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New tools, such as ordered mutant libraries, microarrays and
sequence based comparative maps, are available for genetic
and genomic studies of legumes that are being used to shed
light on seed production, the objective of most arable farming.
The new information and understanding brought by these tools
are revealing the biological processes that underpin and impact
on seed production.
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Introduction

Legumes are striking in the range of forms of their
flowers, fruits and seeds [1°°]. In addition to naming
the family, ‘legume’ can also mean ‘fruit’ and in French
it means ‘vegetable’; so clearly legumes are central to our
ideas of a useful plant. Most edible crop legumes are in
the large monophyletic group of the Papilionoideae, so we
are used to the idea that legumes (with the notable
exception of Cadia) have pea-like flowers, but the diver-
sity of forms in the other legume groups is astonishing
[1°°] and the ancestral form of the papilionoid flower is not
clear [2]. Many legume seeds are large and protein-rich,
presumably a corollary to the attributes, notably nitrogen
fixation, that permitted early legumes to compete well in

nutrient-poor tropical soils. Not all legumes are large
seeded, however, and many Caesalpinoid legumes do
not have a nitrogen-fixing symbiosis [2]. A major distinc-
tion within legume seeds is represented by those that do,
versus those that do not, accumulate free amino acids in
their seeds [3°°].

The legume pod (the fruit, the legume) is the defining
characteristic of this group and, together with the imma-
ture seed, is often eaten as a vegetable or by animals as a
component of forage or silage. The earliest known fossil
flower that has an emerging pod dates from 50 million
years ago [4], but this is apparently relatively late in the
diversification of legumes [3°°].

In this review, we draw together strands of research on the
genetic and genomic analysis of legume flowers and
seeds, especially those that have been brought together
in the EU ‘Grain Legumes’ sixth framework Integrated
Project (GLIP: www.cugrainlegumes.org). The article
therefore concentrates on the subset of legume crops
in the Galegoid group called ‘cool season’ legumes
together with the associated model systems.

Developmental physiology of seeds

Seed development depends on interactions between the
genotype and the environment of the plant that bears the
seed; interactions between the plant and the seed are also
relevant. These general statements hold for all seed
plants, but in legumes, the contribution of nitrogen fixa-
tion and its relation to N assimilation provides an added
complexity. The existence of this complexity suggests
that additional regulatory mechanisms may be found in
growth-related processes in legumes, although elements
of N regulation seem to be conserved over wide evolu-
tionary distances [5].

Seed development has two largely distinct phases, first, cell
division and, second, cell expansion. The first phase seems
to depend on the embryo genotype, but cell division rate
also varies according to the trophic and thermic environ-
ment of the embryo. Furthermore, cell division rate
increases with the reproductive node. Hormones [6], envir-
onmental factors, or carbon (C) and N supply [7,8] have
been proposed to control this mitotic activity of the seed.
Phloem sucrose flow has been specifically implicated [9]
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and the apoplastic hexose concentration, together with acid
invertase activity, is positively correlated with final cell
number. Conversely, the flow of N towards seeds does not
determine seed growth potential [9].

During the seed filling or cell expansion phase, the main
carbon contribution seems to derive from recent photo-
synthate rather than from remobilized carbon. Seed nitro-
gen (N) depends upon both symbiotic N fixation and the
retrieval of mineral N from the soil. Although there are
temporary transfers to the vegetative organs, N that is
accumulated during seed filling is devoted predominantly
to seeds. Overall N economy influences seed N content
and its composition in protein fractions, but for any given
level of N nutrition, the mode of N acquisition (fixation
versus assimilation) does not seem to influence seed N
content or the seed protein profile [10].

Seed growth rate depends on the cotyledonary cell num-
ber that is established in the first developmental phase,
and this rate is rather insensitive to assimilate availability.
The duration of seed filling is variable, however, and
when assimilates are not limiting, seed filling ceases only
when seeds have reached their maximal size, which is a
function of cell number. Under conditions of abiotic
stress, symbiotic N, fixation and, to a lesser degree,
mineral N absorption decline sharply and the seed’s
demand for N cannot be sustained. Under these condi-
tions, N is remobilised from vegetative organs [11], pro-
voking the destruction of the photosynthetic machinery
and hence lowering CO, assimilation and leading to
senescence. There seems to be a delay in the availability
of remobilised N, possibly because it requires the activa-
tion of proteolysis in the source tissues or because of a
progressive increase in seed sink strength [11]. Under-
standing the underlying physiology of N remobilisation
requires additional studies on the proteome of leaves and
stems [12], on the genetic variability that is associated
with N remobilisation, and on the interaction of these
with plant architecture.

Prolonging symbiotic fixation during seed growth, or
optimising the interaction between N, fixation and the
assimilation of mineral N throughout the growth cycle,
reduces the demand for N remobilisation and therefore
has a consequence for CO, assimilation during seced
filling. This reduction in the demand for N remobilisation
has been demonstrated by the progressive replacement of
symbiotically fixed N by root-assimilated mineral N when
N availability increases in the soil [13]. Potentially, the
demand for remobilised N could be satisfied either by
increasing the number of nodules per plant or by increas-
ing the duration of symbiotic fixation. Both soybean [14]
and pea mutants [15,16] that have increased nodule
number are already available and have been studied.
There is also potential for the genetic improvement of
the shallow root system of pea [17] to provide larger,

deeper or more fibrous roots, as observed in spontaneous
or induced mutants [18]. These roots could increase the
retrieval of mineral N and/or provide an opportunity for
an increased number of nodulation events.

Genetics

Metabolic genetics and physiology are key to understand-
ing the process of seed filling. Nevertheless, we also need
to understand the genetics of the seed itself, and of the
earlier processes that regulate the timing and structure of
flower and inflorescence development, in order to manip-
ulate seed yield and quality.

Mutations affecting legume seed development

Many of the genes affecting seed morphology and/or seed
composition that have been described in legumes have no
apparent homologues in Arabidopsis and vice versa. For
example, a wrinkled-seeded mutant of Arabidopsis is
unrelated at the genomic level to those of pea, and is
caused by a splicing mutation in a gene that encodes an
APETALAZ (AP2)/ethylene-responsive element binding
(EREB) transcription factor [19]. Seed developmental
processes in pea are affected by the single cotyledon (sic)
and cytokinesis-defective (cyd) mutations that produce
enlarged cells, mainly in the cotyledons, and by mutations
that do not allow the seed to complete a normal devel-
opmental programme [20].

With the exception of the rugosus (or wrinkled-seeded)
class of mutants, mutations that influence the morphology
of the mature seed in pea do not seem to determine
specific changes in seed composition. The rugosus
mutants, such as Mendel’s wrinkled seed mutant 7 (which
has a mutation in Starch-branching enzyme 1 [21,22]),
affect starch biosynthesis. These defects affect sugar
content and osmotic potential during seed development,
the shape of the seed, and the proportion of protein,
starch and lipid in the seed. As the fine-map positions of
quantitative trait loci (QTL) that influence seed compo-
sition become available, their influence on seed devel-
opment and morphology should become apparent.

Mutations in genes that affect the accumulation of indi-
vidual seed proteins, starch polymers, oligosaccharides and
other seed constituents have been described. These
include mutations affecting the active site of trypsin inhi-
bitor proteins [23], and the structural genes or QTL that
affect the accumulation of Pea Albumin 2 (PA2) (C Domo-
ney et al., unpublished), Lipoxygenase-2 (LOX-2) [24],
amylose [21], verbascose [25] and iron [26]. T'wo classes of
mutants that have an abnormal iron content have been
described: in the degenerating leaves (dgl) mutant, excess iron
is transported from vegetative tissues into seeds, whereas
in the bronze (brz) mutant, this is not the case.

It is worth noting that many genes that are active during
seed development might have additional functions in
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other aspects of vegetative plant growth; for example,
lectin genes are involved in root nodulation. In other
cases, related but distinct genes are differentially regu-
lated; for example, the various trypsin inhibitor genes are
expressed in seeds, roots and flowers [27], and the closely
related PA2 and ENDOTHECIUM 1 (ENDI) genes are
expressed in seeds and flowers, respectively [28].

Mutations that affect the development of legume flowers
Genes that are involved in flower development have been
identified in different legume species [29°,30], and these
can often be related to genes described in Arabidopsis
(Table 1). A major conclusion from these analyses is that
many of the flowering genes have a function that is similar
to that of their homologues in the model species Arabi-
dopsis thaliana. This might be expected from the close
taxonomic relationship between the Leguminosae and
Brassicaceae, both of which are in the Rosid clade of the
flowering plants [3°°]; however, there are significant dif-

Table 1

135

ferences that possibly reflect unique aspects of the devel-
opment of legume plants. For example, several legume
genes, such as Unifoliata (Uni) or Stamina pistilloida (Stp),
have acquired additional functions [30-33]. A single
Arabidopsis gene, TERMINAL FLOWERI (TFLI), seems
to play the dual role of the pea homologues Late flowering
(Lf) and Determinate (Der). Likewise, the functions of the
Lotus japonicus PHANTASTICA (PHAN) homologues,
LjPHANa and IjPHAND, are performed by a single Ara-
bidopsis gene [30,34]. MADS-box-family genes encode
transcription factors that have key regulatory roles in
processes such as flowering or flower and fruit develop-
ment in Arabidopsis and other model species [35]. Several
of the Arabidopsis lower MADS-box genes also have two
homologues in legume species [30]. The expression of
homologues of some Arabidopsis floral MADS-box genes
has been detected in developing nodules of Medicago
sativa [36,37]. The nature of the roles of these genes in
nodulation is an intriguing open question.

Genes and/or mutants related to legume flower development.

Mutant Effect Gene A. thaliana gene Effect in A. thaliana Reference(s)

Pea (Pisum sativum)

late flowering Early flowering Lf TFL1 Early flowering, determination [34]

of shoot apex

determinate Determination of shoot Det TFL1 Early flowering, determination [34]
apex of shoot apex

vegetative Inflorescences converted n.c. [38]
into shoots

vegetative2 Inflorescences converted n.c. [39]
into shoots

unifoliata Flowers converted into Uni LFY Flowers converted into [31]
inflorescences, abnormal inflorescences
leaves

proliferating inflorescence Flowers converted into Pim AP1 Flowers converted into [42,81]

meristems inflorescences inflorescences

stamina pistilloida Homeotic floral organ Stp UFO Homeotic floral organ [32]
conversions, abnormal conversions
leaves

cochleata Effect in flowers, leaves n.c. [43-45]
and nodules
n.m. PsPI Pl Homeotic floral organ [46]

conversions

Medicago truncatula

M. truncatula proliferating Flowers converted into MtPIM AP1 Flowers converted into [82]

inflorescence meristem (mtpim) inflorescences inflorescences

M. truncatula apetala (mtap) Homeotic floral organ n.c [83]
conversion

Lotus japonicus

proliferating floral meristems Flowers converted into PFM LFY Flowers converted into [30]
inflorescences, abnormal inflorescences
leaves

proliferating floral organs Homeotic floral organ PFO UFO Homeotic floral organ [33]

conversions, abnormal
leaves

conversions

n.c., gene not cloned; n.m., no mutant available.
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Finally, some pea mutants have no equivalent pheno-
types described in Arabidopsis, suggesting the existence
of genes that have unique functions in legumes. This is
the case for the Vegerativel (Vegl) and VegZ genes, which
are required for, or are correlated with, inflorescence
architecture; noticeably, this trait is more complex in
legumes than in Arabidopsis [38,39].

In pea, mutations that define a wide variety of genes
controlling flowering time have also been identified and
characterised thoroughly [39]. More recently, analysis of
genomic data from model legume sequencing projects has
led to the identification of homologues in pea, Medicago
truncatula, L. japonicus and soybean for many of the key
regulators of Arabidopsis flowering time [29°].

Flower and leaf development

Many legumes produce inflorescences and leaves during
the reproductive phase of development. This is in con-
trast to Arabidopsis, which ceases leaf production at the
transition to flowering, although tell-tale markers such as
AINTEGUMENTA suggest that subtending leaf anlagen
are present on the inflorescence [40]. In Arabidopsis,
either leaf outgrowth is actively suppressed or the supply
of cells from the apex is insufficient, such that flowers
develop at the expense of leaves. In wildtype pea, neither
of these potential obstacles occurs: lateral inflorescences
and subtending compound leaves are formed at every
post-floral transition node until the plant senesces and
dies. In the prematurely terminating apical meristem of
the der mutant, however, the incomplete development of
subtending leaves is often seen and the second and final
flowering node is usually subtended by an atypical, less-
complex leaf [41]. The Der gene, which encodes a TFL1
homologue [34], acts to maintain the indeterminacy of the
apical meristem, and in so doing, maintains the balance
between leaf and inflorescence production in the caules-
cent shoot.

"This balancing act is also revealed by the codhleara (cock)
mutant [42], which appears to have an increased meriste-
matic potential during vegetative and reproductive
phases. A surprising recent discovery is that this increased
potential also extends to the roots, where bifurcating
nodules carrying callus or root-like outgrowths have been
observed [43-45].

The compound leaf of pea thus acts as a sensitive monitor
of imbalances between leaf and inflorescence production,
but also reveals common links in the regulation of leaf and
flower development that are not apparent in Arabidopsis.
T'wo classic examples of this are the mutants ##/ and szp,
the pea orthologues of leafy (/fy) and unusual floral organs
(ufo) [31,32]. Both mutants produce simplified compound
leaves throughout development [30-32], but upon flower-
ing, more familiar Arabidopsis-like roles of Uni and $7p in
regulating floral meristem determinacy are revealed. A

more recently discovered example of a floral develop-
mental gene that has a role in compound leaf patterning is
the pea homologue of the Arabidopsis petal and stamen
identity gene PISTILLATA (PI). This gene is capable of
complementing the Arabidopsis pi-1 floral mutant but was
also found to be expressed in developing leaf primordia
[46], thus hinting again at a second, as yet undiscovered,
function in leaves.

Although differences between Arabidopsis and pea leaf
and flower development have been uncovered, many
aspects are conserved. The relationship between Crispa,
the pea orthologue of ASYMMETRIC LEAVESI (ASI),
and the KNOX homeobox genes is more like that in
Arabidopsis than in tomato [47], even though the latter
is a dicot species with compound leaves. A note of caution
1s required, however, as features uncovered in pea might
not apply to all legumes. Lorus is known to carry a
duplication of the AS7 orthologous locus. The expression
patterns of the two Losus genes, called LjPHANa and
L/PHAND, differ, leading Luo e a/. [48] to postulate that
they have divergent roles in leaves and flowers.

T'endrils are a specialised component of the pea leaf that
are not available for study in other model plants, and they
are important for the standing ability of this crop. Mutant
rescue and phenocopy experiments using hormones and
inhibitors [49], as well as differences in the expression
levels of the auxin efflux carrier Pisum satioum PINOID-
LIKE? (PsPK?2) between tendrilled and non-tendrilled
genotypes, suggest roles for auxin and gibberellin in
regulating pea leaf form [50]. The relationship between
hormones and KNOX-regulated leaf patterning events at
the shoot apex is becoming clearer [51], but the nature of
classical pea leaf-patterning genes, such as afila, coch,
tendril-less (¢]) and stipules reduced, remains elusive. Berd-
nikov and Gorel [52] discuss the possibility that a newly
identified gene, 772, which regulates both tendril mor-
phology and flower colour, might have originally partici-
pated in the regulation of anthocyanin gene expression,
before acquiring an additional role in pea leaf develop-
ment.

Genomics

Both species-specific and comparative genomic tools are
available in legumes, and for crops this is especially so for
soybean. For genetic (including QTL) analysis, these
tools provide a route to unravelling the molecular basis
of given traits. For example, in comparisons between
cowpea, mungbean and soybean, related genomic regions
appeared to be associated with seed weight Q'T'LL [53,54].
In pea, QTL that affect total seed protein accumulation
are being mapped in a number of laboratories, and lines
that have elevated protein content are being subjected to
metabolomic and genomic analyses. These studies should
assist in the identification of genes in model systems that
are candidates for the determinants of crop traits.
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www.sciencedirect.com



Genetic and genomic analysis of legume flowers and seeds Domoney et al. 137

Between three [55] and seven [56] loci have been
reported to contribute to variation in seed N content in
crosses between round-seeded pea lines; in the latter
work, /¢ (internode length) was found to have a large
effect. Further work is required to assign four of the
linkage groups described by Tar’an ez @/. [55] to the
consensus pea genetic map (e.g. by populating these
linkage groups with reference markers). In Arabidopsis,
transcription factors (TFs) that are preferentially
expressed during seed development rather than in leaves
are being defined by real-time reverse transcription (RT)-
PCR [57], and the functions of these genes are being
unravelled by RNA interference (RNAi). Ongoing exam-
ination of the relative expression of TFs during embry-
ogenesis in Medicago, together with mutational analysis,
will identify TFs that are ‘master controllers’ of seed
composition; genomic sequencing projects will assist with
identifying candidate TFs that are associated with the
protein or nitrogen QTL.

Comparative genetics is an important approach in reveal-
ing legume gene function. Gene identification in complex
genomes can be aided by anchoring genetic maps to
reference genome sequence [58-60]. This has been used
as a way of overcoming the problems of scale in the
genomes of the Vicieae or of segmental duplication in
soybean. As in the examples discussed above, many
legume genes have a novel function when compared to
that described for Arabidopsis orthologues. The study of
these genes will not only improve our understanding
of legume genetics but will also increase our depth of
knowledge of gene function. Comparative genetic tools
therefore need to be augmented by legume-specific
descriptions of the intermediate steps between genotype
and phenotype. Post-genomic tools that are based on the
emerging genomic sequence from the model legumes
L. japonicus and M. truncatula are currently being con-
structed to assist in this task.

Transcriptome

A comprehensive set of expression profiling tools is becom-
ing available for both model and crop legumes, in part
developed within the GLIP. For M. truncatula, cDNA-
based arrays have been used to profile gene expression in
root endosymbioses [61-63]. The scope of these tools has
been augmented by the addition of expressed sequence tag
(EST) clusters from developing flowers and pods [64°].
These experiments profiled transcriptional changes during
flower and pod development, identifying more than 700
genes that are specifically regulated during the develop-
ment of M. truncatula reproductive tissues.

T'o reduce cross-hybridization and to increase the number
of probes, cDNA arrays are increasingly being replaced by
70mer oligonucleotide microarrays such as Mt16kOLI1-
Plus, an upgrade of the tool described by [65], and
Ps6kOLI1 for pea. In contrast to the M. truncatula micro-

array, the pea array focuses on genes that are relevant to
legume seed formation. The Mt16kOLI1Plus arrays com-
prise 16 470 probes representing all tentative consensus
sequences (T'Cs) of The Institute for Genomic Research
M. truncatula Gene Index 5 plus 384 probes for transcrip-
tion factors and other regulators. The Ps6kOLI1 arrays
are based on 5177 probes that are targeted against EST
clusters primarily derived from cotyledon and seed coat
ESTs of pea [66].

Proteome

Proteomic analysis in Medicago using MALDI-TOF
(matrix-assisted laser desorption/ionization-time of flight)
mass spectrometry [67°°] identified 84 proteins whose
abundance is regulated during seed filling. In congruence
with the two phases of seed development mentioned
above, proteins that are involved in cell division (e.g.
B-tubulin and annexin) are abundant in early stages of
seed development. However, these proteins decrease in
abundance before the accumulation of the major storage
proteins, which appear in the order: vicilins (14 days after
pollination [DAP]), legumins (16 DAP) and convicilins
(18 DAP) (see [68]). Other proteins that are putatively
involved in protein deposition (protein disulfide isomer-
ase and a heavy chain binding protein [BiP] homologue)
and proteins that are implicated in cell expansion (such as
a reversibly glycosylated polypeptide) are expressed con-
comitantly. Lipoxygenases and potential anti-nutritional
factors, such as components of the precursor-accumulat-
ing vesicles (PV100), whose maturation releases a trypsin
inhibitor, also accumulate during this phase.

At around 16 DAP, a temporary accumulation of proteins
that are involved in carbon metabolism (e.g. sucrose
synthase and starch synthase) and photosynthetic
enzymes (i.e. oxygen-evolving enhancer protein and
chlorophyll a/b binding protein) is observed, which might
relate to the transient accumulation of starch in mid-
maturation grains of Medicago [69]. The differential pat-
terns of the appearance of enzymes that are involved in
methionine metabolism provide new information about
the regulation of metabolic activities during seed devel-
opment. Methionine synthase, which provides methio-
nine for protein synthesis, accumulates throughout seed
filling, whereas S-adenosylmethionine synthetase is
expressed early in seed filling and its accumulation might
correlate with high metabolic activity at this stage.
Enzymes that are involved in the recycling of methionine,
including S-adenosylhomocysteine hydrolase and adeno-
sine kinase, are expressed later. Finally, 1-aminocyclo-
propane-1-carboxylate (ACC) synthase, which is involved
in the metabolic route from methionine to ethylene, is
detected late in seed development, consistent with its
role in the ripening process.

The seed proteome reference map has also been used to
analyze the protein composition of seed tissues, yielding
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specific markers for integuments, endosperm and
embryo. Related proteomic analyses include studies on
proteins that are expressed during somatic embryogenesis
[70,71], and a survey of proteins isolated from the entire
seed pod [72]. More recently, the analysis of the seed
proteome has been extended and related to transcriptome
data (K Gallardo ¢z a/., pers. comm.).

Metabolome

Although not dependent on genome-sequence informa-
tion, metabolomics (the non-biased analysis of all of the
metabolites of an organism) has been facilitated by
advances in technology in the post-genomic era. Common
hardware configurations for metabolomics include gas
chromatography coupled to mass spectrometry (GC-MS)
or liquid chromatography (LC-MS) [73,74]. The full power
of metabolomics is yet to be applied to legume flower and
seed development. A non-biased GC-MS study of the
different organs of L. japonicus showed that the metabo-
lome of flowers was quite distinct from that of other organs
[75]. Interestingly, the concentrations of a number of
amino acids, including Gln, Pro, Trp, and Val, were sig-
nificantly higher in flowers than in other organs, although
the biological significance of this remains unknown (seeds
were not included in this study). Several ‘metabolite-
profiling’ studies have focused on specific types of com-
pounds in legume seeds, for example saponins in Medicago
seeds, pods, and other organs [76]. Open methods of
metabolic profiling, such as NMR, also offer the potential
for the genetic analysis of metabolic responses to environ-
mental stresses [77]. Clearly, legume seed metabolomics
represents an important research opportunity.

Bioinformatics

The application of high-throughput analytical platforms,
and the associated volume of analytical data, require
powerful strategies and technologies to manage, appro-
priately analyse and communicate the huge amount of
genomic and functional genomic information produced
by genome sequencing and genome-scale functional
genomics projects.

There i1s a need to build the foundation for a legume
genome research environment, which provides informa-
tion and comprehensive analysis of genomic data, bioin-
formatics analysis, structuring of functional genomic data,
and options to transfer the knowledge gained within the
model genomes to legume crop species. The develop-
ment of database tools for the storage, presentation and
analysis of genetic diversity data has recently been pre-
sented [78] or can be found in the Legume Information
System ([79]; www.comparative-legumes.org).

Annotation of the sequenced gene space of M. truncatula
is an important component of post-genomic analysis and
comparative genomics in legumes, so web-based search
and browse interfaces are being developed as convenient

user interfaces. Within GLIP, a public M. truncatula
genome database (UrMeLLDB; European Medicago and
Legume Database; http://www.urmeldb.net) has been
implemented. This database houses all available Medicago
genomic sequences as well as annotation and analysis data
that are associated with genomic backbone templates. To
ensure consistent structural annotation and to minimize
the duplication of work, an International Medicago Gen-
ome Analysis Group (IMGAG) has agreed analytical
standards and has distributed and shared the analytical
workload between the contributing partners from Europe
and the US.

It has become clear that most plant genomes have under-
gone successive rounds of polyploidisation and the
restructuring of their genomes by successive deletion,
inversion and intragenomic duplication events. With the
emergence of extensive legume genome sequence, the
history of genome duplication and restructuring events
can be characterised in detail. For Medicago, meta-scale
strategies have been planned to compare, relate and
anchor the Medicago genomic template against other
reference plant genomes. The close taxonomic proximity
of L. japonicus and M. truncatula is especially fortunate for
this analysis. This approach will provide a versatile means
to reconstruct the evolutionary history of legume gen-
omes, and will be instrumental in transferring functional
information between organisms and in studying the fate
and evolutionary dynamics of plant genomes. Already it
seems that the large difference in the sizes of the gen-
omes of L. japonicus, M. truncatula and the legumes in the
Vicieae is not a consequence of recent whole-genome or
segmental duplication [58-60].

Within the GLIP, the bioinformatic groups are working
towards the inter-operability of genome databases in the
system called BioMOBY; this technology will, for exam-
ple, be adapted for use within GLIP. The system pro-
vides application-level access to data and tools, while
access to data and services will be integrated into a central
web portal. Hence the system will provide a one-stop-
shop for resources through the web portal and offer simple
navigation combined with up-to-date data, simplifying
data synchronization by removing the need to download
and store data that is required for local analyses.

Conclusions

It is clear that a wide range of mutants and genetic
variants are available in a diversity of legume species.
The analysis of these resources with high-throughput
methods is currently being undertaken in the context
of a good description of the physiology of crops and other
plants, and is underpinned by emerging genome
sequence information. These analyses open up opportu-
nities for the description and prediction of legume crop
performance and allow the analysis of these processes in
the context of the distinct physiology of legumes.
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Although genome sequence analysis provides a firm
anchor and description of legume gene content, it is clear
that a remarkable degree of polymorphism exists within
[80] and between legume genomes. The remodelling of
metabolic and developmental processes in legumes is as
diverse as their appearance, and will contribute to a
deeper understanding of basic processes in plant biology.
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