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The past decade has seen unparalleled advances in our understanding of
plant genomes, and genomic (primarily DNA sequence) information now
underpins many aspects of plant trait improvement, through gene discovery
to transgenesis and use of molecular markers in breeding. This chapter
provides an overview of the genomic and postgenomic technologies that are
likely to have the greatest impacts on agronomy over the next 10-20 years
and describes a number of case studies of their application. Although the
impacts of these technologies are already apparent, the amazing and still
accelerating pace of technology development promises much, maybe more
than can easily be assimilated into traditional plant improvement programs
at present. A new breed of plant scientist with skills in understanding and
integrating multiple disciplines, and making use of increasingly sophisticated
computational approaches, is needed to take full advantage of even the
present knowledge. 22007, Elsevier Inc.

I. INTRODUCTION

The past several years have seen major advances in our ability to gather
whole-genome-scale information from plants. Central to these developments,
several projects have assembled working models of the complete or near
complete genome sequences of the model crucifer Arabidopsis thaliana
(Arabidopsis Genome Initiative, 2000; Bevan et al., 2001), rice (Goff et al.,
2002; Yu et al., 2002), poplar (Tuskan et al., 2006), and two model legumes
(VandenBosch and Stacey, 2003). Several other projects have targeted a range
of species for the sequencing of expressed sequence tags (ESTs) representing
genes expressed in particular tissues or under particular developmental or
environmental conditions.

For species with either sequenced genomes or extensive EST resources,
commercial DNA microarrays are now available for global transcript profiling
(Rensink and Buell, 2005). Technologies such as serial analysis of gene ex-
pression (SAGE; Matsumura et al., 1999; Velculescu, 1999), massively parallel
signature sequencing (MPSS; Brenner er al, 2000), and ¢cDNA-AFLP
(Goossens et al., 2003) provide tools for analysis of genome-wide changes in
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transcriptional activity for plant species that lack sequenced genomes or even
extensive EST resources. However, it has been increasingly realized that
profiling changes in gene transcripts only provides part of the picture of the
impacts of differential gene expression in plants (Hall ez al., 2002), and consid-
erable efforts have therefore been put into developing robust and comprehen-
sive methods for profiling the metabolome (the metabolite complement of a
tissue, organ, or whole organism; Hall et al., 2002) and the proteome (the
complete set of proteins; Watson et al., 2003). These latter technologies rely
heavily on mass spectrometry (Roessner et al., 2001; Yates, 1998).

The integration of data spanning the genome, proteome, and metabolome
is a major goal of “postgenomics” biology. A whole new field of “Systems
Biology’’ has been defined, encompassing the collection and interpretation of
holistic data for biological systems. The goal is to understand the organiza-
tional principles that operate at the cellular and organismal levels and that
relate individual components to the whole system. This new way of thinking
about biological systems poses some major challenges, none more so than in
the area of gene annotation. As discussed by Huang (2000), most gene
products function as part of one or more complex regulatory systems, and
exactly how they do this is often not apparent from the types of in vitro
(enzymatic, interaction mapping) or simple genetic analysis currently utilized.

Although postgenomics biology faces major challenges in taking the next
step to a full understanding of gene function at the organismal level, the
techniques associated with this branch of biology are already finding appli-
cation in agronomy. For example, holistic analysis of genome content and
gene expression provides novel approaches to the design of markers for
breeding and speeds the identification and isolation of genes associated
with important traits. Metabolome analysis also holds promise as a tool for
trait mapping (Dixon et al., 2006).

In contrast to the exponential increase in genomic information, improve-
ments in the efficiency of plant genetic transformation have occurred linearly
over the past 10 years. Nevertheless, public perception and regulatory issues
aside, transgenesis provides the most rapid means of introducing truly novel
traits to crop plants, and is also a major technology for functional genomics
in plants.

This chapter provides only a brief overview of the technical bases of the
important new genomic and postgenomic technologies. Our major aim is to
present the reader with a feeling for how the genomics revolution is set to
impact plant science in general, and agronomy in particular, over the next
10-20 years. To provide case studies of the uses of several of the outlined
technologies, we describe four projects in Sections VI and VII, three ongoing
at the Noble Foundation, in which genomic approaches have been utilized
for introducing important agronomic traits into legumes.

Much of the work applying postgenomic technologies to agriculture
requires collaboration and understanding between scientists with quite
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different academic backgrounds. Multidisciplinary approaches of this type
will play an increasing role in basic and applied agronomy in the future.

II. SEQUENCED GENOMES, MODEL SYSTEMS, AND
COMPARATIVE GENOMICS

A. INTRODUCTION

By definition, postgenomics technologies take as their starting point the
availability of genome-wide information for any particular target species. The
partially annotated sequence of the model crucifer A. thaliana first appeared
in 2000 (Arabidopsis Genome Initiative, 2000) as the result of a major
international effort that took nearly 10 years to bring to fruition. Arabidopsis
was chosen primarily for its small genome size, self-fertility, short time to
flowering and seed set, and the availability of many naturally occurring
ecotypes (geographical variants of the species; Koornneff et al., 2004).
While the sequencing program was ongoing, dramatic improvements in the
genetic transformation efficiency of Arabidopsis (Clough and Bent, 1998)
accelerated the rate of development of genetic resources through T-DNA
tagging based on random insertion of the Agrobacterium tumefaciens transfer
DNA following transformation (Alonso et al., 2003; Azpiroz-Leehan and
Feldmann, 1997).

The combination of a sequenced genome and availability of a range of
genetic resources such as defined ecotypes or mutant populations derived
from chemical or DNA-based (deletion or insertion) mutagenesis greatly
facilitates the use of the model system for gene discovery and annotation.
However, this does not mean that postgenomics technologies can only be
applied to species with sequenced genomes. A number of approaches can be
used for global transcript profiling, mining mutations, and developing
molecular markers in species that do not have extensive genome, or even
EST, sequence information. Furthermore, comparative genomic approaches
that link genomic data from less well-defined systems to the well-defined
model species are becoming increasingly useful for gene discovery.

B. A. tHALIANA

Several articles have reviewed the strategies used for sequencing the
Arabidopsis genome (Arabidopsis Genome Initiative, 2000; Bevan et al.,
1999, 2001). Essentially, the approach relied on a robust physical map of
yeast artificial chromosome clones of genomic DNA fragments to “place”
the emerging sequence in its genomic context, since this was primarily
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obtained by sequencing bacterial artificial chromosomes harboring Arabi-
dopsis genomic DNA that had been anchored to the physical map. Whole-
genome ‘‘shotgun” sequencing was not attempted for Arabidopsis, since at
the time this approach had several drawbacks, particularly as regards final
sequence assembly, especially of the highly repetitive heterochromatic
regions around the centromeres. Advances that greatly increase the power
and throughput of both sequencing technology and computational analysis
of genome sequence information have since made the shotgun approach
more feasible, and this approach was therefore taken as the principal tech-
nique for obtaining the genome sequences of rice and poplar (Goff et al.,
2002; Tuskan et al., 2006; Yu et al., 2002). In the Arabidopsis project, as in all
subsequent large-scale genome projects, the availability of a large set of EST
sequences was invaluable for genome assembly and annotation. Table I
summarizes the current status of plant genome sequencing projects.

Table I
A Summary of Plant Species Genome Projects
Chromosome Genome size Number of
Species Common name number (r) (~Mbp) TIGR ESTs Project status
Arabidopsis Thale cress 5 120 616,064 Complete”
thaliana
Colffee arabica Coffee 11 640 1064 Initiated
Glycine max cv  Soybean 20 1115 351,935 Initiated
Williams 82
Lotus japonicus ~ Lotus 6 470 148,617 Near Complete
Manihot Cassava 18 765 17,910 Initiated
esculenta
Medicago Barrel medic 8 500 217,148 Near Complete
truncatula cv
Jemalong A17
Ory:za sativa cv Rice 12 430 1,169,591 Comp]ete’7
Nipponbare
Populus Black 19 550 Complete®
trichocarpacv  cottonwood
Nisqually-1
Lycoperiscon Tomato 12 950 200,248 Initiated
esculentum
Solanum Potato 12 840 219,485 Initiated
tuberosum
Sorghum bicolor ~ Sorghum 10 760 203,575 Initiated
Zea mays cv B73  Maize 10 2300 1,014,701 Initiated

“Arabidopsis Genome Initiative, 2000.

bYu et al., 2002.

“Tuskan et al., 2006.
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Of the more than 25,000 genes predicted to be present in Arabidopsis, only
9% had been characterized experimentally by 2001 (Bevan et al., 2001), and
~30% could not be assigned to any putative functional category based on
sequence identity alone. These 25,000 genes (more recently updated to closer
to 29,000) represented over 11,000 different protein types, and 35% of the
predicted proteins occurred only once in the genome. The US National
Science Foundation initiated a program, the “2010 Program,” with the aim
of understanding the functions of all the genes in the Arabidopsis genome by
the year 2010 (Chory et al., 2000). Awardees study specific gene families
through combined approaches such as expression and analysis of recombi-
nant proteins and characterization of the phenotypes of knockout mutations
in the target genes. There have been regular reports of overall progress, which
has been significant (Ausubel, 2002; Chory et al., 2000), but it appears
unlikely that the functions of all the genes will be understood within the
next 4 years.

The initial Arabidopsis genome sequence yielded several surprises. For
example, at least 47 expressed genes that encoded a wide variety of different
protein types were found within the highly repetitive centromeric regions,
gene families containing two or more members arranged in tandem arrays
were common, and ~60% of the genome was present in 24 duplicated seg-
ments, each of more than 100 kb, suggesting that Arabidopsis may have had
a tetraploid ancestor. Generation of full-length cDNA resources and appli-
cation of DNA tiling array technology (Section III.B.1) has revealed
a significant number of previously unsuspected genes in the Arabidopsis
genome, many of which are transcribed but do not appear to code for
proteins (Yamada et al., 2003).

C. Rice

After the success in sequencing Arabidopsis, it was fitting that the next
plant genome to be sequenced should be a monocot, and furthermore the
world’s major staple crop. The draft sequence of the rice genome was
reported in 2002, for both the indica and japonica subspecies (Goff et al.,
2002; Yu et al., 2002). The euchromatic portion of the rice genome was
estimated to be 430 Mb, some 3.7 times larger than that of Arabidopsis.
Similar to Arabidopsis, an apparent whole-genome duplication has occurred
in rice, in this case 40-50 million years ago. The high degree of synteny
among grass genomes (Freeling, 2001; Gale and Devos, 1998; Goff et al.,
2002), coupled with the ease of rice transformation (Tyagi et al., 1999),
excellent physical and genetic maps, and availability of mutant resources
(Hirochika et al., 2004), make rice an excellent model for other monocot
crops. Indica rice is predicted to contain ~54,000 genes, of which only about
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20% could be given a functional classification based on sequence alone (Yu
et al., 2002).

Approximately 85% of the predicted Arabidopsis proteins have significant
homologues in rice, with overall mean identity of about 50%. Nevertheless,
a significant number of Arabidopsis genes, most without functional annota-
tion, are not present in rice and may represent dicot-specific genes. In
contrast, most cereal genes discovered to date have very close homologues
in rice; homologues of 98% of the maize, wheat and barley protein-coding
genes known in 2002 were found in the rice genome (Goff et al., 2002).
This observation, coupled with the close synteny among cereal genomes,
makes rice a valuable “scaffold” or nodal species for assembly of other
economically important cereal genomes such as wheat (Triticum aestivum),
barley (Hordeum vulgare), corn (Zea mays), and sorghum (Sorghum bicolor)
(Devos and Gale, 2000; Goff et al., 2002).

D. Porrar

The publication of a draft sequence of the poplar (Populus trichocarpa)
genome in 2006 provided the first insights into the genomic organization of a
tree species (Tuskan et al., 2006). As with rice, the approach taken, by an
international consortium, involved whole-genome shotgun sequencing and
assembly, integrated with detailed genetic mapping. The Populus genome
size is estimated to be ~485 Mbp, of which about 70% appears to be euchro-
matic. The ~75Mbp of heterochromatic DNA remained unassembled.
A significant proportion of the Populus genome appears to have arisen
from a major genome duplication event. Poplar contains more than 45,000
putative coding genes, with similar frequencies of protein domains to those
found in Arabidopsis, but a higher number of Populus homologues for each
Arabidopsis gene. This is particularly apparent for genes involved in cell wall
(lignocellulose) biosynthesis and defense (Tuskan et al., 2006).

E. MEbpicaco TRUNCATULA AND LOTUS 34PONICUS

As a family, legumes are unique in their ability to fix atmospheric nitrogen
through their association, in root nodules, with nitrogen-fixing bacteria
(Rhizobia; Downie, 1997; Shanmugam et al., 1978; Stacey et al., 2006).
From an agronomic perspective, legumes crops can be divided into the
grain legumes, such as soybean, bean, and pea, and the forage legumes,
such as alfalfa and clover. There was considerable debate in the late 1990s
as to the best model species for legume genomics. Although considerable
genetic resources were available in the above-mentioned grain legumes, the
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sizes of their genomes, coupled with recalcitrance to genetic transformation,
argued against their adoption. Eventually, one forage legume, Medicago
truncatula (Cook, 1999; May and Dixon, 2004; Oldroyd and Geurts, 2001),
and one leguminous weed, Lotus japonicus (Kawasaki and Murakami, 2000;
Udvardi et al., 2005), were selected as model species. As with Arabidopsis,
a small diploid genome (Table I), self-fertility, rapid generation time,
and availability of genetic transformation (although at nothing like the
frequency achievable using the floral dip method with Arabidopsis) were the
factors driving these choices. M. truncatula is very closely related to alfalfa
(Medicago sativa), the world’s major forage legume, which is, however, not
itself useful as a model species, being an outcrossing autotetraploid. Initially,
progress with legume genomics was primarily in the area of EST sequencing
(Asamizu et al., 2000), although whole-genome projects are now well under-
way in both M. truncatula (in the United States and Europe) and L. japonicus
(in Japan) (VandenBosch and Stacey, 2003), and reports of the full draft
sequences are expected within the next 12 months. Soybean (Glycine max)
has also joined the list of legume species for which genome projects are
underway (Jackson et al., 2006). Extensive EST resources are also available
for soybean, and for other legume species that are subjects of more modest
genomics projects (VandenBosch and Stacey, 2003; Table II). In some cases,
more limited EST projects have targeted specific metabolic processes, such as
the biosynthesis of storage polysaccharides in guar (Cyamopsis tetragono-
loba; Dhugga et al., 2004; Naoumkina et al., 2007). Surprisingly, many of the
World’s most important crop legume species lack substantial levels of EST
resources (Table II).

Syntenic relationships exist among legume genomes. For example, linkage
group V of M. truncatula exhibits macrosynteny with linkage groups V and I

Table II

Crop Legume EST Totals in GenBank, as of January 2006
Common name Species EST totals
Soybean Glycine max 356,808
Common bean Phaseolus vulgaris 21,377
Alfalfa Medicago sativa 6613
Pea Pisum sativum 3035
Peanut Arachis hypogaea 2171
White lupin Lupinus albus 2128
Chickpea Cicer arietinum 724
Pigeon pea Cajanus cajan 55
White clover Trifolium repens 31
Lentil Lens culinaris 8

Broad bean Vicia faba 1
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of alfalfa and pea, respectively (Cook, 1999). However, this does not extend
to comparisons between Medicago and Arabidopsis, which are neverthe-
less quite closely related within the dicot subclass Rosidae. In spite of
the lack of macrosynteny between Medicago and Arabidopsis, marker colin-
earity is often observed over small genetic distances (Zhu et al., 2003).
Medicago, Lotus, and soybean share a genome duplication event that oc-
curred ~54 million years ago (Mudge et al., 2005; Pfeil et al., 2005). This
genome duplication occurred after the divergence of the Populus lineage from
legumes, but before the divergence of Medicago/Lotus and soybean (Cannon
et al., 2006).

F. Genetic Resources For FunctionaL GENOMICS

The value of Arabidopsis as a model system comes from the ability to
combine genomic sequence with genetic resources, and in this respect Arabi-
dopsis is probably the best model plant system. Most importantly, the gene
space has been nearly saturated with over 225,000 random Agrobacterium
transferred DNA (T-DNA) insertion events, and the precise locations of the
insertions in more than 20,000 of the Arabidopsis genes determined (Alonso
et al., 2003). Thus, loss-of-function mutants can be readily found for most of
the Arabidopsis genes. Furthermore, if a gene from another species (e.g., an
important crop) has a close orthologue in Arabidopsis, its function can
initially be deduced by study of the phenotype of the corresponding Arabi-
dopsis knockout, or by complementation of the Arabidopsis mutant with the
gene from the crop species. Among the many examples of this approach are
confirmation of function of a rice ethylene-signaling component (Mao et al.,
2006), a soybean jasmonate signaling component (Wang et al., 2005b),
a maize cell division regulator (Lim ez al., 2005), and a maize ABA signaling
gene (Suzuki et al., 2001).

Gain-of-function mutants are also available in Arabidopsis, at a lower
frequency than the knockouts, from activation tagging projects in which the
T-DNA insert contains multiple 35S enhancer sequences at the right border.
Integration of the T-DNA construct within a gene can lead to a knockout,
but integration near to a gene can result in the overexpression of that gene,
irrespective of the orientation of the enhancer sequences relative to the
transcription start site of the proximal gene (Weigel et al., 2000). A good
example of this approach is the discovery of the producer of anthocyanin
pigment (PAP1) mutant in which a MYB transcription factor (TF)
controlling anthocyanin pigment formation is ectopically expressed as a
result of the integration of proximal enhancer sequences (Borevitz et al.,
2000). The value of this discovery for the development of a “bloat-safe”
alfalfa is described in Section VI.C.
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The Medicago research community has developed a number of genetic
resources to assist in gene discovery and functional annotation of legume
genes. These include various populations of mutants. The first were produced
by classical chemical mutagenesis of a polymorphic ecotype (A17; Penmetsa
and Cook, 2000). Use has been made of fast neutrons to generate chromo-
somal deletions, and large populations of fast neutron deletion lines are now
being generated (Wang et al., 2006). In addition, following the demonstra-
tion that the transgenically inserted tobacco retrotransposon 7nt/ could be
activated in M. truncatula following tissue culture, and therefore be used for
insertional mutagenesis (d’Erfurth et al., 2003), efforts have been put in place
to develop transposon-tagged populations of Medicago (Tadege et al., 2005).
With both approaches, the goal is to facilitate forward and reverse genetic
screens. Although fast neutron deletions are very easy to generate and access
through forward genetic screens for altered phenotype, cloning the deleted
genes is less straightforward than in transposon- or T-DNA-tagged lines, and
until recently has required map-based cloning. Success has now been
reported for cloning genes based on comparisons of transcript abundance
between wild-type and mutant lines using microarrays (Mitra et al., 2004),
which opens up possibilities for efficient gene identification through readily
generated genetic resources.

Targeting induced local lesions in genomes (TILLING) is a new genetic
tool for identifying genetic variation at the single base pair level (Henikoff
et al., 2004). It is a nontransgenic reverse genetics approach for identifying
novel genetic variations. Reverse genetic screens using mutant populations
have utilized TILLING in L. japonicus (Perry et al., 2003), and a similar
approach is being taken in M. truncatula (VandenBosch and Stacey, 2003).
Without any prior knowledge of gene products, TILLING can investigate
functions of a gene of interest in potentially any crop, and thus it is a useful
tool for functional genomics. TILLING uses DNA pools from chemically
mutagenized plants, and relies on the ability of an endonuclease (CEL1 from
celery) to detect mismatches in heteroduplexes formed between wild-type
and mutant PCR products of a specific sequence (McCallum et al., 2000).
Note that TILLING requires the generation of a mutant population,
but does not require additional resources such as a sequenced genome or
DNA arrays. PCR-based approaches may also be adaptable for the rapid
reverse genetic screening of pooled fast neutron deletion populations
to provide a rapid route to identification of individual plants harboring
deletions in specific genes (Wang et al., 2006). Similarly, a database of
transposon-flanking sequences should be developed to provide a reverse
genetic resource based on transposon insertion lines (Tadege et al., 2005).
Hopefully, all these resources will be in place for Medicago by the time the
genome sequence is completed, thereby facilitating functional annotation of
a legume genome.
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III. TRANSCRIPTOMICS, PROTEOMICS, AND
METABOLOMICS

A. INTRODUCTION

Global transcript profiling has become one of the most popular tools for
analysis of plant gene expression, and this revolution has been driven pri-
marily through the development of DNA microarray technology. The tran-
scriptomes of plant species without genomics resources can also be
interrogated, on a hitherto unprecedented scale, through the use of differ-
ential display or serial sequencing procedures. Being able to determine how
an external stimulus, or endogenous developmental factor, regulates gene
expression at the scale of the whole-genome provides a powerful tool for gene
discovery and for understanding transcriptional networks. Technically
speaking, transcript-profiling approaches are easier and higher throughput
than massively parallel analysis of proteins (proteomics) or metabolites
(metabolomics), and this explains their popularity and preponderance as
analytical tools. This does not, however, mean that analyzing the transcrip-
tome is more informative than proteomics or metabolomics. Indeed, changes
in transcript levels are often quite transient, whereas the longer half-lives of
proteins and metabolites give a more balanced and integrated “readout” of
the biochemical phenotype of an organism.

B. ArpPROACHES FOR TRANSCRIPT PROFILING
1. For Sequenced Genomes

ESTs are rapidly generated, single pass sequences of cDNAs. Many
sources of EST sequence information for plants are available online.
Table III summarizes available resources for legumes, and also includes
information on transcriptome and proteome information. Table II provides
an indication of the numbers of ESTs sequenced for various legume species as
of January 2006. The various “Gene Indices” available through the Institute
for Genome Research (TIGR; http://www.tigr.org/tdb/tdb.html) [now the
Dana-Farber Cancer Institute (DFCI)] are among the most extensive and
user-friendly sources of EST information (Quackenbush et al., 2000). Simply
mining these data online can provide a rapid, first-pass analysis of the
expression profile of a particular gene of interest. This is because ESTs are
derived from transcripts sequenced from cDNA libraries that represent a
particular tissue type, or tissue subjected to a specific biotic or abiotic stress.
As an example, the current M. truncatula Gene Index (MtGI) contains over
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Table I11

Legume Genomic Resources

Database (URL)

Data types

Represented organism(s)

The Legume Information System
(comparative-legumes.org/)

The Institute for Genomics
Research (www.tigr.org)

NCBI (www.ncbi.nlm.nih.gov)

EST, genome, QTL, and
comparative maps

EST, genome, repeat
sequence, and pathways

EST, genome, and
expression

Glycine, Medicago, Lotus,
and Phaseolus

Glycine, Medicago, and
Lotus

Glycine, Medicago,
M. sativa, Lotus, and

Phaseolus
MtDB-CCGB (www.medicago. EST and genome Medicago
org/MtDB/)
Medicago EST Navigation System EST and pathways Medicago

(MENS) (http://medicago.
toulouse.inra.fr/Mt/EST/)
OpenSputnik Comparative
genomics platform
(http://sputnik.btk.fi/ests)
PlantGDB (www.plantgdb.org)

EST, BLAST, and SNP Glycine, Medicago, Lotus,

and Phaseolus
EST and BLAST Glycine, Medicago,
M. sativa, Pisum, Arachis,
and Phaseolus
SoyBase (http://soybase.ncgr.org)  EST, genome, QTL and Glycine
genetic maps, pathways,
germplasm
Sequencing M. truncatula, Genome and BLAST M. truncatula
University of Oklahoma
(http://www.genome.ou.edu/
medicago.html)
Medicago Genome Database

(http://mips.gsf.de/projects/

MIPS genome M. truncatula

medicago)
Kazusa Lotus japonicus (Www. EST, genome, and genetic ~ Lotus
kazusa.or.jp/lotus/) map

M. truncatula Consortium (Www.
medicago.org/genome/)

Linkage maps, BAC overlap M. truncatula
and clone/marker data

Soybean Functional Genomics Transcriptomics Glycine
(Vodkin)
(http:/soybeangenomics.cropsci.
uiuc.edw)

Soybean Genomics and Microarray Transcriptomics Glycine
Database (http://psiO81.ba.ars.
usda.gov/SGMD/Default.htm)

Noble Foundation (Sumner) (www. Proteomics Medicago
noble.org/2DPage/Search.asp)

M. truncatula Functional Genomics Transcriptomics, Medicago
and Bioinformatics (http:// proteomics,
medicago.vbi.vt.edu/) metabolomics, pathways,

and literature
Mt Proteomics (http://www. Proteomics Medicago and

mtproteomics.fr.st/) Sinorhizobium meliloti
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Table III (continued)

Database (URL) Data types Represented organism(s)

Australian National University Proteomics Medicago
2D-PAGE Database
(http://semele.anu.edu.aw/)

AlfaGenes (http://ukcrop.net/perl/  EST, genetic map, and M. sativa
ace/search/AlfaGenes) pathways
BeanGenes (http://beangenes.cws.  Genetic map, gene Phaseolus and Vigna
ndsu.nodak.edu/) classification, pathology,
and cultivar data
CoolGenes (http://ukcrop.net/perl/ Genetic map Cicer and Lens

ace/search/CoolGenes)

36,878 tentative consensus sequences (TCs) or unigenes representing tran-
scripts from over 61 different cDNA libraries. Figure 1 and the inset in Fig. 6
provide examples of how such data can be mined to provide a first indication
of expression pattern to assist in identification of gene function (Section VI.B.1
below). Specific examples relating to the functional annotation of genes
involved in the synthesis of phenylpropanoid-derived natural products have
been reviewed (Costa et al., 2003; Dixon et al., 2002). Although simple,
analysis of EST frequency in sequenced libraries requires some caution.
First, there are problems associated with potential sequencing errors affecting
the assembly of ESTs into the “contigs” known as TCs in the case of MtGI
(Fig. 1; Rudd, 2003). The word “‘tentative” is important, as the assemblies
can change when additional EST sequence information becomes available.
In view of this, the TIGR EST databases keep track of all previous TC
numbers for each contig, and these will sometimes split or coalesce until
final confirmation is obtained from whole-genome sequence data. Second,
because the selection phase of EST sequencing simply involves random
picking of colonies, statistical issues affect the reliability of EST frequency
within a library, particularly when considering libraries with low numbers
of sequenced ESTs. With these limitations in mind, the increasing number of
EST resources for important crop plants (Kuenne et al., 2005) nevertheless
provides an excellent starting point for selection of target genes, preliminary
expression profiling, and development of molecular markers (Section IV.C
below).

DNA microarrays provide an adaptable and rapid approach to transcript
profiling. However, because they rely on previously determined gene or EST
sequences, they represent a targeted profiling technology unless the arrays con-
tain a complete unigene set for a particular organism. Several articles summarize
the most important factors associated with the production, hybridization,
and analysis of microarrays, and their applications for plant science (Baldwin
et al., 1999; Brazma et al., 2001; Kehoe et al., 1999; Robinson et al., 2004;
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van de Peppel et al., 2003; Wu et al., 2001). There are two major types of
microarrays, representing different technology platforms for generation and
analysis of the arrays. Spotted arrays consist of a large number of DNA
species arrayed as a grid on a glass slide. The DNA may be from a cDNA
clone, particularly in the case of “custom arrays’’ made by one laboratory for
analyzing a specific set of transcripts, although better results are often
obtained if all the spots contain DNA fragments of the same size, optimized
for hybridization characteristics, as in the case of oligonucleotide arrays.
However, this requires significant informatics input, which can be provided
by commercial providers, such as Qiagen Operon, Alameda, CA, who will
then make the required oligonucleotide set for in-house spotting, or Agilent
Technologies, Palo Alto, CA, who will provide DNA arrays to you. Affyme-
trix DNA arrays utilize photolithographic masking methods and combina-
torial chemistry to synthesize large numbers of unique probes on each array.
Each annotated open reading frame is represented by around 11-13 pairs of
oligonucleotides. Each pair is composed of a perfect match and one-base pair
mismatched oligonucleotide (Barnett et al., 2004).
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As an example of the development of plant microarray resources, the early
arrays generated for M. truncatula first consisted of spotted EST clones [2K,
6K, and 8K (the latter represented 6300 nonredundant genes); Firnhaber
et al., 2005], followed by a commercial 16K oligonucleotide array (Aziz et al.,
2005; Suzuki et al., 2005), a custom Affymetrix array containing 10,000
M. truncatula probe sets and the complete genome of Medicago’s rhizobial
symbiont Sinorhizobium meliloti (Barnett et al., 2004), and finally a commer-
cial Affymetrix array containing 32,167 M. truncatula EST/mRNA-based
and chloroplast gene-based probe sets, 18,733 M. truncatula IMGAG and
phase 2/3 BAC prediction-based probe sets from the whole-genome project,
1896 alfalfa EST/mRNA-based probe sets (primarily from trichome ESTs),
and 8305 S. meliloti gene prediction-based probe sets. Further iterations of
this array will occur as the Medicago genome attains completion.

Examples of gene expression profiling using legume gene chips cover many
aspects of legume biology, from determining those transcripts that are specifi-
cally associated with the nodulation process (Barnett et al., 2004; Colebatch
et al., 2004) and flower and pod development (Firnhaber et al., 2005), to
identifying genes of secondary metabolite biosynthesis activated in response
to microbial elicitors or wound signals (Suzuki et al., 2005) or expressed in
glandular trichomes (Aziz et al., 2005). The 16K Medicago oligonucleotide
arrays have also been used to determine the “substantial equivalence” of
transgenic plants expressing an engineered natural product pathway for isofla-
vone formation compared to plants not expressing the new pathway (Deavours
and Dixon, 2005). An equally wide number of applications of microarray
technology have been reported in Arabidopsis, ranging from studies on ethylene
signaling (De Paepe et al., 2004) and response to UV light (Casati and Walbot,
2003) to methyl jasmonate (MeJA) signaling (Sasaki-Sekimoto et al., 2005).
Work is currently in progress to generate a publicly available “gene expression
atlas” for Medicago through microarray analysis (using the commercial Affy-
metrix arrays) of RNA samples from multiple tissues and different physiologi-
cal treatments (M. Udvardi, personal communciation). These will supplement
the large sets of Arabidopsis microarray data that are already publicly available
(http://affymetrix.Arabidopsis.info/narrays/experimentbrowse.pl; http:/www.
genevestigator.ethz.ch/), and the emerging whole-genome expression profiles
for important crops such as rice, soybean, barley, and tomato (Rensink and
Buell, 2005). Some databases contain combinations of microarray and EST
abundance data (Fei et al., 2006).

The value of an EST collection or a microarray experiment for giving a
readily accessible picture of the transcriptome of a particular tissue type is
further enhanced if the degree of resolution can be increased from the organ
to the cellular level. Microarray analysis was, in the past, limited by the
relatively large amount of RNA required for hybridization (generally in the
region of 50-200 pg of total RNA per hybridization, equating to 50-100 mg
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of plant tissue). Such a requirement precluded the technology from taking
advantage of the increasing refinement of tissue isolation procedures, such as
laser capture microdissection (Kerek et al., 2003), or methods for physical
isolation of appendages such as trichomes (Lange ef al., 2000; Wagner, 1991).
Methods have been developed for amplification of target RNA samples so
that microarray analysis is now possible with as little as 100 ng of total RNA
(Hertzberg et al., 2001), and PCR-amplification methods have allowed for
the generation of EST libraries from very small tissue samples such as
isolated glandular trichomes (Aziz et al., 2005). Trichomes are a particularly
attractive target tissue for EST (in the absence of a sequenced genome) or
microarray analysis, since they often show high specialization for the synthe-
sis and secretion of species-specific bioactive secondary metabolites that
confer insect and pest resistance (Georgieva, 1998; Lovinger et al., 2000;
Maluf et al., 2001). Several examples illustrate the insights that can be gained
into this specialized biochemistry by randomly sequencing, annotating, and
functionally characterizing the biosynthetic enzyme gene transcripts that are
often abundantly expressed in trichomes (Aziz et al., 2005; Fridman et al.,
2005; Gang et al., 2001; Wagner et al., 2004).

Availability of sufficient RNA for hybridization is not the only factor that
can limit the scope and reproducibility of a microarray experiment. Some
genes, particularly regulatory genes, such as TFs, are expressed at very low
levels, and the absolute signal strength of their hybridization approaches the
noise level on the array (Czechowski et al., 2004). In such cases, alternative
profiling methods may be necessary. Sets of oligonucleotide probes have
been developed for profiling the complete TF complement of Arabidopsis
by quantitative real-time polymerase chain reaction (QRT-PCR; Czechowski
et al., 2004), and the technique has been used to study both developmental
and wound/pathogen defensive TF gene expression (Czechowski et al., 2004;
McGrath et al., 2005). An application of this method to profile glycosyl-
transferase gene expression in Medicago has shown it to be highly sensitive,
reproducible, and to correlate well with parallel analysis by Affymetrix
microarray analysis (Modolo et al., 2007). It may therefore prove a popular
technology for profiling transcript levels if highly accurate quantification is
necessary.

Classical DNA microarrays are assembled from a set of unigenes that
generally represent protein-coding transcripts. However, several types of
noncoding RNAs have been discovered. The small noncoding RNAs play
important roles in gene regulation (Bartel and Bartel, 2003), are generally in
the region of 21-30 nucleotides in length, and fall into at least three distinct
classes; microRNAs (miRNAs), small interfering RNAs (siRNAs), and
repeat-associated small interfering RNAs (rasiRNAs) (Zamore and Haley,
2005). It is becoming increasingly clear that a significant proportion of the
RNA transcripts in human do not encode proteins (Claverie, 2005), and the
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search is now on for their function using targeted genetic screens (Mattick,
2005).

Global analysis of plant genomes, in addition to studies specifically target-
ing miRNAs and siRNAs (Bartel and Bartel, 2003), also supports the impor-
tance of noncoding RNAs in plants. Initially, EST sequences that were either
short or did not appear to encode an open reading frame were ignored as
artifacts, and for this reason such sequences did not generally appear on
microarrays. With the advent of whole-genome tiling arrays, it has become
possible to verify, and determine the expression pattern, of noncoding RNAs
on a global scale. An excellent example of this approach in plants used a
combination of full-length cDNA discovery and hybridization of RNA
populations to whole-genome arrays to define the transcriptional units of
all Arabidopsis genes (Yamada et al., 2003). The tiling array consisted of
12 individual slides, each containing around 834,000 ordered 25-mer oligo-
nucleotides that together represented about 94% of the Arabidopsis genome.
This seminal work resulted in a full transcriptional annotation of the Arabi-
dopsis genome in terms of genes that were (1) annotated and expressed,
(2) annotated but not expressed, and (3) not annotated but expressed. The
latter class were discovered in what had been thought to be intergenic
regions. Surprising findings were the relatively large number of antisense
transcripts, the high transcriptional activity of the centromeric regions,
and the transcription of many genes previously classed as “pseudogenes,”
suggesting that these might serve a regulatory function.

2. For Species Lacking Genomics Resources

It is possible to carry out global scale transcript profiling in crop plants for
which neither genomic nor extensive EST sequence information is available.
Where a crop plant is closely related to a model species, it may be possible to
utilize microarray resources from the model species. Examples include the
use of M. truncatula microarrays to profile transcripts in alfalfa (Aziz et al.,
2005; Deavours and Dixon, 2005), and tomato arrays for profiling tran-
scripts from other Solanaceous species such as pepper and eggplant (Moore
et al., 2005). Among genes represented in the alfalfa glandular trichome ESTs
as TCs that have orthologues in M. truncatula, 66.5% had 100% sequence
identity to the corresponding M. truncatula orthologue (Aziz et al., 2005)
and, of the total 5647 alfalfa trichome ESTs sequenced, 4804 had M. trunca-
tula orthologues with E values of —20 and below. Because of this very high
degree of sequence similarity between alfalfa genes and their M. truncatula
orthologues, significant signal was observed for most of the 16,086 genes
represented on the oligonucleotide arrays when hybridized with alfalfa total
RNA (Aziz et al., 2005). The overall number of features with signal more
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than 300 pixels above background was the same as observed when the same
arrays were hybridized with labeled RNA from M. truncatula stems.

cDNA amplified fragment length polymorphism (cDNA-AFLP) and
SAGE are nontargeted transcript-profiling techniques that can theoretically
be applied to any living organism. The basic principles behind the two
methods are outlined in Fig. 2. cDNA-AFLP is an RNA fingerprinting
approach which involves cDNA synthesis from the RNA transcripts to be
analyzed, restriction digestion of the primary templates and ligation of
anchors to their termini, preamplification with anchor-specific primers, and
selective amplification of the restriction fragments with primers extended
with one or more specific bases (Bachem ez al., 1998). The method allows
for the simultaneous analysis of multiple samples. Examples of its use in
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Figure2 cDNA-AFLP and SAGE, techniques for nonbiased transcript profiling. (A) Proce-
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frequency of the SAGE tags among the sequenced DNA. (See Color Insert.)
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plant biology include the profiling of transcripts responding to ethylene in
Arabidopsis (De Paepe et al., 2004) and to MeJA in tobacco BY2 cell
suspension cultures (Goossens et al., 2003). In the latter example, the authors
pointed out the importance of a nontargeted approach for discovering
natural product biosynthetic genes from the many unrelated medicinal
plants, none of which currently has genome resources.

In SAGE analysis, a method that takes advantage of the target sequence
recognition properties of class-II DNA restriction enzymes that cut a short
distance away from the enzyme’s DNA recognition site, transcripts are re-
duced to short tags which are then concatenated and sequenced (Velculescu,
1999) (Fig. 2). SAGE is therefore a nontargeted or “open” system. In contrast
to DNA arrays which are considered a “closed system,” nontargeted
transcript-profiling methods such as SAGE allow for the identification and
analyses of previously undescribed RNAs (e.g., antisense RNAs). Compar-
isons of SAGE and microarray analysis using the same RNA samples show
quite good correlations (Ishii et al., 2000), and SAGE has become a popular
transcript-profiling technique for plants, from loblolly pine (Lorenz and
Dean, 2002) to rice (Matsumura et al., 1999). Adaptations have been made
to the technique to make it applicable to the analysis of transcripts from
microdissected cells and other small samples (Velculescu et al., 2000).

MPSS (Brenner et al., 2000) identifies short sequence signatures (20 bp)
generated from a position immediately adjacent to the Dpnll restriction
enzyme site nearest to the poly-A tail of an mRNA transcript. The relative
abundance of these signatures in a given mRNA sample (library) represents a
quantitative estimate of expression of that gene. MPSS and now clonal single
molecule arrays (CSMA™) technologies were developed by Solexa, Inc.
(www.solexa.com). Solexa has discontinued providing MPSS as a service
and now exclusively offers CSMA™. Although the data output from
MPSS and CSMA™ are essentially the same, CSMA™ is based on a
high-density, eight distinct channel flow-cell array format whereas MPSS is
a bead-based technology. Sequence data generated by the CSMA™ plat-
form is based on sequencing-by-synthesis (SBS) and reversible terminator
chemistry, and leverages massively parallel sequencing of cDNA fragments
to generate data from millions of fragments simultaneously. Solexa’s SBS
approach is anticipated to generate up to one billion bases of data per run at
costs more economical than MPSS.

C. ProTEOMICS
Chemically, DNA is a relatively simple polymer with only four building

blocks, in contrast to the 20 different protein amino acids and the many
thousands of primary and secondary metabolites found in plants. Profiling



96 R. A. DIXON ETAL.

the proteome and metabolome therefore poses significant technical chal-
lenges compared to transcript profiling. In fact, few if any studies have been
able to profile the complete proteome or metabolome of a complex organism;
this is as much a problem of initial separation of complex mixtures as it is one
of final detection. Because both proteomics and metabolomics require specif-
ic chemical determination of molecules with quite different structures, mass
spectrometry has become the detection/analytical method of preference, and
is capable of both extreme sensitivity and mass discrimination.

Classically, proteomics has relied on two-dimensional isoelectric focusing
SDS-polyacrylamide gel electrophoresis for initial protein separation, and
this approach can routinely resolve around 1000 different plant proteins (Lei
et al., 2005; Watson et al., 2003; Yan et al., 2006). This is nevertheless, only a
small fraction of the predicted proteins in a tissue based on the numbers of
genes known to be expressed. This lack of penetration represents less of a
problem if the technique is applied to specific subcellular fractions (Majeran
et al., 2005; Nelson et al., 2006; Taylor et al., 2005; Ytterberg et al., 2006),
tissues with a preponderance of a specific protein type under study (e.g., seed
storage proteins; Thiellement et al., 1999), or specialized structures such as
trichomes (Wienkoop et al., 2004). Approaches to profiling proteins have
used shotgun methods without gel fractionation, relying instead on more
rapid separation methods, protein tagging, and the versatility of modern
mass spectrometers (Aebersold and Mann, 2003; Chen et al., 2006a; Hass
et al., 2006; Shen et al., 2005; Wolff ez al., 2006).

Proteomic approaches are being applied to address many of the same
types of questions currently investigated by transcript profiling; these include
genetic diversity, phylogenetic relationships, characterization of mutants,
studying responses to abiotic stresses such as UV light and cold, and under-
standing seed development (Agrawal and Thelen, 2006; Casati et al., 2005;
Thiellement et al., 1999; Yan et al., 2006). However, because of the high cost
of the required mass spectrometers and current limitations to the depth of
profiling, proteomics will likely remain, at least for the time being, less
utilized than transcriptomics as regards applications to agronomy and
plant breeding.

D. METABOLOMIC ANALYSIS
1. Introduction
Levels of plant metabolites are controlled by both genetic and environ-
mental factors, and the metabolome is often referred to as the functional

manifestation of gene expression. Metabolite profiling can be classified into
three approaches, targeted profiling, fingerprinting, or true metabolomics
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(in depth and unbiased). Several articles provide reviews of the technology
and its challenges for these various types of approach (Dixon et al., 2006;
Fiehn, 2002; Fuell et al., 2004; Hall et al., 2002; Sumner et al., 2002, 2003).
Early studies in plant metabolomics utilized gas chromatography-mass
spectrometry (GC-MS) to profile mainly hydrophilic primary metabolites
(Roessner et al., 2000, 2001). Importantly, this work demonstrated that
metabolite profiling was of value for providing genetic, as well as chemical,
understanding of plant systems. Thus, analysis of GC-MS profiles of extracts
from different potato genotypes, when compared to profiles from transgenic
potato lines modified in sucrose catabolism, revealed how metabolite profile
analysis clearly shows the way in which environmental factors can lead to
metabolic phenotypes linked to specific genetic changes (Roessner et al.,
2001). This work defined both the strengths and potential difficulties of the
approach. One major strength is that data mining tools such as hierarchical
cluster analysis and principle component analysis (PCA) allow for clear
visualization of factors that relate or distinguish different metabolite profiles,
thus making the profile a very rich source of information for comparative
genetic analysis (Fiehn, 2002; Roessner e al., 2001). These, and other infor-
matic approaches, have been reviewed (Sumner et al., 2003). As with proteo-
mics, one weakness is that most metabolic profiling technologies only sample
a proportion of the total metabolome, Thus, the early GC-MS analysis of
potato tissues only resolved about 80 different compounds, whereas it is
estimated that a simple plant such as Arabidopsis contains in excess of 5000
different metabolites. Improvements in technology, for example, by the
use of raid scanning time of flight mass spectrometry, have increased the
number of metabolites detectable in crude plant extracts to around 1000
(Hall et al., 2002).

2. Targeted Profiling

The large numbers of secondary metabolites produced by plants, perhaps
in excess of 200,000 throughout the plant kingdom, present the biggest
problem for nontargeted metabolomics. These compounds are chemically
very diverse, often species specific, and the physical details of most are not
present in chemical databases. Of course, such metabolites do not have to be
actually identified in initial metabolomics experiments; an “‘unknown’ can be
treated exactly the same way as a “known” during clustering and statistical
analysis, and can be treated as a genetic marker in the absence of its chemical
identity. However, a greater problem for inclusion of secondary metabolites
in the high throughput profiling necessary for the technology to be used in
genetic mapping and breeding is the chemical diversity of these compounds.
This necessitates specific extraction and sometimes separation protocols for
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specific classes of secondary metabolites. Simple GC-MS is seldom used
because of problems with derivatization and subsequent identification of
the derivatives. Rather, most studies on secondary metabolite profiling have
used a targeted approach designed to address a single class of compound, and
one of the most commonly used analytical approaches has been high perfor-
mance liquid chromatography (HPLC) coupled with mass spectrometry
and/or UV/visible spectrophotometric detection (Sumner et al., 2003).

Targeted metabolite profiling is an old technology, and good methods for
many different classes of compounds have been available for some time.
Examples include methods for profiling flavonoids and isoflavonoids
(Graham, 1991; Liu and Dixon, 2001), phenylpropanoids (Chen et al.,
2003), triterpenes (Huhman and Sumner, 2002), carotenoids (Fraser et al.,
2000), various classes of alkaloids (He, 2000; Kalén et al., 1992; Stashenko
et al., 2000), and acyl CoAs (Larson and Graham, 2001). These and related
targeted profiling approaches have been applied to understanding the genetic
basis of metabolite abundance via quantitative trait locus (QTL) analysis
(Morrell et al., 2006) (Section IV.D below), and determining phenotypic
effects of transgenic modification of plants for improved quality traits
(Deavours and Dixon, 2005; Morreel et al., 2004; Xie et al., 2006). Figure 3
provides an example of targeted profiling of flavonoid compounds in alfalfa.
The extraction and HPLC method used favored the extraction and separa-
tion of (iso)flavonoids and their glycosides (Deavours and Dixon, 2005). By
this approach, it was possible to show that constitutive expression of an
isoflavone synthase transgene in alfalfa led to accumulation of isoflavone
glucosides in the leaves, whereas the endogenous flavonoids found in the
leaves were glucuronic acid conjugates. Plants constitutively expressing the
isoflavone synthase produced higher levels of potentially defensive isoflavo-
noid metabolites following exposure to biotic or abiotic stress (Deavours and
Dixon, 2005).

3. Metabolic Fingerprinting

As suggested above, it is not necessary to know the exact chemical nature
of the components of a metabolic profile to be able to use the profile as a
genetic and phenotypic tool. Because of this, more rapid analytical methods
that provide a “metabolic fingerprint” rather than a detailed profile of
individually separated molecules are being applied in the field of molecular
agriculture. These include nuclear magnetic resonance (NMR) and near
infrared (NIR) spectroscopy. NMR and NIR profiles can be subjected to
the same types of statistical analysis as GC or HPLC elution profiles, and
regions of the profiles that exhibit the greatest variation between samples/
treatments can be correlated with genotype, environment, or expression of
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Figure 3 Use of targeted metabolite profiling to show production of isoflavone glycosides in
leaves of transgenic alfalfa plants expressing an M. truncatula isoflavone synthase gene (MtIFS1)
under control of the constitutive cauliflower mosaic virus 35S promoter. HPLC traces show
unhydrolyzed leaf extracts of (A) an empty vector control line and (B) an Mt/FS/-expressing
line. Peaks with UV spectra similar to the isoflavone genistein that are not present in the control
extracts are numbered 1-5. Peaks 1 and 4 were identified by LC/MS as the isoflavone glucosides
genistin and sissotrin, respectively. Panel (C) shows an HPLC trace of a leaf extract of the
Mt/FSI-expressing line after digestion with B-glucuronidase. This converts the major endoge-
nous leaf flavonoids, glucoronides of the flavones apigenin and tricin, to their corresponding
aglycones (peaks A and T, respectively), better revealing the isoflavone glycosides. HPLC was
carried out on an ODS2 reverse-phase column (5-um particle size, 4.6 x 250 mm?) and eluted in
1% (v/v) phosphoric acid with an increasing gradient of acetonitrile (0-5 min, 5%; 5-10 min,
5-10%; 10-25 min, 10-17%; 25-30 min, 17-23%; 30-65 min, 23-50%; 65-69 min, 50-100%) at a
flow rate of 1 ml min~' (Deavours and Dixon, 2005).
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a transgene. NMR fingerprinting has begun to find uses in functional geno-
mics, the study of genetic diversity, the evaluation of the safety of transgenic
crops, and determining responses of plants to infection (Charlton et al., 2004,
Ward and Beale, 2006). In addition to providing a standard method for
assessment of plant quality traits, such as fiber and digestibility (Jung,
1997), NIR techniques have been developed that allow for rapid estimation
of specific metabolites, such as ergot alkaloids in endophyte-infected tall
fescue (Roberts et al., 2005).

4. Nonbiased Metabolomics

Although it essentially targets those classes of molecules that are subject to
the applied extraction protocol(s) and separation methods, the standard
GC-MS approach to plant metabolomics is largely viewed as a nontargeted
approach. Its effectiveness depends on the availablilty of mass spectral
libraries to assist the identification of both known and unknown components
(Kopka, 2006). In addition to the examples provided in Section D.I above,
GC-MS profiling has become an important tool for functional genomics and
analysis of biotic stress responses in legumes (Broeckling et al., 2005;
Debrosses et al., 2005).

The remarkably high mass resolution power of Fourier transform ion
cyclotron mass spectrometry (FT-MS) allows metabolite profiling without
the need for preseparation of metabolites. Complex mixtures can be injected
directly into the mass spectrometer, and the components are essentially
resolved via the mass discrimination of the instrument (Aharoni et al.,
2002). Identification is based on absolute mass measurement. This is a very
powerful approach and has been applied to gene discovery associated with
nutritional stress in Arabidopsis (Hirai et al., 2004). However, the method can
not discriminate between isomers.

Extensive metabolomic analysis is facilitated by metabolic pathway data-
bases for the plant species of interest. Several such databases have been
developed, and some incorporate features for simultaneous display of gene
expression data from microarrays or other formats directly onto the meta-
bolic pathway maps (Krieger et al., 2004; Lange and Ghassemian, 2005;
Thimm et al., 2004). The version for M. truncatula is called MedicCyc
(Urbanczyk-Wochniak and Sumner, 2007) and features more than 250 met-
abolic pathways with associated genes, enzymes, and metabolites. More
challenging to construct are databases that actually store the raw data
obtained from different types of “omics” approaches. Database of “omes”
(DOME) is an early example of such an approach, initially constructed to
house transcript, protein, and metabolite data from M. truncatula cell lines
responding to biotic and abiotic elicitors (Mehrotra and Mendes, 2006).
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5. Integrating Transcriptomic and Metabolomic Datasets

Several examples demonstrate the advantages of being able to simulta-
neously profile the transcriptome and the metabolome. This is a powerful
new approach to the analysis of biological systems because it allows statisti-
cal analysis tools to be used to analyze, and therefore correlate, both geno-
type and phenotype (the metabolome; Phelps et al., 2002). However, such an
approach presents some problems in whole plant systems, because the exis-
tence of different cell types in a complex organism makes it difficult to
correlate transcripts and metabolites that might not be expressed or synthe-
sized in the same cells. Because of this, the first examples of the approach
were reported for prokaryotic systems (Phelps et al., 2002), which also have
the advantage of being more readily amenable than plants to flux analysis
through labeling with isotopic precursors followed by MS or NMR analysis.
Likewise, to take advantage of more homogeneous cell populations, the first
examples of integrated transcriptomics/metabolomics in plants utilized cell
suspension cultures. In a study aimed at elucidating the genes of secondary
metabolism, particularly nicotine alkaloid biosynthesis, expressed in tobacco
BY?2 cell suspension cultures in response to the wound signal MeJA, targeted
metabolite profiling by GC-MS was coupled with cDNA-AFLP analysis of
differentially induced transcripts (Goossens et al., 2003). This approach led
to the identification of a number of candidate genes for involvement in the
nicotine biosynthesis pathway itself, or in its transcriptional regulation.
A similar approach, but using oligonucleotide microarrays for transcript
profiling and LC-MS for analysis of secondary metabolites, was used to
identify genes encoding glycosyltransferases involved in MeJA-induced
accumulation of triterpene saponins in M. truncatula cell suspension cultures
(Achnine et al., 2005).

A study of the relationships between the transcriptome and primary and
secondary metabolism in Arabidopsis seedlings under conditions of sulfur or
nitrogen deprivation revealed the power of this integrated approach for gene
discovery, especially when combined with powerful informatic analysis
(Hirai et al., 2004). The transcriptome analysis used a macroarray that
contained EST clones corresponding to around 9000 Arabidopsis genes,
and the metabolome was profiled using extraction in three solvent systems
of different polarities followed by FT-MS analysis. General responses to
sulfur and nitrogen deficiency were identified through mathematical analysis
of transcriptome and metabolome datasets using PCA and batch-learning
self-organizing map analysis (Hirai et al., 2004). Using the same techniques,
detailed metabolite and transcript profiling of the Arabidopsis PAP1 mutant,
which overexpresses anthocyanins (Sections II.LF and VI.B.2), revealed the
presence of eight novel anthocyanins, and, among the 32 genes that were
shown to be specifically upregulated by PAP1, two were identified as specific
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flavonoid- and anthyocyanin-glycosyltransferases (Tohge et al., 2005). Such
approaches represent a powerful tool for functional annotation of genes,
particularly those that are members of large families that encode enzymes
with promiscuous and overlapping in vitro substrate specificities such as
glycosyltransferases (Bowles et al., 2006). For such enzymes, correlation of
gene and metabolite expression patterns might be the deciding approach for
confirming in vivo function.

6. Profiling Technologies and “Substantial Equivalence”

During the regulatory process for approval of transgenic plants for com-
mercial use, it is necessary to demonstrate that the regulated product is
“substantially equivalent,” from a compositional viewpoint, to its unmodi-
fied parent material. Generally, such equivalence is taken as meaning that the
nutritional properties of the plant are not altered and that no potentially toxic
compounds have been introduced. In a study with herbicide-resistant alfalfa,
field-grown material was analyzed for fiber content, amino acid and mineral
composition, and levels of the potentially estrogenic isoflavonoid coumestrol
(McCann et al., 2006) using classical analytical procedures for each parame-
ter. Although the increasing ability to perform more global analysis of
transcripts, proteins, and metabolites suggests that “omics” approaches
may become standard for demonstration of substantial equivalence, there
are also arguments against this. In some respects, “‘omics’’ approaches are too
sensitive, and it is sometimes the case that variations between different tissues,
varieties, or environmental conditions are greater than the changes observed
following introduction of a transgene. This is illustrated by the PCA analysis
of soluble phenolic compound profiles in control and transgenic alfalfa lines
modified in lignin content and composition (Chen ez al., 2003). PCA analysis
could resolve profiles from transgenics from those from controls for stem
extracts, but not for leaf extracts. At the same time, the method resolved
differences between two nontransgenic cultivars when considering extracts
from either leaf or stem tissue (Chen et al., 2003).

Nevertheless, metabolite and transcript profiling and fingerprinting have
been performed to establish, or refute, substantial equivalence. In one study
with peas, NMR fingerprinting showed that expression of a transgene did
indeed affect the metabolite profile, but that this effect was masked by
changes induced by environmental factors such as drought (Charlton et al.,
2004). In a study of alfalfa plants ectopically producing isoflavones in the
leaves, microarray analysis failed to demonstrate significant changes in tran-
script levels, other than for the expressed transgene, in pair-wise comparisons
of controls and trangenics, although there was significant interplant varia-
tion (Deavours and Dixon, 2005). If the new “omics” technology is to be
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applied to the assessment of substantial equivalence, it is important that a
public consensus is reached as to which analytes are of significance for
human and animal health considerations and that tolerance intervals are
defined that encompass the variations found in commercial populations
(Dixon et al., 2006; Ridley et al., 2002).

IV. MOLECULAR MARKERS

A. Marker TYpPES

Following the segregation of Mendelian genetic markers is the most
powerful method to understand hereditary transmission (Beckmann and
Soller, 1993). The advent of agriculture and domestication began with selec-
tion of superior genotypes/lines. Classical plant breeding techniques were
mainly based on phenotypic selection (PS) where traits of interest were
tagged with markers like seed color, leaf size, and flower color, which could
distinguish between genotypes. However, morphological markers are influ-
enced by the environment, may be linked to undesirable traits, and their use
for selection is time consuming, requiring large population sizes and space
for testing. In the early molecular era, isozyme and protein markers were
used to select genotypes in plant breeding programs. These biochemical
markers are, however, characterized by low polymorphism, especially be-
tween similar or related cultivars. The advent of rapid DNA sequencing led
to the discovery of DNA-based markers (molecular markers) and these have
became the marker class of choice. Molecular markers are based on DNA
polymorphism as a result of mutation and are highly heritable. Their main
advantage is that they are much more numerous and polymorphic than
morphological or biochemical markers. The genomes of most plant species
contain between 10® and 10'° nucleotides, and thus even a small proportion
of polymorphic sites can yield a large number of potential markers (Paterson
etal., 1991).

Early identification of DNA markers relied on restriction fragment length
polymorphisms or RFLPs (Tanksley et al., 1989). RFLP markers segregate
as codominant alleles capable of identifying all three morphs, thus being
highly informative. The polymerase chain reaction (PCR) technique revolu-
tionized molecular marker technology. Rapid amplification of discrete DNA
fragments by PCR enables quick identification of DNA polymorphisms
within a genome. The rapid identification of such markers linked to impor-
tant loci facilitates their integration into plant breeding programs. Randomly
amplified polymorphic DNA (RAPD) markers were the first markers of this
kind to be developed (Williams et al., 1990). In the past two decades, many
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different molecular marker systems have been developed to serve specific
needs, many of which have relied on genome and EST-sequencing projects.
The marker systems currently employed include RFLPs, single strand
conformation polymorphisms (SSCPs), sequence-tagged microsatellite sites
(STMSs), RAPDs, sequence characterized amplified regions (SCARs), ESTs,
microsatellites, or simple sequence repeats (SSRs), amplified fragment length
polymorphisms (AFLPs), sequence-tagged sites (STSs), cleaved amplified
polymorphic sequences (CAPSs), single nucleotide polymorphisms (SNPs),
and heteroduplex markers. The ideal marker class should provide more
markers per unit DNA, be stable, easily detectable, safe, and cost-effective,
and have a high degree of polymorphism. Molecular markers are now an
indispensable tool for cultivar identification and parentage analysis (Dudley
et al., 1992; Sefc et al., 2000), genetic diversity analysis (Mian et al., 2005a;
Smith and Smith, 1992), genome mapping, and the tagging of genetically
important traits (Cardinal et al., 2003).

B. MoiecurLar GENETIC MAPs

Linkage maps are constructed by following the segregation pattern of
molecular markers in a population. Markers are placed in linear order
based on pair-wise recombination frequencies between the markers. High
marker polymorphism in a population is the key for successful linkage
analysis. Backcross, F»,, recombinant inbred lines (RILs) and doubled hap-
loids are the most commonly used populations for molecular mapping
of self-pollinated crops (Chen et al., 2001; Eujayl et al., 1998). The pseudo
F, cross (between two heterozygous parents) is the most frequently used
population in mapping cross-pollinated crops (Saha et al., 2005; Van Eck
et al., 1993). All of the above populations have both advantages and dis-
advantages. The F, and backcross populations show higher segregation,
but are not available for subsequent studies. RIL populations can be perma-
nently propagated and offer unique advantages in quantitative trait loci
(QTL) mapping (Burr and Burr, 1991). However, development of RILs
is time consuming and very difficult in self-incompatible species. In doubled
haploid populations, homozygocity for a particular locus can be obtai-
ned quickly but segregation distortion is a major problem (Cloutier et al.,
1995).

Molecular markers are commonly used to generate genetic linkage maps,
and have provided a major contribution to the genetic knowledge of many
cultivated plants. Over the past two decades, genetic linkage maps have
been developed for most of the agriculturally important plant species (Alm
et al., 2003; Chen et al., 2001; Eujayl et al., 1998; Gebhardt et al., 1991;
Jacobs et al., 1995; Jones et al., 2002; Kuhl et al., 2001; Perez et al., 1999;
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Saha et al., 2005; Tanksley et al., 1992; Warnke et al., 2004; Xu et al., 1995).
Such molecular maps have been used to map major genes (Van Eck et al.,
1993) and to identify the genetic components of polygenic traits (Bonierbale
et al., 1994; Qiu et al., 2006). Genetic linkage maps have been used success-
fully for the identification of markers linked to a gene of interest (Xu et al.,
1999). The availability of genetic maps opened the door for comparative
mapping, which allows the comparison of genome organization and orienta-
tion of one species to that of a closely or distantly related species through
common markers between maps. Comparative mapping has revealed that
gene content and order are generally conserved among closely related species
(Alm et al., 2003; Jones et al., 2002; Van Deynze et al., 1995). It has also been
used for extending genetic information from model organisms to genetically
more complex species (Paterson et al., 1995).

C. GEeNoMics FOR GENERATION OF MOLECULAR MARKERS

Among the different marker classes, SSRs have become the marker class
of choice due to their manifold advantages over other marker systems. Single
nucleotide polymorphism (SNP) markers are also becoming more popular as
genome sequences for agriculturally important crops are becoming available
and SNPs are detected at high frequencies. TILLING is also an attractive
system for genome analysis.

1. Simple Sequence Repeats

SSRs, also known as microsatellites, are short stretches of DNA that are
repeated many times. The di-, tri-, tetra-, or pentanucleotide tandem repeats
are often multialleleic, chromosome-specific and dispersed throughout the
genome (Weber and May, 1989). The basis of polymorphism is due to
variation in the number of tandemly repeated nucleotide motifs, and this is
thought to arise from slippage of the DNA polymerase during DNA replica-
tion. Although these SSRs are highly abundant in animal and plant genomes
(Hamada et al., 1982), the dinucleotide repeats are more common in genomic
SSRs (Lee et al., 2004), and trinucleotide motifs are the most abundant in
EST-SSRs (Saha et al., 2004). SSR markers are inherited in a Mendelian
fashion and are mostly codominant in nature (Saghai-Maroof et al., 1994).

Genomic or EST libraries can be screened for sequences that contain
microsatellite motifs in order to develop primers (Panaud et al., 1996).
In the early 1990s, SSR markers were mainly developed from genomic
libraries, an expensive and inefficient procedure (Squirrell et al., 2003). The
availability of large numbers of ESTs and other DNA sequence data made
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SSR marker development efficient and cost effective for many plant species.
The development of SSRs from ESTs has been reported in various crop
species, including rice (Cho et al., 2000), durum wheat (Eujayl et al., 2002),
barley (Thiel et al., 2003), rye (Hackauf and Wehling, 2002), M. truncatula
(Eujayl et al., 2004), and tall fescue (Saha et al., 2004). The frequency of SSRs
in the EST databases of cereal crops (rice, wheat, maize, barley, and sorghum)
varies from 1.5% (maize) to 4.7% (rice) (Kantety et al., 2002), while in tall
fescue it is only 1.3% (Saha et al., 2004). The rate of polymorphism of EST-
SSRs is comparatively lower than that of genomic-SSRs (Cho et al., 2000;
Thiel et al., 2003).

SSRs have been used for the construction of linkage maps in a number of
species including Arabidopsis (Bell and Ecker, 1994), maize (Senior et al., 1996),
wheat (Roder et al., 19995), rice (Panaud et al., 1996), barley (Liu et al., 1996),
and soybean (Akkaya et al., 1995). Allelic profiles of genotypes have been
studied using SSR markers for the purpose of genotype identification in potato
(Schneider and Douches, 1997), soybean (Maughan et al, 1995), grape
(Thomas and Scott, 1993), and rapeseed (Kresovich et al., 1995). Selection of
agronomic traits was also accomplished using SSR markers (Yu et al., 1994).

Map alignment through common markers is important for making mapping
studies universally useful within a species (Powell et al., 1996). Specific SSR
primers from one species can be used to amplify DNA from another related
species. As EST-SSR markers are derived from transcribed regions of DNA,
they are expected to be more conserved and have a higher rate of transferability
than genomic SSR markers (Scott et al., 2000). For instance, tomato SSR
sequences generated polymorphic and useful alleles in potato (Provan et al.,
1996). SSR loci have high rates of transferability across species (>50%) within a
genus (Eujayl et al., 2004; Gaitan-Solis et al., 2002; Thiel ez al., 2003). However,
the transferability of SSR loci across genera and beyond seems to be low (Roa
et al., 2000; Thiel et al., 2003; White and Powell, 1997).

2. Single Nucleotide Polymorphisms

SNP has emerged as an important molecular marker system. The utility of
SNPs in answering a large range of biological questions in a variety of fields is
now beyond question. SNPs greatly expedite the understanding of many
diseases and genetic variations in humans. SNPs associated with different
human conditions, such as risk of cardiovascular disease, and susceptibility
to Alzheimer’s, susceptibility to hip osteoarthritis (Mototani et al., 2005),
and risk of thrombosis (Ridker et al., 1995), have been identified. In plants,
many SNPs have been shown to be associated with useful traits. For example
in rice, SNPs for the fragrance trait and starch gelatinization temperature
have been identified (Bradbury et al., 2005).
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The advantage of SNP markers is that they occur at a high frequency in
genomes of all organisms. However, the frequency is highly dependent on the
type of DNA surveyed, for example, coding versus noncoding sequences,
genes of choice, and species investigated. In genomic DNA of maize inbred
lines, one SNP was identified per 83 bases, while in the barley intronless Isa
gene one SNP occurs every 27 bases (Bundock and Henry, 2004), and in
sugarcane ESTs one SNP is found per 50 bases (Cordeiro et al., 2006).
Significant improvements have been made in SNP detection protocols, in-
cluding dCAPS (Michaels and Amasino, 1998) and mass spectrometry using
MALDI-TOF MS (Stoerker et al., 2000). There have also been advances in
fluorescence-based technologies, for example Amplifluor® (Serological Cor-
poration), TagMan®, SnaPshot®, and SNPIex® (Applied Biosysteems), and
Illumina® (Illumina, Inc.), to detect SNPs. Chip-based technologies, for
example Genechips (Affymetrix), and microarray technology (Wang et al.,
2005a) have also been used for SNP detection. Dot-blot-SNP analysis was
described for application in plant breeding and cultivar identification in rice
(Shirasawa et al., 2006). A comparison of three SNP genotyping methods
including GOOD (Sauer et al., 2000), Amplifluor®, and TaqMan® for three
different herbicide resistance genes from A. thaliana found the best results
with TagMan® for PCR specificity, flexibility in primer design, and success
rate (Giancola et al., 2006). However, all three genotyping techniques were
successful in discriminating alleles in various plant species.

SNPs are very useful as genetic markers for population studies, germplasm
fingerprinting and cultivar identification, molecular mapping, genotype/phe-
notype association, and for positional-cloning of specific genes. They have
practical utility in identifying mutant lines developed from an original culti-
var where most of the other marker systems are ineffective (Shirasawa et al.,
2006). The addition of SNP markers significantly increased the overall map
length and marker density in sunflower (Helianthus annuus L.; Lai et al.,
2005). SNP markers are considered useful for gene mapping using popula-
tions derived from crosses between closely related lines; molecular markers
like AFLPs and SSRs are found to be less polymorphic in these populations.
A new breeding method named “DNA-selection breeding” has been pro-
posed whereby genes associated with different agronomically important traits
are selected by SNP analyses and used for selecting superior genotypes
(Shirasawa et al., 2006).

3. Tilling

TILLING (Section II.F) is a high-throughput, sensitive, cost-effective,
and rapid means of finding genetic variation in a population. TILLING is
effective in small or large genomes, diploid or hexaploids, and has great



108 R. A. DIXON ETAL.

potential to identify both induced and naturally occurring variation in many
species. Thousands of plants or animals can be screened to identify any single
base change as well as small indels (insertions and/or deletions) in any gene or
genomic regions (Comai et al., 2004). A million base pairs of genomic DNA
can be screened per single assay, which makes TILLING a high-throughput
technique (Slade and Knauf, 2005). This technique combines traditional
chemical mutagenesis and modern high-throughput genotyping. DNA from
eight mutant lines can be combined in one PCR tube, thus a 96-well PCR plate
can screen 768 genotypes. During electrophoresis, mutant lines reveal poly-
morphic fragments relative to wild-type lines. TILLING is suitable for SNP
discovery because it is sensitive enough to detect rare SNPs.

D. MEeraBorLoMic-BAseED “MARKERS”

The term “‘genetical metabolomics” was defined to describe the use of
metabolite profiling in QTL mapping (Morrell ez al., 2006). If levels of
specific metabolites can be used as quantitative traits to define metabolic
QTLs (mQTLs) that control levels of specific metabolites, the nature of the
genes underlying the mQTLs might be more readily obvious that in classical
genetic QTL mapping, since the (probably) known structure of the metabolic
pathway under study might suggest regulatory control points. As an example
of this approach, flavonoid profiles (from targeted HPLC analysis) of apical
tissues were used for mQTL mapping in two full-sib families of poplar, and
three mQTLs tentatively shown to map to enzymes of the flavonoid pathway
(Morrell et al., 2006).

E. AbDVANTAGES OF MARKER-ASSISTED BREEDING

Marker-assisted selection (MAS) is a complementary technology which
expedites the conventional methods of genetic selection for plant and animal
improvement. In classical plant breeding systems, many cycles of selection
and backcrossing are required to obtain a desirable genetic gain. Besides,
classical breeding is mostly successful for dominant traits which are easily
inherited in subsequent generations. However, genetic gains from classical
breeding methods in major crop species have reached an apparent plateau.
The use of molecular markers associated with qualitative and quantitative
traits has been successfully used for the indirect selection of genes of interest.
The advantages of MAS include ability to reveal sites of variation in a DNA
sequence, and accelerated progress by shortening the breeding cycle. MAS
not only gives larger genetic responses but also dramatically increases the
frequencies of superior genotypes as compared to PS (Liu et al., 2004). It is
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particularly promising when dominant alleles are present and linked in
coupling phase (Berloo and Stam, 1998). Molecular markers can alleviate
complications of phenotype-based selection, provided they cosegregate with
the gene of interest.

Crop production is significantly affected by a number of biotic and abiotic
stresses, responses to which are mostly controlled by many genes. Resistant
cultivar development is the practical solution for many quantitatively in-
herited traits. Polygenic control, along with large environmental influences,
largely limits the effectiveness of PS for these traits. MAS provides an
efficient way to accelerate development of resistant varieties (Frisch et al.,
1999). For example, the submergence tolerance gene Sub/ of rice was tagged
with two microsatellite markers, RM219 and RM464A, and several lines
were identified that were homozygous for these loci and were genetically
similar to the parent M-202 (Xu et al., 2004). To validate the major QTL for
scab resistance in rice, the associated SSR markers were analyzed in the
F,.; lines of one population and in the F.4 lines of the other (Zhou et al.,
2003b). Markers from the original population were also closely associated
with scab resistance in both validation populations. MAS was found to
be more effective than PS. However, the most effective selection strategy
was MAS during the seedling stage followed by PS after flowering. In
another example, the eating and cooking quality of Zhenshan 97, an elite
parent of hybrid rice, was developed by introgressing the Waxy gene region
of Minghui63 through MAS breeding (Zhou et al., 2003a). MAS was likewise
used for pyramiding three bacterial blight resistance genes (Xa5, Xal3, and
Xa21) into indica rice cultivar PR106 (Singh et al., 2001). The gene combina-
tion provided a wide spectrum of resistance to the pathogen population that
consisted of 23 different Xanthomonas oryzae isolates.

In major cereals such as rice, wheat, maize, and barley, molecular markers
associated with different qualitative and quantitative traits have been identi-
fied and used for MAS. Substantial use of MAS in maize, with a slower pace
of uptake in wheat and rice breeding, has been observed. Large-scale geno-
typing and MAS programs have been initiated through Rice CAP and Wheat
CAP projects with funding from USDA, CSREES. Application of MAS to
breeding programs depends on its relative cost and expected economic
return. The best prospect for MAS is in multiple-trait improvement. Exclud-
ing costs, multiple-trait MAS can be used to increase the aggregate breeding
values in quantitative characters and is expected to be more effective than
conventional selection or single-trait MAS (Xie and Xu, 1998).

Gains from MAS and PS were compared for quantitative traits in sweet
corn (Yousef and Juvik, 2001). A total of 52 paired comparisons were made
between MAS and PS composite populations. MAS led to significantly
higher gain in 38% of the paired comparisons compared to only 4% for PS.
The average gains from MAS and PS were 10.9% and 6.1%, respectively.
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It was also observed that MAS was most appropriate when traits are difficult
and costly to measure and that the higher gain from MAS compensated for
the higher costs. It was concluded that “incorporating DNA markers to
traditional breeding programs could expedite selection progress and be
cost-effective.” A RAPD marker associated with common bacterial blight
resistance in a common bean population (PC50/XAN159) was transformed
into a SCAR marker and used for screening a different population (Yu et al.,
2000). The SCAR marker was 94.2% accurate in recognizing the resistant
genotype. Cost comparison of MAS with greenhouse screening indicated
that MAS was about one-third less expensive.

V. TRANSGENESIS

A. TraNsGENEsIS as A TooL For FuncTioNnaL GENOMICS

Transgenesis refers to the introduction of heterologous or homologous
DNA into a plant genome resulting in its stable integration and expression.
The technology has played a critical role in defining the in vivo functions of
plant genes. In recent years, with the rapid increase in gene sequence infor-
mation, systematic transgenic approaches have been taken to characterize
large numbers of genes in both reverse and forward genetic studies, particu-
larly in model systems. Predictions of gene function based on sequence
homology alone do not necessarily provide information on the exact
biological role of the gene in planta (van Enckevort et al., 2005). After
completion of the Arabidopsis genome sequence, at least 40% of the initial
gene predictions based on computational annotation were subsequently
found to be erroneous (Alonso and Ecker, 2006). As one of the key experi-
mental methods in functional genomics, transgenesis has the advantage of
revealing the direct link between gene sequence and function; such results
not only further the understanding of basic biological questions, but also
facilitate exploitation of genomic information for crop improvement.

Transgenesis has been widely used for loss-of-function and gain-of-
function analyses of plant genes. Insertional mutagenesis using T-DNA is
one of the major tools for functional analysis that can provide a phenotype as
a clue to gene function (Xu et al., 2005). T-DNA mutant collections are
commonly produced by Agrobacterium-mediated transformation using a
simple Ti plasmid carrying a selectable marker gene. If the T-DNA inserts
within the boundaries of a gene, it can alter or abolish the function of
the gene. Because of the disruptive nature of randomly inserted T-DNA,
this type of mutagenesis is commonly associated with loss-of-function of
endogenous genes. Compared with mutagenesis caused by chemical agents
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[e.g., ethyl methanesulphonate (EMS)] or physical agents (e.g., fast neutrons,
y-radiation), the use of T-DNA as a mutagen offers the advantage of easy
identification of the mutated gene. The T-DNA not only disrupts the expres-
sion of the gene into which it is inserted but also acts as a marker for
subsequent identification of the mutation (Krysan et al., 1999). When cou-
pled with transposons, the introduction of the transposon containing
T-DNA into the plant genome allows for the simultaneous disruption of
different loci (Tadege et al., 2005). Large numbers of T-DNA insertional lines
have been produced in Arabidopsis and rice (Alonso and Ecker, 2006; Krysan
et al., 1999; Walden, 2002; Xu et al., 2005). So far, more than 360,000
insertion sites have been mapped in the Arabidopsis genome, covering
~90% of the genes. One of the most exciting uses of the near complete
collection of gene-indexed Arabidopsis mutations is the ability to carry out
genome-wide forward genetic screens (Alonso and Ecker, 2006).

T-DNA mutagenesis has its limitation in analyzing the function of redun-
dant genes (Xu et al., 2005). Gain-of-function approaches such as gene
overexpression and T-DNA activation tagging are straightforward and
powerful approaches for elucidating gene function. Transgenic expression
of all the cDNAs found in Arabidopsis resulted in the identification of many
genes conferring interesting phenotypes. Efforts were also made to overex-
press all the TF genes in Arabidopsis. Because of the unique characteristics
and modes of action of TFs, this overexpression strategy is considered
particularly effective in revealing gene function (Zhang, 2003). Sometimes
the same gene can be found by different approaches. For example,
the identification of WINI1, an Arabidopsis ethylene response factor-type
TF that can activate wax deposition, was achieved by systematic overexpres-
sion of all gene sequences predicted to encode proteins sharing conserved
domains with cognate TFs (Broun et al., 2004). In an independent study, the
SHNI gene, which shares the same sequence as WINI, was obtained by
screening a collection of 2000 transposon activation-tagged lines (Aharoni
et al., 2004).

Functional genomics has been broadly defined to include many endeavors
on a genome-wide scale, such as transcriptional profiling to determine gene
expression patterns, sequence alignment-based comparisons to identify
homologues between and within organisms, and the use of virus-induced
gene silencing to rapidly detect phenotypic effects (Xu et al., 2005). Trans-
genesis studies are generally required to confirm the functions of the genes
identified by these methods. While extremely useful, most other approaches
to gene function are correlative and do not necessarily prove a causal rela-
tionship between gene sequence and function (Krysan et al., 1999). Some-
times unexpected results have been obtained by transgenic analysis. The
overexpression of COL9, a member of the CONSTANS-LIKE gene family,
resulted in delayed flowering in Arabidopsis, which is opposite to the role that



112 R. A. DIXON ETAL.

the CONSTANS (CO) gene plays. Further analysis revealed that COL9
delays flowering possibly by antagonistically repressing the expression of
CO, and concomitantly reducing FLOWERING LOCUS T (FT) expression
(Cheng and Wang, 2005). In M. truncatula, a TF gene (WXP1I) related to wax
biosynthesis was identified; overexpression of WXPI resulted in improved
drought tolerance in alfalfa (Zhang et al., 2005). Sequence comparison with
WXPI revealed its homologue in M. truncatula, designated WXP2. Trans-
genic expression of both WXPI and WXP2 in Arabidopsis resulted in im-
proved drought tolerance; however, the transgenic plants were opposite in
their freezing tolerance, with WXPI plants more tolerant and WXP2 plants
more sensitive to freezing stress (Zhang et al., 2007).

B. CURRENT APPROACHES TO THE (FENERATION OF TRANSGENIC PLANTS

There are many variations of gene transfer methods to introduce transgenes
into the plant genome. The most widely used methods are Agrobacterium-
mediated gene transfer and biolistic transformation. Both have been applied
to legume transformation, although the Agrobacterium-mediated approach has
been the most popular (Somers et al., 2003).

A. tumefaciens is a soilborne bacterium that, in nature, is capable of
inserting a discrete portion of its DNA into the genome of a wide range of
dicotyledonous plants (Valentine, 2003). Most of the machinery necessary
for the gene transfer resides on a tumor-inducing (Ti) plasmid that carries
two important genetic components: the T-DNA delimited by two 25-bp
direct repeats at its ends and the virulence region (Tzfira and Citovsky,
2006). Agrobacterium-mediated transformation systems take advantage of
this natural gene transfer mechanism in plants. Two key advances, the
development of binary Ti vectors and of a range of disarmed Agrobacterium
strains, have made Agrobacterium transformation the first option in engi-
neering transgenic plants (Hellens and Mullineaux, 2000). Agrobacterium-
mediated gene transfer offers the following advantages: (1) a significant
portion of the transformants contains single copy transgenes, (2) in planta
transformation without the need of tissue culture is possible in Arabidopsis,
(3) numerous vector systems are now available, and (4) it is possible to
transfer large DNA fragments, including bacterial artificial chromosomes
(Herrera-Estrella et al., 2005).

The biolistic method was developed as a necessity to transform species
initially considered recalcitrant to Agrobacterium transformation (Herrera-
Estrella et al., 2005). Biolistics, or microprojectile bombardment, employs
high-velocity gold or tungsten particles to deliver DNA into living cells
for stable transformation (Christou, 1992; Sanford, 1988). Gene delivery to
plant cells and tissues by microprojectiles has led to the production of
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transgenic plants from many species, particularly monocots. Because biolis-
tic transformation is a physical process and therefore involves only one
biological system, it is a fairly reproducible procedure that can be easily
adapted from one laboratory to another. Biolistic transformation is the
only reliable method for chloroplast transformation. The main disadvantage
of this method is the frequently occurring multiple copy integration.

Since the successful creation of transgenic Nicotiana and Petunia in the
early 1980s, Agrobacterium-mediated transformation has been the method of
choice in producing transgenic plants in a wide range of dicot species.
Although it was initially considered impossible to transform monocot species
with Agrobacterium, transgenic plants have been obtained with many mono-
cot crops since the mid 1990s, including major cereals like rice, maize, wheat,
barley, and a number of forage and turf grasses (Cheng et al., 1997, 2004;
Hiei et al., 1994; Ishida et al., 1996; Tingay et al., 1997, Wang and Ge, 2006).

The cost associated with meeting regulatory requirements is a substantial
impediment for the commercialization of transgenic crops (Bradford et al.,
2005). In recent years, public concern about the extent to which transgenic
crops might differ from their traditionally bred counterparts has resulted in
revised molecular strategies and choices of genes (Rommens ez al., 2004). Due
to the nature of popularly used promoters, vectors, and selectable markers for
plant transformation, most transgenic plants contain DNA from multiple
organisms. It has been proposed to categorize GMOs into different classes
based on the genetic distance between the target organism and the source of
the transgenes (Nielsen, 2003). In an attempt to address some of the public
perception issues relating to introduction of foreign DNA into plants, it has
been shown that certain host plant DNA sequences can function in the same
way as the Agrobacterium T-DNA border sequences (Rommens et al., 2004).
By incorporating such sequences to guide integration of the inserted trans-
gene, and linking a positive selection for temporary expression of the select-
able marker with a negative selection against its integration, it was possible to
produce transgenic potato plants with reduced expression of tuber-specific
polyphenol oxidase that contain no foreign DNA (Rommens et al., 2004).

Driven by the complexity of intellectual property issues that limit the use
of Agrobacterium in both public and private sectors, several species of
bacteria outside the Agrobacterium genus have been modified to mediate
gene transfer to different plant species (Broothaerts et al., 2005). These
plant-associated symbiotic bacteria, including Rhizobium species NGR234,
S. meliloti, and Mesorhizobium loti, were made competent for gene transfer
by acquisition of both a disarmed Ti plasmid and a suitable binary vector.
Tobacco, Arabidopsis and rice were infected by these bacteria and transgenic
plants were obtained. Of the bacteria used, at least S. meliloti is competent
to transfer genes into both dicot and monocot plants and into a range of
tissues, including leaf tissue, undifferentiated calli, and immature ovules
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(Broothaerts et al., 2005). The results suggest that non-Agrobacterium species
are capable of the full range of genetic transformation mechanisms shown
by their Agrobacterium counterparts. This alternative approach to the Agro-
bacterium-mediated gene transfer method, in addition to affording an “open
source” platform for plant biotechnology, may lead to new uses of natural
bacteria—plant interactions for crop improvement.

Although in general it is desirable to have the transgene integrated into the
nuclear DNA, in some cases the plastid genome may be an appropriate target
for transformation. The advantage of plastid transformation includes high
transgene expression levels, increased biosafety because of maternal inheri-
tance of cytoplasmic genomes in most crops, and lack of gene silencing and
position effects (Bock and Khan, 2004; Maliga, 2004). Transplastomic lines
have been mostly produced by biolistic transformation, although direct gene
transfer to protoplasts has also been utilized. The expression of a Bacillus
thuringiensis (Bt) toxin gene in the tobacco plastid genome yielded high levels
of the Bt toxin protein (3-5% of the total soluble protein) and produced
plants with high-level resistance to herbivorous insects (McBride et al., 1995).
The expression and accumulation of the human growth hormone somato-
tropin in transgenic tobacco plastids reached 7% of total soluble protein, and
demonstrated the capacity of chloroplasts to allow correct formation of
disulfide bonds in a protein of eukaryotic origin (Staub er al., 2000). Al-
though several successful examples of plastid engineering have set a founda-
tion for various future applications, the adaptation of plastid transformation
protocols for major food crops has proved significantly more difficult than
initially anticipated (Grevich and Daniell, 2005; Maliga, 2003). After the first
successful transformation in tobacco, it took almost 10 years before plastid
transformation was achieved in two other Solanaceae species, potato
(Sidorov et al., 1999) and tomato (Ruf et al., 2001). Engineering of plastids
offers great promise for the production of edible vaccines, antibodies, and
other pharmaceutical proteins in plants.

C. STrRATEGIES FOR OVERCOMING RECALCITRANCE OF CROP SPECIES TO
GENETIC TRANSFORMATION

To date, most transformation procedures involve certain tissue culture
steps, particularly callus culture. It is well known that callus induction and
plant regeneration from the induced callus is not only time consuming and
laborious but also causes somaclonal variation (Bregitzer et al., 1998;
Goldman et al., 2004; Spangenberg et al., 1998). Tissue culture-based meth-
ods also generally require considerable training of the practitioner to develop
the skills needed to generate sufficient numbers of transgenic plants (Somers
et al., 2003). In addition, transformation frequency varies significantly with
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the genotype used, even in extensively studied species such as wheat and
maize. In many cases, commercial cultivars may be difficult to transform,
and crossing the initial transgenic with an elite line, followed by significant
backcrossing, will be needed for cultivar development.

Tremendous efforts have been made to overcome recalcitrance of crop
species to genetic transformation. There have been numerous reports and
significant progress on optimizing tissue culture and transformation para-
meters such as modifying media composition, growth regulators, and culture
conditions, and identifying or manipulating more highly virulent Agrobac-
terium strains. Because the usefulness of the results is often limited to the
species or even the genotype tested, it is impractical to summarize such
optimization work here. However, it is worth noting that transformation
efficacy can be significantly improved by minimizing tissue culture steps. The
use of cotyledonary explants in white clover, soybean, and M. truncatula
bypassed the callus formation phase and allowed direct regeneration from
the infected explants; such a procedure at least partially solved the genotype
dependence problem and allowed rapid production of transgenics (Larkin
et al., 1996; Olhoft et al., 2003; Wright et al., 2006). The use of stolons as
explants in some grass species also bypassed callus formation and accelerated
the process of plant regeneration (Ge et al., 2006; Wang and Ge, 2005).

Another strategy to increase transformation frequency is to improve the
tissue culture response. In the model grass plant Lolium temulentum, screen-
ing of a large number of genotypes revealed a few lines with relatively better
callus induction frequency (Wang et al., 2002). Crosses were made between
the selected lines, and a significant improvement in tissue culture response of
L. temulentum was achieved by the production of haploid and double haploid
lines from anthers of F, plants of the crosses (Wang et al., 2005c). By using
the highly tissue culture responsive doubled haploid line, a large number of
fertile transgenic L. temulentum plants were produced by Agrobacterium-
mediated transformation (Ge et al., 2007).

The most successful story in plant transformation is the development of
the nontissue culture approach for Arabidopsis. Generation of transgenic
lines by in planta transformation is simple and routine (Bent, 2000; Clough
and Bent, 1998). The impact of the high throughput method on Arabidopsis
research has been truly remarkable. Studies on the mechanism of transfor-
mation revealed that ovules are the primary target for Arabidopsis in planta
transformation by the floral dip method (Bechtold et al., 2000; Desfeux et al.,
2000; Ye et al., 1999). On the basis of the lack of success to date, much time
and effort will likely be needed to develop similar transformation methods
for other species.

A different approach to overcoming recalcitrance to transforamtion is to
understand in detail the molecular basis of the T-DNA transfer process from
Agrobacterium to the plant genome. Although outside the scope of this
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article, much progress has been made in this area, especially as regards the
proteins that interact with the T-DNA during its transfer (Anand and
Mysore, 2005; Gelvin, 2003a; Tzfira and Citovsky, 2006). Forward genetic
screens have been performed in Arabidopsis to identify T-DNA-tagged lines
that are resistant to Agrobacterium-mediated transformation (Gelvin,
2003a). As a result, several plant genes have been identified which, if over-
expressed, increase transformation frequency. These include histone H2A-1,
VIPI1 (necessary from nuclear import of T-DNA), and a protein that inter-
acts with the Agrobacterium VirB2 (T-pilus) protein. More details are
provided elsewhere (Gelvin, 2003a,b; Tzfira and Citovsky, 2006). It has
also been shown that the yeast Rad54 protein, which is involved in chromatin
remodeling, improves transformation efficiency when expressed in Arabi-
dopsis (Shaked et al., 2005). These exciting results hold promise for the
generation of high transformation efficient plant lines of many species that
currently exhibit recalcitrance to transformation.

D. TRraANSGENESIS FOR TRAIT INTEGRATION AND COMMERCIALIZATION

Over the last decade, transformed plants have moved from laboratory to
the field, where new transgenic cultivars are grown in large acreages through-
out the world. The adoption of transgenic crops has experienced double-digit
growth rates every single year since biotech crops were first commercialized in
1996, with the number of biotech countries increasing from 6 to 21 in the same
period (James, 2005). The global biotech crop area has seen a remarkable
increase of more than 50-fold in the first decade of commercialization, with 90
million hectares planted in 2005. The accumulated global biotech crop area in
its first decade was 475 million ha or 1.17 billion acres (James, 2005).

The United States has been the biggest adopter of transgenic crops, with
49.8 million hectares planted in 2005, which represent 55% of the global
biotech area. By 2005, herbicide-tolerant soybeans accounted for 87% of
total US soybean acreage, herbicide-tolerant cotton was planted on 60% of
total cotton acreage, insect-resistant cotton accounted for 52% of cotton
acreage, and insect-resistant corn was planted on 35% of the total acreage
(Fernandez-Cornejo and Caswell, 2006).

Farmers continued to choose biotech crops due to significant benefits,
including enhanced crop yields, improved insurance against pest problems,
reduced pest management costs, decreased pesticide use, and overall increase
in grower returns (Sankula, 2006). Planted acreage has mainly concentrated
in the following trait-crop combinations: herbicide-resistant alfalfa, canola,
corn, cotton, and soybean; insect-resistant corn, cotton, rice, and sweet corn;
virus-resistant squash and papaya.

Obviously, in the first-generation transgenic crops, herbicide tolerance has
consistently been the dominant trait, followed by insect resistance and virus
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resistance. Some new cultivars have stacked genes for herbicide tolerance and
insect resistance. The initial strategies for introducing single gene traits have
been very successful in developing novel transgenic cultivars.

Current strategies for plant improvement have moved toward engineering
more complicated traits, such as stress tolerance, yield potential, and growth
rate. With rapid advances in functional genomics, many new genes have been
discovered and functionally tested. Different approaches have been devel-
oped to manipulate complex traits or engineer metabolic pathways. In some
cases, overexpression or disruption of a single gene can lead to the required
phenotypic change; for example, drought or cold tolerance can be improved
by the expression of a single TF gene (Gilmour et al., 2000; Kasuga et al.,
2004; Zhang et al., 2005), or lignin biosynthesis can be modified by down-
regulation of a gene coding for one of the key enzymes in the pathway (Guo
et al., 2001a; Reddy et al., 2005; Section VI.B.I). Other cases, such as the
production of B-carotene in rice, require the introduction of multiple genes
(Paine et al., 2005; Ye et al., 2000). The need for multigene transformations
has long been cited as a negative factor for the development of metabolically
engineered plants. However, this technical obstacle is gradually being over-
come. Up to nine transgenes have now been incorporated simulatenously,
into rice by a cotransforamtion strategy (Wu et al., 2002), and into Brassica
Jjuncea by both stepwise engineering and through an actual nine-gene con-
struct (Wu et al., 2005). In the latter case, the genes formed a complete
biosynthetic pathway to polyunsaturated fatty acids. In cases where consti-
tutive expression of a particular transgene throughout plant growth and
development has deleterious effects, a number of promoter systems are now
available for chemically induced transgene expression (Tang et al., 2004).

The number of encouraging scientific reports and the range of transgenic
materials currently undergoing field testing are truly extensive. Transgenic
technologies have proven utility for improving disease resistance, yield po-
tential, abiotic stress (drought, cold, salinity, aluminum) tolerance, nutrient
use efficiency, feed quality for animals, processing properties of biofuel crops,
and nutritional quality (increased protein and oil content), for delaying
ripening, for modifying starch content, and for producing nutraceuticals
(vitamins, iron, B-carotene, flavonoids) and pharmaceuticals.

E. Virus-INDUCED GENE SILENCING AS AN ALTERNATIVE TO STABLE
TRANSFORMATION FOR FuncTiONAL GENOMICS

The discovery of the importance of nonprotein-coding RNAs (ncRNAs)
in the regulation of cellular processes has been one of the most important
breakthroughs in genetics. One aspect of this field was recognized by the
award of the 2006 Nobel Prize for Medicine to Craig Mello and Andrew Fire,
for their pioneering work on gene silencing by RNA interference (RNAI),
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a process which involves small RNA molecules to target the destruction of
transcripts destined for turnover. In fact, it was research on plant systems
that provided some of the first evidence for gene silencing (Jorgensen, 1995;
Mueller et al., 1995).

These discoveries are encapsulated in two practical approaches for the
downregulation of genes: RNAI and virus-induced gene silencing (VIGS). As
used in plants, RNAI usually involves stable transformation with a gene
construct that, when expressed, produces a small double-stranded RNA
homologous to a portion of the target gene sequence. This is usually gener-
ated via an inverted repeat of the short target sequence interrupted by a plant
intron sequence (Wesley et al., 2001). This approach has been widely used for
modifying a number of plant traits through targeted downregulation of a
specific gene or genes. Examples include engineering altered flower color
(Ono et al., 2006) and nutritional quality (Davuluri et al., 2005).

VIGS takes advantage of an endogenous plant defense mechanism against
virus infection which, in plants simply infected by the virus, targets the viral
genome for degradation (Lu et al., 2003). Virus-based vectors have been
designed in which a small portion of the target gene sequence is included;
the gene silencing process is then targeted against the corresponding host
mRNAs. Although mechanistically similar to RNAi, VIGS has two major
advantages over stable RNAI transformation in its high throughput and
speed of the response. The one disadvantage is lack of universal application
due to species specificity of suitable viral vectors. Most studies with VIGS
have used Nicotiana benthamiana as host with a tobacco rattle virus (TRV)-
based vector. N. benthamiana is universally susceptible to most viruses, and
this may be because it lacks one component of the pathway for generating the
small silencing RNA molecules (Yang et al., 2004). N. benthamiana is a good
model for other Solanaceous species, particularly tomato, although VIGS
also works quite well in this species (Ryu et al., 2004). A Brome mosaic virus
(BMV)-based vector has been developed for VIGS applications in grasses
such as tall fescue and rice (Ding et al., 2006). This was based on a strain of
BMYV that was serendipitously discovered in a tall fescue breeding population
(Mian et al., 2005b).

In classical VIGS, the virus is simply physically inoculated onto the leaves. It
is sometimes more efficient to introduce the virus vector via an Agrobacterium-
based binary vector, and this process, called “agroinoculation,” is usually
performed through leaf infiltration with Agrobacterium harboring the neces-
sary constructs (Dinesh-Kumar et al., 2003). It was shown that the physical
inoculation step can be avoided, and the soil adjacent to the plant roots is
simply drenched with the Agrobacterium suspension containing the TR V-based
VIGS vector (Ryu et al., 2004). This “Agrodrench’ technique provides a rapid
approach for high throughput and large-scale analysis of gene function, but is
currently limited to Solanaceous species (Ryu et al., 2004).
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F. TILLING as AN ALTERNATIVE TO 'TRANSGENESIS FOR
GeNE KNOCKDOWNS

TILLING has the unique advantage of allowing the generation of an
allelic series for potentially any target gene. It can significantly expedite the
crop improvement process. As it is a nontransgenic approach, resulting crop
varieties are not subject to the strict regulatory approval process for trans-
genic crops. It has been used for improving the oil and protein content of
soybean with the ultimate target of making allergen-free soybeans (Comis,
2005). The applicability of TILLING to soybean, maize, romaine and ice-
berg lettuce, tomato, rice, peanut, bread and durum wheat, and castor has
been successfully demonstrated (Slade and Knauf, 2005). However, if a
transformation system is available for a crop and only a few genes are
targeted for knockout, RNALI is still the method of choice. Besides, RNAi
has the advantages of knocking down the expression of multiple related
genes with one construct (Lawrence and Pikaard, 2003).

VI. CASE STUDIES FOR ALFALFA IMPROVEMENT

A. INTRODUCTION

Alfalfa is the most widely used forage legume crop in the world today due
to its high biomass yield (the record is over 18,000 kg ha™! of forage); high
protein, energy, vitamin, and mineral feed quality for livestock; ability to fix
atmospheric nitrogen; wide adaptation to various environments; improve-
ment of soil composition when used as a rotation crop in sustainable agricul-
tural systems; utility as a model system for genetic studies of autotetraploid
species; and ease of use with the new biotechnologies (Bouton, 2001).

The primary center of origin for the genus Medicago is found in the
Caucasus, northwestern Iran, and northeastern Turkey. M. sativa is a com-
plex of several perennial subspecies, both diploids and tetraploids that are
interfertile and possess a similar karyotype (Quiros and Bauchan, 1988).
M. sativa ssp. sativa, M. sativa ssp. falcata, and M. sativa ssp. glutinosa are
tetraploid subspecies while M. sativa ssp. coerulea (progenitor to cultivated
alfalfa) and some M. sativa ssp. falcata are diploids. Cultivated alfalfa (ssp.
sativa) is an autotetraploid with 2n = 4x = 32 (Stanford, 1951).

Alfalfa genetics are complex because of the plant’s autotetraploid nature
(Stanford, 1951) and an allogamous breeding system that does not tolerate
inbreeding. The development and use of molecular markers is limited due to
the difficulty of resolving allele dosage and linkage phases in autotetraploids.
For this reason in the past, genetic linkage maps have been developed in
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diploid forms of the M. sativa species complex (Brummer et al., 1993; Echt
et al., 1993; Kalo et al., 2000; Kiss et al., 1993; Tavoletti er al., 1996).
However, the utility of such diploid genetic maps in the breeding of tetra-
ploid alfalfa depend on high synteny across the ploidy levels. In addition to
serving as an important framework genetic linkage map in Medicago species,
the diploid maps are also useful in transferring unique genes from the diploid
level to the cultivated, tetraploid level. The widespread natural occurrence of
restitutional 2»n gametes (i.e., gametes with the somatic chromosome number)
in the Medicago sp. (Bingham, 1968; Harlan and deWet, 1975; Stanford
et al., 1972) provided early support for the hypothesis that gene flow across
different ploidy levels occurs continuously and naturally via 2# pollen. Such
gene transfer via the restitutional gametes can aid in transferring valuable
traits from diploid relatives into cultivated alfalfa in a breeding program
(Bingham, 1980).

The complexities of alfalfa genetics are of less concern for initial trait
insertion through transgenic approaches, but do impact segregation frequen-
cies during subsequent introgression into elite cultivars.

B. ImprOVEMENT OF ALUMINUM TOLERANCE
1. Introduction

The use of alfalfa is mainly confined to the temperate areas of the world
and not the tropics. There are several reasons for this, but the main one is an
inability to tolerate acid, aluminum toxic soils that are widespread through-
out the tropics (Bouton, 2001).

Acidity is common in soils where rainfall is high enough to leach appre-
ciable amounts of exchangeable bases from the soil surface layers (Brady,
1974). This leaching effectively removes the buffering capacity of the soil and
causes a drop in pH. Leaching also encourages acidity by allowing percola-
tion of organic acids derived from naturally decomposing organic matter
into the soil profile to replace the bases which are then removed by the
drainage water.

Under very acid conditions, Al becomes soluble in soil and is present in the
toxic AI’* or AI(OH)** forms (Brady, 1974). These then become adsorbed,
even in preference to hydrogen ions, to clay minerals, with the adsorbed Al
coming into equilibrium with the Al ions in the soil solution. The latter also
contribute to overall soil acidity. When soil pH is moved toward neutrality
with liming, the toxicity of Al is suppressed by changing to less toxic forms
such as AI(OH).

Al toxicity occurs by definition when the ratio of extractable Al (found in
the toxic forms at low pH) to extractable Al plus exchangeable Ca, Mg, and
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K is greater than 60% within 50 cm of the soil surface. On the basis of this
definition, Al toxicity is estimated to be present in 56% of the soils in the
humid tropics (Buol and Eswaran, 1993). Some general level of Al tolerance
will be necessary in most crops if these extensive areas are to be brought into
some level of productivity.

The most common effect of Al on plant growth is the reduction of root
elongation and proliferation, thereby leading to poor water and nutrient
extraction (Buol and Eswaran, 1993). Exposure of plants to Al-toxic condi-
tions causes inhibition of cell division at the root apex resulting in stunting of
primary roots and inhibition of lateral root formation (Ryan et al., 1993;
Sivaguru and Horst, 1998). Al-sensitive plants are thus impaired in nutrient
and water uptake, and tend to be drought susceptible with reduced crop yield
and quality. Application of expensive soil amendments such as lime and
organic acids raises the pH and converts Al into less toxic forms. However,
even where liming is practiced, subsoils remain acid and Al-toxic. A cost-
effective alternative is growing Al-tolerant cultivars in problem soils
combined with soil amendments (Foy, 1988).

2. Marker-Assisted Breeding for Al Tolerance in Alfalfa

Screening and selecting cultivated alfalfa for tolerance to acidic, Al-con-
taining soil has been reported (Baligar et al., 1989; Bouton, 1996; Dall’Agnol
et al., 1996). Nevertheless, there is no M. sativa subsp. sativa cultivar or plant
introduction that does not suffer a decline in performance under acid condi-
tions. Conventional breeding to develop Al-tolerant germplasm in alfalfa is
also limited (Bouton and Parrott, 1997). However, two genomic regions
associated with Al tolerance were identified in a diploid (M. sativa subsp.
coerulea) genotype using RFLP markers in conjunction with a callus growth
bioassay by single marker analysis (Sledge et al., 2002). A study was con-
ducted to identify SSR markers that flank these QTLs using M. truncatula
EST-SSR markers (Section IV.C.1 above) and also to identify additional
Al-tolerance QTLs in a backcross population derived from the cross between
Al-sensitive and Al-tolerant genotypes of M. sativa subsp. coerulea
(Narasimhamoorthy et al., 2007).

The ultimate goal underlying QTL mapping is often to identify the specific
genes responsible for phenotypic variation. One method for doing this is the
placement of candidate genes associated with a desirable phenotype from
other species on to genetic maps to look for coincidence of map position. The
M. truncatula EST and genome databases were mined to identify DNA
sequences with high homology to Al tolerance genes identified in other
plant species, to be used as candidate genes for genetic mapping in diploid
alfalfa (Narasimhamoorthy et al., 2007). Fifteen candidate genes selected for
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candidate gene mapping included those that coded for proteins responsible
for organic acid synthesis, genes involved in signal transduction, and genes
that code for enzymes that alleviate oxidative stress. Evidence from other
crop species supports Al-activated release from roots of carboxylates such as
citric and malic acids as a major resistance mechanism (Kochian ez al., 2005).
An intron-targeted mapping strategy was adopted for two specific genes
involved in Al-activated root carboxylate release, namely citrate synthase
(CS) and malate dehydrogenase. Six candidate gene markers designed from
M. truncatula ESTs that showed homology to known Al-tolerance genes
identified in other plant species were placed on the QTL map. Three putative
QTLs on linkage groups LG I, LG II, and LG III, explaining 38%, 16%, and
27% of the phenotypic variation, respectively, were identified. A marker
designed from a candidate gene involved in malic acid release mapped near
a marginally significant QTL on LG L.

In order to move the Al tolerance QTL from the diploid (2x) M. sativa
subsp. coerulea genotype to the cultivated tetraploid (4x) M. sativa subsp.
sativa, 2x-4x crosses were made, using the diploid as the seed parent, and the
tetraploid as the pollen parent. Alfalfa is essentially a bivalent forming
autotetraploid where regular meiotic stages predominate in normal plants.
Whereas the predominating gametes are mostly normal, restitutional 2n
gametes occur at a low frequency in diploid alfalfa plants and are usually
functional in fertilization events that involve tetraploid forms of cultivated
alfalfa. The 2x-4x hybrids were genotyped to confirm the presence of markers
linked to Al tolerance QTLs and phenotyped for tolerance to Al stress for
further confirmation of their tolerance (Fig. 4A). These tetraploid hybrids
were backcrossed to selected genotypes from the nondormant alfalfa cultivar
“CUF 101.” The BC,F, plants were genotyped to select plants carrying the
markers for Al tolerance QTLs which can be further backcrossed to elite
clones. In addition to the markers linked to Al tolerance QTLs, a genome
scan approach that randomly selects genetic markers spread over each link-
age group to select for the cultivated alfalfa background should reduce the
time involved in rigorous PS for cultivated alfalfa phenotypes during further
backcrossing to introgress the Al tolerance QTLs. A synthetic population can
be developed after 3-4 backcrosses to select plants that carry the Al tolerance
QTL from the diploid alfalfa into the elite tetraploid cultivar background.
These can then be tested in both greenhouse and field for acid soil tolerance.

3. ATransgenic Approach to Al Tolerance in Alfalfa

As outlined earlier, Al-induced secretion of organic acids from the roots
has been proposed as a mechanism for Al tolerance (Delhaize and Ryan,
1995; Kochian, 1995; Ma, 2000). Two general patterns of Al-stimulated
efflux of organic acids have been reported. In Pattern I, no discernible
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Figure4 Improvement of aluminum tolerance in alfalfa. (A) The root systems of 8-week-old
plants of different alfalfa clones obtained through marker-assisted breeding. (a) CUF 101 in
limed soil, (b) CUF 101 in unlimed soil, (c) 2x-4x hybrid in limed soil, and (d) 2x-4x hybrid in
unlimed soil. (B) Root systems of control and transgenic alfalfa lines after 8-week growth.
(a) Regen-SY (nontransformed) in unlimed soil, (b) Regen-SY in limed soil, (c) Regen-SY
transformed with a CS gene in unlimed soil, and (d) Regen-SY transformed with a CS gene in
limed soil. (See Color Insert.)

delay is observed between the addition of Al and the onset of organic acid
release, suggesting that Al activates a preexisting mechanism without a need
for induction of novel proteins. In Pattern II, organic acid secretion is
delayed for several hours after exposure to AI’", indicating that protein
induction is required (Ma et al., 2001).
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Alfalfa is very sensitive to AI*™ and its yield and stand duration in acid
soils are compromised due to both inhibited root system development and
reduced symbiotic nitrogen fixation. Increasing production of Al-chelating
compounds, particularly organic acids, in plant roots through a transgenic
approach could enhance tolerance to Al toxicity. In the first report of this
approach, a CS gene from Pseudomonas aeruginosa was expressed in tobacco
and papaya plants (da la Fuente et al., 1997); this led to increased citric acid
production and tolerance to Al toxicity. Likewise, in alfalfa, the overexpres-
sion of malate dehydrogenase (MDH) in transgenic plants enhanced toler-
ance to Al toxicity through increased organic acid synthesis (Tesfaye et al.,
2001). In a similar approach, the Arabidopsis ACT2 constitutive promoter or
the tobacco RB7 root-specific promoter were used to drive the CS gene in
alfalfa (Rosellini et al., 2003). Transgenic plants expressing the CS gene
possessed better root growth and total dry matter yield than control plants
in Al-toxic soils (Fig. 4B), and also had longer roots when grown in a medium
containing Al. This approach can be fine-tuned to increase the production of
citric acid in specific root tissues, and the CS transgene can be pyramided
with Al tolerance QTLs by crossing the transgenic plants with plants known
to possess molecular marker-tagged Al tolerance QTLs.

C. GEeNE Discovery AND METABOLIC ENGINEERING FOR FORAGE
QuaLrry ENHANCEMENT

1. Introduction

Forage quality is a major but complex trait for plant improvement.
Generally speaking, quality decreases as plants mature and enter the flower-
ing stage, primarily as a result of lignification of secondary cell walls (Jung
and Vogel, 1986). Other quality traits include protein content and amino acid
composition, protein and nutrient bioavailabilty, presence of chemical anti-
feedants, and potential for causing pasture bloat. We here describe studies
designed to better understand, and improve, forage quality traits in alfalfa.
This provides another illustration of how some of the postgenomics technol-
ogies and resources described earlier, in this case those derived for/from
Arabidopsis and M. truncatula, can be applied for variety improvement.

2. Improved Forage Digestibility
Feeding and grazing studies have shown that only small changes in forage

digestibility can have significant effects on animal performance (Casler and
Vogel, 1999). Improving digestibility is therefore an important goal of forage
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breeding programs, and has, in the past, been addressed primarily through
standard approaches of crossing and selection (Jung et al., 1994). At the same
time, this research has led to an understanding of relationships between
various forage quality parameters, such as neutral detergent fiber (NDF),
acid detergent fiber (ADF) and acid detergent lignin (ADL), and forage
quality (Jung, 1997; Jung et al., 1997). There is a general consensus that
high lignin levels reduce digestibility (Jung and Deetz, 1993). However,
most of the studies from which this conclusion is based used materials with
different lignin contents and/or compositions as a result of divergent selection
for forage quality traits (Méchin et al., 2000), natural genetic variation of
plant accessions (Casler, 1987), delignification (Jung et al., 1992), or different
maturity of plant tissues (Reeves, 1987). The results of such studies will be
complicated by the many uncontrolled developmental and genetic variables
that could potentially affect digestibility (Titgemayer et al., 1996). Because
alfalfa is an outbreeding autotetraploid, inbred lines are not available. Gen-
erating isogenic transgenic lines in which lignin content or composition are
modified by altering expression of a target gene in the lignin pathway provides
both a new approach to trait improvement and a strategy for better eluci-
dating the lignin/digestibility relationship in alfalfa. The value of such an
approach, for both basic and applied research, becomes more apparent
when considering the potential variations that can exist in lignin structure.

Lignin is a polymer of hydroxylated and methoxylated phenylpropane
units (monolignols) linked via oxidative coupling (Boudet ez al., 1995). There
is a vigorous ongoing debate as to the extent, or lack, of orderliness in the
polymer (Davin and Lewis, 2005; Ralph et al., 2007), with the prevailing view
being that lignin is assembled by a relatively random free radical-mediated
process, that is nevertheless under developmental control at the level of
substrate supply (Boerjan et al., 2003). Angiosperm lignin contains two
major monolignols, mono-methoxylated guaiacyl (G) and di-methoxylated
syringyl (S) units, polymerized through at least five different linkage types
(Boerjan et al., 2003). It also contains low levels of p-hydroxyphenyl, or H
units (Fig. 5). In many forage crops, lignin content and S/G ratio increase
with stem maturity (Buxton and Russell, 1988; Jung and Vogel, 1986), and
both content and S/G ratio therefore correlate negatively with forage digest-
ibility in ruminant animals (Albrecht et al., 1987; Buxton and Russell, 1988;
Grabber et al., 1992; Jung et al., 1997, Sewalt et al., 1996). However, the
relationship between lignin composition and digestibility is far from clear,
since the amount of G lignin has also been linked with reduced cell wall
degradability in forages (Jung and Deetz, 1993), and studies with synthetic
lignins (Grabber et al., 1997) have yielded results that question effects of
lignin composition alone on forage digestibility.

The biosynthesis of the monolignol building blocks of lignin is believed to
proceed essentially according to the pathway in Fig. 5 (Hoffmann et al., 2003;
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Humphreys and Chapple, 2002; Humpbhreys et al., 1999; Nair et al., 2004;
Schoch et al., 2001), although it is possible that there are variations between
species, especially as regards pathway regulation and whether linear or
parallel pathways exist for G and S lignin synthesis (Chen et al., 2006b;
Parvathi et al., 2001). As a result of the genome-sequencing projects outlined
in Section II, and a number of EST programs in other species, genes encoding
all of the enzymes in Fig. 5 have been identified from representative mono-
cots and dicots. Most important for forage species are the EST collections
from Medicago, tall fescue, and perennial ryegrass.

Because of the very high sequence identity between orthologous genes
in M. truncatula and M. sativa (Aziz et al., 2005), the genetic resources
from M. truncatula have proven very useful for identifying lignin pathway
gene sequences that can be applied directly for genetic modification of lignin
in alfalfa. An example is provided in Fig. 5. Searching the DFCI MtGI (http://
compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl?gudb=medicago) reveals
five TC sequences whose BLAST annotation suggests that the gene might
encode a caffeic acid 3-O-methyltransferase (COMT), the enzyme that carries
out the final methylation step in the formation of S lignin (Fig. 5). By counting
the number of individual ESTs corresponding to each TC in each of the more
than 60 cDNA libraries sequenced to date, it is possible to obtain an estimate
of the relative degree of expression of each of the TCs in different tissues (such
an approach is called an “in silico Northern,” after the “Northern” blot
hybridization technique for measuring transcript levels). Similar information
could be obtained from microarray analysis of specific tissue types. It is clear
from Fig. 5B that only TC 94321 is strongly represented in stem tissue. This
TC is therefore most likely the true COMT involved in lignification. The
same approach was taken to identify M. truncatula genes encoding the
three cytochrome P450 enzymes of the lignin pathway, namely cinnamate
4-hydroxylase (C4H), coumaroyl shikimate 3-hydroxylase [also known as
coumarate 3-hydroxylase (C3H)] and coniferaldehyde 5-hydroxylase [also
known as ferulate 5-hydroxylase (FSH)] (Reddy et al., 2005). These three

Figure 5 Application of genomics/transgenesis to lignin modification in alfalfa. (A) Currently
accepted model of the lignin biosynthetic pathway. Enzymes are: PAL, r-phenylalanine
ammonia-lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate:CoA ligase; CCR, cinna-
moyl CoA reductase; CAD, cinnamyl alcohol dehydrogenase; HCT, hydroxycinnamoyl
CoA:shikimate/quinate hydroxycinnamoyl transferase; C3H, ‘“‘coumarate 3-hydroxylase;”
CCoAOMT, caffeoyl CoA 3-O-methyltransferase; FSH, “ferulate 5-hydroxylase;” COMT,
“caffeic acid 3-O-methyltransferase.” (B) cDNA library-specific EST counts for all TCs anno-
tated as encoding caffeic acid O-methyltransferase. Note that only one TC is strongly expressed
in stems, the major site of lignification. This sequence was therefore chosen for antisense
and RNAi-mediated downregulation, and the corresponding vectors introduced into alfalfa by
Agrobacterium-mediated transformation and regeneration via somatic embryogenesis (C) (Chen
et al., 2006b). (See Color Insert.)
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enzymes catalyze strategically placed reactions in the formation of all
monolignols, G-units, and S-units, respectively (Fig. 5).

The close sequence identity between orthologous genes in the two closely
related Medicago species makes it possible to make gene constructs using
M. truncatula sequences to target alfalfa genes for downregulation. Down-
regulation of C4H, C3H, or F5H in alfalfa therefore used the corresponding
M. truncatula sequences expressed in the antisense orientation (Reddy et al.,
2005). The transgenes were driven by the bean phenylalanine ammonia-lyase
PAL2 promoter (Liang et al., 1989), which is expressed in most of the
vascular tissues of alfalfa (Guo et al., 2001a). Transformation used efficient
methods based on cocultivation of leaf discs with Agrobacterium followed
by regeneration via somatic embryogenesis (Samac and Temple, 2006)
(Fig. 5C). Plants with validated reductions in target transcript and/or enzyme
activity levels had either reduced lignin levels with relatively normal lignin
composition (C4H transgenics), lignin rich in p-hydroxyphenyl (H) units
(C3H transgenics), or lignin rich in G units with reduced S content (FSH
transgenics) (Reddy et al., 2005). Previous studies had used similar antisense
technology to downregulate (COMT) and/or caffeoyl CoA 3-O-methyltrans-
ferase (CCoAOMT) in the same alfalfa genetic background (Guo et al,
2001a). COMT downregulation reduced both lignin content and S/G ratio,
whereas lignin content was reduced, but S lignin levels remained unaltered, in
CCoAOMT downregulated plants (Guo et al., 2001a).

The availability of sets of transgenic alfalfa plants with various combina-
tions of altered lignin content and composition allowed a determination to be
made of the relative importance for forage digestibility of altered lignin
content or composition in the same genetic background. Plants were grown
to the early bud stage, harvested, and analyzed for a number of forage quality
parameters, including in situ digestibility in the rumens of fistulated steers
(Guo et al., 2001b; Reddy et al., 2005). These studies clearly indicated that
lignin content, rather than composition, impacted digestibility, with the
greatest improvement in digestibility (up to 15% in plants downregulated in
C3H) being observed with the plants with the most reduced lignin levels
(Reddy et al., 2005). Earlier studies, in which transgenic forage had been
analyzed in fistulated sheep, also indicated that downregulation of CAD
improved digestibility in alfalfa (Baucher et al., 1999), although to a lesser
extent than with the transgenes described earlier.

Although downregulation of C3H, and the enzyme preceding it (HCT),
gives the largest digestibility improvements in alfalfa, there is no free lunch
here, as these particular transgenic plants suffer from yield depression
(Reddy et al., 2005; Shadle et al., 2007). The reason for this is not totally
clear, although distorted vascular tissues are observed in the HCT lines
(Shadle et al., 2007), suggesting that water relations may be disturbed. The
digestibility increases in COMT and CCoAOMT lines of around 5% through
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a single transformation event, but not associated with negative agronomic
performance, represent an economically beneficial transgenic improvement.
Such lines have now been extensively field tested with a view to commer-
cialization (Temple et al., 2004). Additional research may lead to an under-
standing of the reduced growth phenotype of plants with strong lignin
downregulation, such that this can be ameliorated either by targeting the
lignin reduction to a more narrow set of cell types, or through introduction of
compensatory mechanisms. In both cases, it is likely that postgenomics
approaches will hold the key, by providing either promoters with a more
specific cell type expression or high throughput platforms for trait
identification.

3. Bloat Resistance

Although this may appear paradoxical in view of the above discussion of
improving biomass digestibility in alfalfa, the high protein content of alfalfa
can cause problems for ruminant animals because it is too rapidly digested by
rumen microogransims (Marshall et al., 1980). This leads to: (1) excess
methane production in the rumen, exacerbated by foaming caused by a
combination of the high protein content and presence of other agents such
as saponins and leading to the condition known as pasture bloat; (2) increased
urinary nitrogen excretion; and (3) reduced levels of “by-pass” protein not
exiting the rumen and therefore not contributing to the nitrogen nutrition
of the animal. Designing a “bloat safe alfalfa,” with these other additional
benefits, has been a major goal for alfalfa breeders (Coulman et al., 2000).
Studies in sheep have demonstrated significant improvements in perfor-
mance and reduction in bloat, if the animals are fed forages contain reason-
able levels of flavonoid polymers known as condensed tannins [CTs, also
called proanthocyanidins (Aerts et al., 1999)]. CTs bind to proteins and
reduce their rate of microbial degradation.

In laboratory studies, treatment of feed proteins with modest amounts of
CTs (around 2-4% of dry matter) reduced both proteolysis during ensiling
and rumen fermentation. In studies with sheep, increasing dietary CTs (from
only trace amounts to 4% of dry matter) increased by-pass protein, and a diet
containing only 2% CT increased absorption of essential amino acids by the
small intestine (Douglas et al., 1999). Low concentrations of CTs also help
counter intestinal parasites in lambs, and, as described earlier, confer bloat
safety (Aerts et al., 1999). Levels of CTs for bloat reduction are at the lower
end of the range needed to significantly improve the nitrogen nutrition of the
animal (Li et al., 1996). The above properties of CTs are the main driving
force behind efforts to genetically introduce the CT pathway into forage
crops (Aerts et al., 1999; Reed, 1995). However, high concentrations of
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CTs (from 6% to 12% of dry matter) reduce the palatability of forages, and
can negatively impact nutritive value, including digestibility, by directly
binding bacterial enzymes or forming complexes with cell wall polysacchar-
ides and thereby reducing their accessibility to degrading enzymes (Aerts
et al., 1999; Reed, 1995; Smulikowska et al., 2001).

Alfalfa is a bloat-causing forage because its aerial portions do not contain
measurable levels of CTs. These compounds do, however, accumulate to
quite high levels in the seed coat (Koupai-Abyazani et al., 1993). Thus, alfalfa
contains all the genes necessary for CT biosynthesis. The trick is to express
these genes ectopically in the aerial portions of the plant. To identify the
necessary genes for engineering CTs in alfalfa, it is first important to consider
the chemical structures of these compounds.

CTs are oligomeric and polymeric end products of the flavonoid biosyn-
thetic pathway (Fig. 6). The past 3 years have seen important breakthroughs
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4-Coumaroyl-CoA + 3 Malonyl-CoA
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. FLS
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Leucoanthocyanidins ﬂ Catechins
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Figure 6 An overview of the biosynthesis of anthocyanins and condensed tannins. Enzymes
are: ANR, anthocyanidin reductase or BANYULS; ANS, anthocyanidin synthase (LDOX
leucoanthocyanidin dioxygenase); CHI, chalcone isomerase; CHS, chalcone synthase; 4CL,
4-coumarate:CoA ligase; C4H, cinnamate 4-hydroxylase; DFR, dihydroflavonol reductase;
F3H, flavonoid-3-hydroxylase; F3'H, flavonoid-3'-hydroxylase; FLS, flavonol synthase; LAR,
leucoanthocyanidin reductase; PAL, phenylalanine ammonia-lyase. The PAP1 myb TF controls
expression of the genes encoding the enzymes of the anthocyanin pathway from PAL to ANS in
Arabidopsis.
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in our understanding of the biosynthesis of the building blocks of CTs, the
flavan-3-ols (+)-catechin, and (—)-epicatechin (Fig. 6; Dixon et al., 2005;
Tanner et al., 2003; Xie et al., 2003). However, virtually nothing is known
about the ways in which these units are assembled into the corresponding
oligomers in vivo (Xie and Dixon, 2005). Molecular genetic approaches are
leading to an understanding of the regulatory genes that control CT biosyn-
thesis, and this information, together with the increased knowledge of the
enzymes specific for the pathway, will facilitate the genetic engineering of
plants for introduction of value added forage quality traits.

The major discovery engine for the genes specific for CT biosynthesis and
its control has been the use of forward genetics in Arabidopsis. Interruption
of CT biosynthesis at any stage results in the formation of a transparent testa
(tt) phenotype. Many ¢ mutants of Arabidopsis have now been characterized,
and the cloned genes that had been disrupted comprise biosynthetic enzymes
of the CT pathway, TFs controlling both the pathway and endothelial cell
development, transporters, a proton pump, and an oxidase (Lepiniec et al.,
2006).

On the basis of our results, at least three genes appear necessary for
introducing the CT pathway into tissues that do not naturally make these
compounds: these encode MYB family TFs functionally orthologous to
Arabidopsis PAP1, which, when ectopically expressed, leads to massive accu-
mulation of anthocyanin pigments (Borevitz et al., 2000); the MYB family
TF TT2 (Nesi et al., 2001), which appears to regulate genes encoding late
steps in CT biosynthesis; and the enzyme anthocyanidin reductase (ANR),
which is encoded by the BANYULS gene of Arabidopsis, and converts
anthocyanidins into their corresponding 2,3-cis-flavan-3-ols (e.g., cyandin
to (—)-epicatechin, Fig. 6; Xie et al., 2003, 2004). PAP1 was found by a
T-DNA activation tagging approach (Borevitz et al., 2000), and was one of
the first genes to be discovered in this way in view of the obvious purple-red
phenotype of plants overexpressing this gene. Discovery of the function of
the Arabidopsis BANYULS gene, by analysis of the catalytic activity of the
recombinant protein expressed in vitro, was soon followed by the isolation of
the functional orthologue from Medicago, by utilizing EST information from
a cDNA library representing transcripts from developing seeds (Xie et al.,
2004).

Expressing PAP1, TT2, and ANR together appeared insufficient to allow
for constitutive accumulation of CTs in Arabidopsis leaves and stems
(Sharma and Dixon, 2005). In contrast, coexpression of Arabidopsis PAP1
and Arabidopsis or Medicago ANR leads to production of CTs in tobacco
leaves and flowers, at levels that would be protective for bloat if they were in
alfalfa (Xie et al., 2000).

One limitation to moving this technology directly to alfalfa is the finding
that Arabidopsis PAP1 does not appear to function well in legumes (G. J. Peel
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and R. A. Dixon, unpublished results). This problem can be partially cir-
cumvented in M. truncatula, the leaves of which contain a central red spot
rich in anthocyanins; simply expressing the A NR gene in these leaves there-
fore results in a detectable accumulation of CTs (Xie et al., 2006). We have
identified two novel MYB TFs by informatic analysis of the M. truncatula
genome sequence, and these confer a strong purple pigment phenotype when
transformed into alfalfa, M. truncatula, or clover (G. J. Peel, E. Wright, Z. Y.
Wang, and R. A. Dixon, unpublished results). Thus, we believe that the
development of a bloat-safe alfalfa by tannin engineering will soon become
a reality. Previous studies have hinted at the potential for accumulating
tannins in alfalfa foliage after transformation with flavonoid pathway TFs,
but this accumulation required that the plants were placed under stress
conditions such as cold or high light intensity (Ray et al., 2003).

D. Issues FOR MOLECULAR DEVELOPMENT OF ALFALFA

In self-pollinated crops, introgressing desirable exotic alleles from wild
to cultivated backgrounds with the aid of molecular markers is a straight-
forward process. However, in tetraploid alfalfa with no extant inbred lines
and an autoteraploid nature, such an effort presents a much more compli-
cated challenge. Although QTLs and transgenes for Al tolerance, and trans-
gene sets for lignin modification and introduction of condensed tannins, are
currently being introgressed into elite cultivar backgrounds, their deploy-
ment requires estimation of the QTL or transgene effects in commercial
breeding populations. In particular, the marker and QTL effects must be
estimated on a regular basis to improve accuracy and to guard against
unfavorable associations with other traits and against epistatic effects with
the background genome or environment. The deployment of transgenes also
requires further research to ensure stable expression and understand the
effect of the transgenes in combination with the QTLs. These considerations
are, of course, apart from the evolving web of patent and regulatory issues.

VII. THE FUTURE: BRIDGING THE GAP FROM
MODELS TO CROPS

A long-range goal of translational genomics is to utilize bioinformatics to
leverage genomic information from model and reference organisms for the
economic benefit of important crop species. Given the abundant genomic
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information available for model and crops species, it is perhaps surprising
that a significant gap still exists between the wealth of available knowledge
about genome structure and content and its utilization by plant breeders
whose programs are directed toward agronomic improvement of crop spe-
cies. For example, an informal survey at the 2006 International Plant Breed-
ing Symposium revealed that very few of the breeders polled access plant
genomics resources. What are required are intuitive, web-based tools that
enable plant breeders to retrieve genomic, genetic, and phenotypic data and
information that is relevant to them. An example of such an online database
1s the Soybean Breeder’s Toolbox (http://soybeanbreederstoolbox.org/) that
allows exploration of the genomic resources through easily retrieved infor-
mation. The toolbox provides information about molecular markers on
genetic maps, diseases and pests that damage soybean crops, and data
associated with soybean quantitative traits such as the resistance of different
soybean genotypes to biotic and abiotic stresses.

Using comparative genomics, information from model plant species can
accelerate the discovery of genes responsible for disease and pest resistance,
tolerance to plant stresses such as drought, and enhanced nutritional value
including production of antioxidants and anticancer compounds. A se-
quenced and annotated genome can accelerate the identification of candidate
genetic loci underlying phenotypes of interest. Because sequence and func-
tion of genes are largely conserved among related species, comparative
genomics can leverage information and knowledge gained from a sequenced
model, or reference species, to make hypotheses about the relationship
between genotype and phenotype for related species. With the exception of
Medicago, Lotus, and now soybean, crop legumes have not been sequenced
because their large and complex polyploid genomes make genome sequenc-
ing endeavors cost-prohibitive. In regions of the genome where syntenic
relationships exist between Medicago or Lotus and a crop legume, the anno-
tated genomic sequence from these species can be leveraged to identify
candidate genes of interest in other legumes.

The following is an example of how the Legume Information System (LIS;
http://www.comparative-legumes.org) (Gonzales et al., 2005) can be used to
find candidate genes for sudden death syndrome (SDS) in soybean via the
Medicago genome. SDS, caused by Fusarium solani f. sp. glycines, creates
toxins in the roots resulting in root rot and leaf scorch that severely reduces
soybean production each year. SDS is a major concern and has become the
focus for breeders and scientists interested in producing a more resistant
soybean plant. QTLs for SDS in soybean have been previously identified and
mapped (Njiti ez al., 2002). Once QTL regions have been located, the actual
genetic elements responsible for the phenotype may perhaps be identified.
Specifically, genetic maps, physical maps, and annotated TC and EST
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sequences from soybean and M. truncatula can be compared. In addition, the
recently published M. truncatula genomic sequences can be used to identify
M. truncatula candidate genes in a genomic region syntenic to a QTL region
for SDS in soybean. Genomic sequences of candidate genes from
M. truncatula can then be used to identify ESTs with sequence similarities
from soybean for DNA marker development and cloning of potential
soybean disease-causing alleles.

By using the CMap module of LIS to query and display soybean SDS
QTLs on genetic maps, the soybean linkage maps are compared to
M. truncatula maps to identify syntenic regions containing SDS QTLs.
Once genomic markers in M. truncatula have been identified as syntenic to
the SDS QTL region, the M. truncatula physical maps are used to identify the
sequenced genomic clones within comparable regions. These genomic
sequences within the physical region are then analyzed for candidate genes
using annotations displayed in the LIS Comparative Functional Genomics
Browser (Fig. 7). Finally, consensus sequences aligned to genomic sequence
can be analyzed using the existing annotations to isolate candidate soybean
EST sequences that may confer SDS resistance in soybean.

VIII. THE FUTURE TECHNOLOGIES,
OPPORTUNITIES, AND CHALLENGES

“Science is built up with facts, as a house is with stones. But a collection
of facts is no more a science than a heap of stones is a house.”
Jules Henri Poincaré (1854-1912)

La Science et I'hypothése

Plant biologists who focus on crop species typically rely on integrative and
comparative analyses using model and reference species. However, these
scientists are increasingly challenged in translating diverse genetic, genomic
(read ““-omics”), and phenotypic information to address their long-term
research goals. These diverse data types are dispersed within a growing
number of independently evolving, web-based information resources. Quan
et al. (2003) explain it well: ““...many barriers exist between [scientists] and
their data, which is scattered over dozens of machines in incompatible data
stores in a myriad of formats.” In addition, the researcher is commonly faced
with data from different resources that are essentially equivalent from the
biologist’s point of view. For instance, various unigene/gene index/cluster
sets, produced using different protocols, are available to organize transcrip-
tome information. Second, researchers find web-based information often
requires careful data management practices on the client side (desktop).
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It is difficult to cross the boundaries between these resources beyond what is
explicitly provided through links from one information resource to another,
much less to download a combined set of data for follow-on analysis or
experimental testing. As biology becomes more and more an information
science, addressing the problems of integrating independently managed data
resources is of extreme importance. Compounding this issue will be the flood
of data as next-generation technologies, such as massively high throughput
DNA sequence analysis, greatly increase the volume of data while dramati-
cally reducing its unit cost. GenBank, for example, is a comprehensive
nucleotide sequence public repository that contains DNA sequence informa-
tion for more than 205,000 organisms with more than 3000 new species
being added per month. GenBank has doubled in size approximately every
18 months since its inception. As of August 2006, GenBank warehouses more
than 145 billion bases of nucleotide sequence.

Hendler makes a compelling case that “as modern science grows in
complexity and scope, there is an increasing need for more collaboration
between scientists at different institutions, in different subareas, and
across scientific disciplines” (Hendler, 2003). The frustrations of biological
researchers suggest that the current World Wide Web is not sufficient for the
needs of collaboration across scientific disciplines or, ultimately, for their
daily discovery activities. For example, a Google search using the term
“gene”” will return web pages for both the scientific journal Gene and for
the Hollywood actor Gene Hackman. What are required are mechanisms
that imply the correct semantic meaning to search terms as intended by the
plant biologist. That said, the current distributed, dynamic nature of the web
is particularly suited to the emerging, and ever-changing data types and
needs of the research community.

Emerging semantic web and web services technologies (Schiltz et al., 2004;
Wilkinson et al., 2003) appear to provide architecture for discovery of, and
access to, distributed biological data sources and analysis services. Building
on XML, semantic web service technologies underlie an emerging approach
to provide not only data integration, but also data interoperability, of
distributed web resources. Semantic web technologies are designed to scale
and evolve using computer algorithms instead of human-developed ‘“‘par-
sers” to identify, configure, compare, and combine data resources on the
web. The specific requirements of a semantic web application include the use
of geographically distributed information with diverse ownership (i.e., no
control of evolution). The application should make use of heterogeneous
information and data sources in other ways than intended by the original
authors. Importantly, the application would adopt formal descriptions of the
meaning of the information. Finally, the application should have a combina-
tion of static and dynamic knowledge. The Virtual Plant Information Net-
work (VPIN; http://vpin.ncgr.org) is a National Science Foundation-funded
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collaborative project to further develop the technology framework for a web-
based, distributed, virtual plant network, into a single semantic web services
(SWS) platform. This platform allows partners to share data and invoke web
processes to operate on that data. As a SWS platform, VPIN allows partners
to describe their data and services, and to find data and services, based on
suitable definitions understood by both computers and humans.

Nucleic acid sequencing is a rapidly advancing field that has phenomenal
potential to transform crop improvement strategies. Next-generation, none-
lectrophoretic DNA sequencing technologies generate data at more than
3000-fold the rate but at ~1/80th the cost of conventional capillary sequenc-
ing (Table IV). For example, Solexa’s technology generates approximately
one billion bases of DNA sequence per 3-day run with a reagent cost of 3500
US dollars. To put this into perspective, it would be possible to generate with
10 Solexa instruments the equivalent of all of the data currently in GenBank
in a little more than 6 weeks!

Of these new technologies, 454 Life Sciences Corporation, Branford, CT,
developed the first DNA sequencing platform to employ picoliter volumes in
a highly multiplexed, flow-through array (Margulies et al., 2005). Sequencing
is performed on randomly fragmented cDNA using microbead-based pyro-
sequencing chemistry. This platform provides significant improvements in
cost-effectiveness, ease of use and speed and has significant potential to
fundamentally change DNA sequencing strategies for crop species. It has
been used to sequence pooled RNA samples of M. truncatula (Cheung et al.,
2006).

DNA sequencing is used in four principal applications: (1) de novo genome
sequencing to create a reference set of sequences that render a species
genomically tractable; (2) gene or genome resequencing in which genes,
genome segments, or entire genomes are sequenced in individuals within a
population in order to undertake association studies; (3) RNA profiling or
transcriptome sequencing, in which an RNA sample is converted to comple-
mentary DNA (cDNA) and sequenced in order to determine the sequence
or abundance of transcripts (ESTs), for correlation with phenotypes; and

Table IV
Comparisons of Current and Next-Generation DNA Sequencing Technologies
ABI 3730 x | ABI SOLiD Solexa 454 Life sciences
Read length 400 2 x 20 (paired ends) 35 200
Reads per run 96 40 million 30 million 0.5 million
Bases per run 38,400 1 billion 1 billion 100 million
Run per day 72 1 per 5 days 1 per 3 days 1 per 2 days
Cost per base 0.125¢ TBD“ 0.0004¢ 0.012¢

“To be determined.
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(4) metagenomics, in which DNA from mixed environmental samples is
sequenced in order to evaluate correlation between environmental variables
and species’ abundances.

De novo genome sequencing has thus far been the focus of a substantial
proportion of sequencing resources. Nonelectrophoretic DNA sequencing
technologies offer cost and throughput advantages in de novo genome
sequencing applications. By circumventing the need to propagate clone
libraries in a living host, they avoid cloning bias associated with cloning
artifacts. The emerging paradigm for use of nonelectrophoretic sequencing
technologies in de novo genome-sequencing projects is a hybrid approach that
uses a combination of capillary and pyrosequencing technologies. Hybrid
assemblies of Sanger and pyrosequencing reads were shown to be feasible and
cost-effective for development of draft and finished prokaryotic genome
sequences (Goldberg et al., 2006). A hybrid approach is likely to become
the fundamental strategy for future analyses of crop species’ genomes.

The goal of gene expression profiling experiments is typically to under-
stand the dynamics of transcript abundance between states or temporal events
in networks and pathways. Usually, this involves the identification of a set of
transcripts whose expression differs as an external parameter is varied (e.g.,
developmental stage, genotype, stress). Several sequence-based transcript-
profiling methods have been described that provide absolute counts of the
number of times a transcript occurs in a sample (Kuo et al., 2006; Mikkilineni
et al., 2004). These approaches appear to be extensible to nonelectrophoretic
sequencing technologies (Mikkilineni ez al., 2004). An RNA profiling appli-
cation where nonelectrophoretic sequencing instruments are clearly the plat-
form of choice is in the identification and characterization of small RNA
molecules. Several publications have demonstrated the broad utility of 454
pyrosequencing for identifying and profiling various classes of micro and
small interfering RNA molecules (Henderson et al., 2006; Lu et al., 2006).

Next-generation sequencing approaches have considerable potential to
impact crop species EST, genomic and resequencing efforts. Studies have
provided an opportunity for benchmarking of a new paradigm in sequence
technology for efficient and cost-effective genome analysis. In the case of
DNA sequence analysis, the bottleneck is no longer data generation, but data
management and integration for crop improvement.
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