
breeding approaches, where the introgression 
of genes controlling useful traits is hampered 
by the concurrent introduction of undesirable 
background genotype from the donor parent. 
The application of molecular markers, which 
can be used to both select for genes of interest 
and against the unwanted donor genotype is 
accelerating the work of the plant breeders. 

At present the only real mechanism to intro- 
duce individual novel genes under the control 
of specific regulatory elements is through 
plant transformation. The future development 
of an effective gene targeting technology will 
be of enormous benefit in exploiting informa- 
tion generated by genomics programs and ap- 
plying it to crop improvement. The technology 
will enable precision engineering of plant ge- 
nomes to accomplish three general goals: gene 
inactivation, gene modification, and gene re- 
placement. Effective manipulation of bio- 
chemical pathways and developmental pro- 

grams to improve plant performance through 
precise and stable modifications will be pos- 
sible. 

3.1 Accelerating Traditional 
Breeding 

The application of the information and tools 
derived from genomics projects to the acceler- 
ation of traditional plant breeding is key to fu- 
ture crop development (MAZUR et al., 1999). 
An important step is the development of ro- 
bust genetic markers to facilitate selection 
during plant breeding programs. Ideally, mark- 
ers need to be closely linked to the genes con- 
trolling the traits of interest, which can be 
either simply inherited (MUDGE et al., 1997) or 
under more complex control (TANKSLEY, 
1993). Markers can be used to efficiently select 
for desirable alleles as well as simultaneously 
eliminating potentially deleterious donor al- 
leles (VIERLING et al., 1996). Marker-assisted 
breeding has the potential to maximize the use 
of wild germplasm in breeding, as it reduces 
the length of backcrossing programs, typically 
from 8-10 generations down to 2-3 genera- 
tions (LYDIATE et al., 1993). 

The initiation of large-scale DNA sequenc- 
ing in a range of important crop species has 
generated large amounts of EST and genomic 
sequence data (PENNISI, 1998). This sequence 
data can be mined for variation that can then 
be utilized for marker development. One class 
of highly variable sequences are microsatel- 
lites or Simple Sequence Repeats (SSRs). 
SSRs are sequences of mono-, di-, tri-, or tetra- 
nucleotide repeats that were first described in 
humans (HAMADA and KAKUNAGA, 1982) but 
have subsequently been identified in many 
species, including plants (POWELL et al., 1996). 
These sequences are generally ideal for use as 
genetic markers because they are multiallelic, 
co-dominant, easily detected, multiplexable, 
abundant, and robust (RAFALSKI and TINGEY, 
1993). They are currently the most readily 
amenable markers for whole genome marker- 
assisted selection. However, they are relatively 
expensive to develop because of the need for 
genomic sequence data (RAFALSKI and TIN- 
GEY, 1993). Public projects to develop SSR 
markers in a variety of crop species have been 
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undertaken (RODER et al., 1998; MCCOUCH 
et al., 1997; MOULE et al., 2000) and a number 
of consortiums have also been established to 
develop large numbers of SSR markers for 
important crop species (SHARPE and LYDIATE, 
1998; SHAROPOVA et al., 2000). SSRs are gener- 
ally found in intergenic regions of the genome, 
however, they can be found closely associated 
with genes, and they have been identified in 
EST collections (GROENEN et al., 1998; CAR- 
DLE et al., 2000). Indeed, it has also been 
postulated that they could play a major role in 
altering gene expression (KASHI et al., 1997). It 
has also been reported that DNA flanking 
SSRs is highly polymorphic (GRIMALDI and 
CROUAU-ROY, 1997; COLSON and GOLDSTEIN, 
1999) and this variation could also be exploit- 
ed for marker development. 

The presence of large sets of ESTs for many 
crop species is another source of sequence 
variation that can be exploited for the genera- 
tion of genetic markers. The variation is usual- 
ly in the form of Single Nucleotide Polymor- 
phisms (SNPs) that can be identified by ana- 
lyzing sequence alignments of clustered ESTs 
(Gu et al., 1999). SNPs found in clustered EST 
data that has been generated from multiple 
genotypes of a particular organism can repre- 
sent variation between different alleles of 
genes. However, the sequence variation can al- 
so represent the variation between different 
members of multi-gene families (MARTH et al., 
1999) and this variation will be particularly 
evident in the polyploid genomes of crop spe- 
cies. It will be important to distinguish 
between these two types of polymorphism to 
ensure that developed SNP markers assay the 
correct genomic locus. The representation of 
3 ’-UTRs of transcripts in EST collections will 
be useful to distinguish between different 
copies of multi-gene families. These regions 
are not under the same selective constraints as 
coding sequences and are frequently just as 
polymorphic as random non-transcribed ge- 
nomic regions (GIORDANO et al., 1999). They 
are often sufficiently divergent between differ- 
ent members of a gene family to allow lo- 
cus-specific analysis. Once identified, locus- 
specific SNPs can be assayed by a variety of 
high-throughput methodologies which include 
gel or capilliary electrophoresis (SEE et al., 
2000), mass spectrometry (TANG et al., 1999), 

single base extension (HIRSCHHORN et al., 
2000), pyrosequencing (AHMADIAN et al., 
2000), fluorescence resonance energy transfer 
(Mein et al., 2000), denaturing HPLC (GIOR- 
DANO et al., 1999) and high-density oligonu- 
cleotide arrays (CHO et al., 1999). 

3.2 Transgenic Modifications 

The advent of plant transformation technol- 
ogies in the early 1980s has enabled the intro- 
duction of novel genes into over 50 different 
plant species (DUNWELL, 2000). Genetic engi- 
neering has obvious benefits, evolutionary bar- 
riers do not limit the pool of potentially useful 
genes, a number of different desirable genes 
can be introduced in a single transformation 
event, and the concurrent introgression of un- 
wanted alleles is eliminated. Genetic transfor- 
mation of plants to express novel “transgenes” 
is made possible through the ability of differ- 
entiated plant cells to be grown in tissue cul- 
ture to regenerate whole plants in conjunction 
with techniques that facilitate the transfer and 
integration of foreign DNA into plant cells. 
The gene of interest is cloned along with spe- 
cific regulatory elements into an expression 
vector, this vector is then used to transform 
plant cells. For dicot species, the most com- 
monly used technique to genetically modify 
plant cells is Agrobacterium-mediated trans- 
formation (reviewed in ZUPAN et al., 2000). 
Agrobacterium is a soil pathogen that during 
infection of a plant transfers a segment of its 
own DNA (T-DNA) into the genome of its 
host. The expression vector containing the 
gene of interest incorporates the elements of 
the T-DNA that induces the pathogen to inte- 
grate the T-DNA along with the novel gene 
into the genome of the plant. 

The first transgenic plant to appear in the 
market place was the “Flavr savr”@ tomato, 
which has reduced levels of the enzyme poly- 
galacturonase, whose function is to soften the 
cell wall (SHEEHY et al., 1988). This modifica- 
tion is designed to increase the shelf life of the 
tomato fruits. Since that time, genetically mod- 
ified plants have been developed to address a 
number of issues and consequently their use 
has expanded dramatically. It is estimated that 
over 70% of canola grown in Canada during 
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1999 was genetically modified, the majority of 
the modifications found in these commercial 
varieties provide resistance to a particular her- 
bicide (DUNWELL, 2000). Endogenous plants 
can be incredibly invasive causing yield losses 
that are only limited by numerous applications 
of herbicide throughout the growing season 
(DE BLOCK et al., 1987). The transgenic varie- 
ties provided an alternative that reduced her- 
bicide applications, diminishing the likely evo- 
lution of herbicide tolerant weeds, and in- 
creased farmers’ yields. To further increase the 
yield potential in crop plants, effective and sus- 
tained control of pests and pathogens is very 
important. It has been estimated that the 
world-wide crop losses caused by pathogens 
amount to 12-13% of the potential crop pro- 
duction despite the use of pesticides (JAMES 
et al., 1990). To date, the development of plant 
varieties with enhanced insect resistance has 
focused on the introduction of genes express- 
ing endotoxins from Bacillus thuringiensis (Bt) 
(reviewed in HILDER and BOULTER, 1999). Va- 
rieties of Bt corn, potato, and cotton have been 
commercialized and show significant protec- 
tion against European corn borer, Colorado 
potato beetle, and bollworm infestations, re- 
spectively. There is some concern that overuse 
of Bt transgenic lines will lead to the develop- 
ment of Bt resistant insects. This is presently 
being managed through agronomic practices. 
However, in the long term it will be necessary 
to identify alternative genes conferring resis- 
tance to insects (SHAH et al., 1995). Several 
proteins have been identified which provide 
some protection against insect infestation, by 
retarding insect development when expressed 
at high enough levels, including protease in- 
hibitors, a-amylases and lectins. None of these 
alternatives have yet shown the level of con- 
trol afforded by Bt, so it is hoped that the new 
genomics technologies will allow insights into 
the mechanisms of insect resistance and help 
to identify new targets for resistance genes. Al- 
though there has been some success in the de- 
velopment of transgenic plant varieties with 
resistance to viruses, through a mechanism 
known as pathogen-derived resistance (PDR), 
there has been less progress in the develop- 
ment of transgenic varieties with resistance to 
fungal pathogens (reviewed in DEMPSEY et al., 
1998). Conventional breeding has led to the 

development of a number of successful fungal 
pathogen resistant varieties, however, the 
lengthy breeding process cannot react ade- 
quately to a constantly evolving pathogen 
population and there are presently no sources 
of natural resistance to a number of fungal 
pathogens. Two potentially promising strate- 
gies are presently being investigated (re- 
viewed in MELCHERS and STUIVER, 2000). The 
first strategy attempts to slow the growth of 
the fungi by the expression of enzymes such as 
chitinase and glucanase, which can degrade the 
cell walls of fungal pathogens. The second 
strategy takes advantage of the plant’s natural 
defense response. Plants can, when they recog- 
nize a pathogen, resist attack through the hy- 
persensitive response (HR), where cell death 
at the point of infection prevents spread of the 
disease. HR can only be triggered, if the plant 
carries a resistance gene that specifically rec- 
ognizes a particular pathogen avirulence (Avr) 
protein. Plants are now being engineered to 
activate the HR to multiple fungal pathogens 
(MELCHERS and STUIVER, 2000). In addition, 
some cloned plant resistance genes have 
shown remarkable durability in their host 
plants, recognizing multiple races of specific 
pathogens (DEMPSEY et al., 1998). Genomics is 
likely to facilitate the identification of further 
resistance genes with similar capabilities and 
it is possible that through their study the 
complexities of durable resistance can be ad- 
dressed and consequently exploited in the 
field. 

Future trangenic developments to increase 
yield potential may impact plant physiology. 
The mechanism of seed dispersal in the Bras- 
sicacae occurs by a process called fruit dehis- 
cence or pod shatter. In spite of the agronomic 
value of controlling this character (typical seed 
losses of 8-IW0 have been recorded upon pre- 
mature dehiscence in canola) few studies have 
reported on the genes that regulate this pro- 
cess (KADKOL et al., 1984; CHILD et al., 1998). 
The consequences of the seed loss are two- 
fold. Firstly, there is a reduction in the yield 
potential of the crop and secondly, the residual 
seed germinates to contaminate crops in sub- 
sequent growing seasons (WHITEHEAD and 
WRIGHT, 1989). Recently, the Shatterproof 
genes SHPl  and SHP2 which are required for 
fruit dehiscence in Arabidopsis thaliana have 
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been identified and cloned (LILJEGREN et al., 
2000). These genes may play a future role in 
controlling pod shatter in crops such as canola. 

Recent exciting developments in transgenic 
engineering of plants will have a direct and 
positive impact on human health. Over half 
the world’s population is reliant upon rice as a 
source of nutrients. However, rice is deficient 
in certain essential nutrients, in particular vita- 
min A. It is estimated that a quarter of a mil- 
lion children in Southeast Asia go blind each 
year due to this nutritional deficiency (SOM- 
MER, 1988). The development of “Golden 
Rice” aims to address this problem. This trans- 
genic rice variety has been successfully engi- 
neered to express the entire vitamin A biosyn- 
thetic pathway (YE et al., 2000). Scientific ad- 
vances in molecular biology and immunology 
have led to an improved understanding of nu- 
merous diseases and to the development of 
novel strategies using plants and plant viruses 
for expression and delivery of vaccines. In the 
1990s vaccinogens (antigens capable of elicit- 
ing an immune response) for a number of de- 
vastating diseases, including hepatitis and chol- 
era, were successfully expressed in a variety of 
plants (MASON et al., 1996; HEIN et al., 1996, 
RICHTER et al., 2000). The first human clinical 
trials for a transgenic plant-derived vaccino- 
gen have been performed with promising re- 
sults (TACKET et al., 1998).The development of 
plants as a delivery mechanism for vaccines 
has a number of benefits; plants are an inex- 
pensive means of generating the required pro- 
teins, they eliminate the risk of contaminating 
animal pathogens, they provide a heat-stable 
environment which ensures safe transport, and 
finally they provide a mechanism for oral de- 
livery, circumventing the potential hazards as- 
sociated with injections (reviewed in WALMS- 
LEY and ARNTZEN, 2000). 

3.3 Gene Targeting 

Gene targeting can result from homologous 
recombination between an introduced DNA 
molecule and the homologous genomic locus. 
In this case, a reciprocal exchange of genetic 
sequences occurs between the two DNA mole- 
cules. Alternatively, it may result from a gene 
conversion event, which leads to the adapta- 

tion of the sequence of one strand to the se- 
quence of another strand. Gene conversion in- 
volves local copying of genetic information 
from one strand to another and is not neces- 
sarily associated with cross-overs. A targeted 
and specific gene inactivation system will facil- 
itate stable and heritable gene silencing with 
more reliability than conventional systems 
such as anti-sense RNA and cosuppression. 
The ability to inactivate target genes in an effi- 
cient manner will also obviate the need for 
generating large populations of insertionally 
inactivated plants for each crop to evaluate 
gene function. Secondly, targeted modification 
of gene sequences will make in vivo protein 
engineering a reality, in essence enabling engi- 
neering of new genetic variation in a directed 
and predictable fashion. Thirdly, gene target- 
ing will enable facile replacement and ex- 
change of genes and promoters in the genome. 
A novel gene could be placed adjacent to a 
promoter driving a desirable expression pat- 
tern in its normal chromosomal context result- 
ing in predictable levels and patterns of gene 
expression. This will make conventional trans- 
genic modifications obsolete because the cur- 
rent techniques result in random integration 
into the genome and wide variation in trans- 
gene expression levels due to position effects. 

The tremendous potential for biological in- 
formation and biotechnological applications 
from gene targeting has resulted in concerted 
efforts to develop the technology for various 
species. Effective gene targeting methods were 
first developed in yeast (reviewed in ROTH- 
STEIN, 1991) and led to an explosion in biologi- 
cal information by facilitating gene knockouts 
and subtle gene modifications. The value of 
this technique and resulting information is ev- 
ident from large-scale application of gene tar- 
geting to create a population of yeast mutants 
with each open reading frame inactivated 
(WINZELER et al., 1999). Effective gene target- 
ing has also been achieved in mammals ena- 
bling functional genomics though gene knock- 
outs (THOMAS and CAPECCHI, 1987). 

In contrast to the success in other systems, 
gene targeting in plants remains an arduous 
and unreliable task. In a lower plant, the moss 
Physcomitrella patens, gene targeting is very 
efficient with frequencies of 90% or greater 
being achieved (SCHAEFER and ZRYD, 1997; 
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GIRKE et al., 1998). Two methods currently 
hold promise in higher plants: Agrobacterium 
tumefaciens-mediated delivery of engineered 
T-DNA gene targeting substrates and particle 
bombardment of plant tissues with chimeric 
RNA/DNA hybrid molecules as gene target- 
ing substrates. 

Use of Agrobacterium and T-DNA for gene 
targeting is an obvious approach with great 
promise given the availability of Agrobacte- 
rium strains capable of infecting all major crop 
species, and the technical ease of engineering 
T-DNA molecules. However, successful appli- 
cation of this system to gene targeting is very 
limited. The general system involves engineer- 
ing a T-DNA cassette with fragments of DNA 
homologous to the target genomic locus flank- 
ing a disruption cassette, typically a selectable 
marker. The T-DNA cassette is transferred to 
plant cells using Agrobacterium and the flank- 
ing homology fragments target the T-DNA to 
the correct genomic locus. A subsequent re- 
combination event transfers the disruption 
cassette into the plant genome thereby inser- 
tionally inactivating the target gene. Using a 
combination of positive and negative select- 
able markers true gene targeting events are 
enriched from the background of random inte- 
gration of the T-DNA throughout the genome. 

However, results to date have been disap- 
pointing. Using a strategy of reactivating a de- 
fective selectable marker placed in the tobacco 
genome, OFFRINGA et al. (1990,1993) demon- 
strated the tenability of T-DNA-mediated 
gene targeting. But even with a strong select- 
able phenotype to identify gene targeting 
events, the frequency of actual gene targeting 
was very low ( - 10-7. Targeted inactivation 
of native genomic loci has been demonstrated 
in Arabidopsis with frequencies of 11750 trans- 
genic lines or 212,580 transgenic calli being ob- 
tained (MIAO and LAM, 1995). Gene targeting 
frequency with T-DNA cassettes can be in- 
creased through artificially generating DNA 
lesions at target loci (PUCHTA et al., 1996), and 
some increase in gene targeting frequency has 
been achieved by increasing the recombina- 
tion potential of plant cells (REISS et al., 2000). 
However, the low frequency of gene targeting 
currently achieveable using T-DNA limits ap- 
plication of this technology to genes with an 
easily selectable or screenable phenotype. 

The second successful method of gene tar- 
geting in plants utilizes hybrid RNA/DNA 
molecules to catalyze specific gene conver- 
sion events. These molecules consist of two 
20-30 bp complementary oligonucleotides, 
one RNA and the other DNA, which are ho- 
mologous to the genomic locus of interest ex- 
cept for a single base mismatch (YOON et al., 
1996). The gene targeting substrate is trans- 
ferred to plant cells by particle bombardment. 
Some of the substrate enters the nucleus, and 
the homology of the RNA/DNA molecule en- 
ables it to pair with the target genomic locus. 
By an as yet undefined mechanism, the base 
change encoded by the RNAIDNA hybrid 
molecule is transferred to the genomic se- 
quence thereby creating a specifically altered 
gene in vivo. The genomic base change may be 
engineered to create a non-sense mutation 
thereby shutting down functional expression 
of the gene of interest, or alter a specific amino 
acid and create a protein with altered bio- 
chemical properties. Both of these possibilities 
have recently been conducted in maize where 
activity of a selectable marker was altered and 
a native gene was changed to confer heritable 
herbicide resistance in regenerated maize 
plants (ZHU et al., 1999, 2000). However, only 
a very low frequency was obtained (lop5). Re- 
liance on biolistics to deliver the gene target- 
ing substrate greatly limits exploitation of this 
technology. The low frequency of gene target- 
ing raises the problem of screening large num- 
bers of calli, before regenerating plants, for the 
successful targeting event and, therefore, se- 
verely limits general application of the tech- 
nology. 

Developing a system that could generate hy- 
brid molecules of large size and effectively de- 
liver them to the nucleus with limited tissue 
culture steps would greatly improve the appli- 
cation of this technology. At present, applica- 
tions appear to be limited to modifying genes 
with easily selectable or screenable pheno- 
types thereby preventing general application 
in functional genomics and crop improvement 
programs. It is to be hoped that further re- 
search in design and delivery of gene targeting 
substrates and increased understanding of 
mechanisms of DNA recombination and re- 
pair in plants will eventually lead to a realisti- 
cally useful system for targeted gene modifica- 
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tions in plants. Gene  targeting will then be  a 
powerful tool for applying information gar- 
nered from crop genomics programs to  crop 
improvement. 

4 Conclusion 
The knowledge gained from crop genomics 

when it is properly applied, will provide breed- 
ers, farmers and indeed mankind with the ge- 
netic variation needed to fuel future crop im- 
provement. The variation available through 
traditional means is unlikely to  produce the 
higher yielding varieties with improved resis- 
tance to  pests, disease and environmental 
stresses and reduced reliance on chemical fer- 
tilizers that mankind and the environment will 
need for survival. 

Improvements in food quality, increased nu- 
tritional value and new niche products will al- 
so be facilitated through modifications to  gene 
expression patterns and gene content guided 
by acquired knowledge about gene function. 
However, t o  be developed and implemented 
safely these potential improvements will need 
to be carefully regulated and tested. 
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