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Legumes have been part of the human diet since the early ages of agriculture. Many legume species
are still an irreplaceable source of dietary proteins for humans (Table 1), especially in the mainly

vegetarian diets of developing countries (Wang et al. 2003).

Table 1, Worldwide production and cultivation data for the main food legume species (FAOSTAT
2008)

Species Cultivated area (x10° Ha) World Production (10° t)
Soybean (G. max (L.) Merrill) 97 230
Groundnut (A. hypogaea) 24.6 38.2¢
Common bean (P. vulgaris L.) 28a 20.4a

Pea (P. sativum L.) 5.9a 9.8a
Fababean (V. faba L.) 2.5b 3.7b

Lentil (L. culinaris Medic L.) 3.8 3.5

Chickpea (C. arietinum L.) 11.6 8.8

Cowpea (V. unguiculata (L.) Walp) 11.8 5.4
Pigeonpea (C. cajan (L.) Millsp.) 4.9 4.1

a: Figures for dry peas and dry beans; b: Broad beans, horse beans, dry in FAOSTAT database; c: Including shells.

In most centres of crop domestication, legumes and cereals have been domesticated together (Gepts,
2004). Associated with cereals, legumes constitute the main component of traditional dishes
throughout the world, where maize and beans, rice and lentils, barley and peas, wheat and chickpeas
are eaten together. Legumes are consumed in many forms: seedling and young leaves are eaten in
salads, fresh immature pods and seeds provide a green vegetable, and dry seeds are cooked in
various dishes. However, researches have been mainly devoted to the dry seeds. Legume seeds
provide an exceptionally varied nutrient profile, including proteins, fibres, vitamins and minerals
(Mitchell et al. 2009). Nitrogen that is used by the young seedling during germination is stored in
the seed in the form of storage proteins. Seeds contain from 16% to 50% of protein and provide one
third of all dietary protein nitrogen (Graham and Vance, 2003). Anticipating the increasing demand
for protein food sources, the Protein Advisory Group of the United Nations has identified the
improvement of legumes as a critically important area of research. The protein-rich legumes as a
complement to cereals make one of the best solutions to protein-calorie malnutrition, particularly in
developing countries. The carbon energy supply that is needed upon germination is stored in grain

legume seeds either mainly in the form of oil (soybean, groundnut), or as starch (common bean,



pea, fababean, lentil, chickpea, cowpea, mungbean). Grain legume seeds are also an important
source of the 15 essential minerals required by man (Wang et al. 2003), of complex carbohydrates,
of soluble fibres, and of other compounds that are alternatively considered anti-nutritional or health-
promoting: trypsin inhibitors, tannins, phytate, saponins, oligosaccharides have recently been
associated with various health benefits, such as protective effect against cardiovascular diseases,
cancers and diabetes (Champ et al. 2002, Clemente et al. 2009).

Because we think that the main challenge for grain legumes in human nutrition is linked to their
role as a source of protein, the main topic of this chapter will be the improvement of protein

content, bio-availability, and nutritional quality.

1. Improving the protein content of grain legume seeds: results and prospects

1.1 Genetic variability, environmental variability and heritability

In order to devise the best strategy to improve protein content in legumes, we surveyed the genetic
variability of seed protein content in major food legumes, its relationship with other important traits
such as yield components, its heritability and interactions with environment, and its genetic
determinants.

To improve seed protein content, there should be enough genetic variability for this trait. In Table 2,
a survey of the literature illustrates the presence of a large variability in protein content in grain
legume germplasm collections, segregating populations, mutant populations, and cultivated
varieties. In soybean, seed protein content data vary from 26.5 and 57%; in common bean, it varies
from 20.9 and 29.2%; in pea from 15.8 to 32.1%; in fababean from 22 to 36%; in lentil from 19 to
32%, in chickpea from 16 to 28%; in cowpea from 16 to 31%; in mungbean from 21 to 31% and in
pigeonpea from 16 to 24%. These results were compiled from various experiments, and thus
variability among experiments could also in part reflect the environmental variability of protein

content.



Table 2: Principal constituents of grain legume seeds: range of variation (% of seed weight)

Species Protein Oil Starch Fiber Sucrose Reference
Soybean 35.1-42  17.7-21 1.5 20 6.2 Hedley, 2001
34.7-55.2  6.5-28.7 - - - NGRP, 2001, USDA germplasm collection
40-45 19-21.5 - - - Hyten et al. 2004, RIL population
15.2-
41.8-49.4 20.7 - - - Chung et al. 2003, RIL population
13.4-
40.4-50.6 21.2 - - - Brummer et al. 1997, parents of RIL populations
31.7-57.4 - - - - Jun et al. 2008, Association mapping population
26.5-47.6 - - - - Vollman et al. 2000, 60 lines, 6 environments
Groundnut 25.8 49.2 - 8.5 - Anonymous
- 44-50 - - - Lord and Wakelam 1950
20.7-28.1 - - - - Dwivedi et al. 1990, 64 accessions
16 - 34 - - - - Jambunathan et al. 1985 ICRISAT collection
Common bean 20.9-27.8 09-24 41.5 10 5 Hedley, 2001
23-29.2 - - - - Coelho et al. 2009, 20 accessions
Pea 183-31 0.6-5.5 45 12 2.1 Hedley, 2001
24-32.4 - 45.5-54.2 8.9-11.9 - Gabriel et al. 2008, dehulled seeds, 8 varieties
21.9-34.4 1.4-47 18.6-545 5,9-12,7a 1.3-11.1' Bastianelli et al. 1998, 213 or 54 (l) accessions
20.6-27.3 - - - - Burstin et al. 2007, RIL population
15.8-32.1 - - - - Blixt 1978, 2200 accessions
Fababean 26.1-38 1.1-25 37-45.6 7.5-13.1a 0.4 -2.3* Ducetal. 1999, 37 or 12 (“)spring varieties
22.4 -36 1.2-4 41 12 3.3 Hedley, 2001
29.4-32 1.3-2  41.2-44.3 8.7-9.9 - Duc et al. 2010, 8 varieties
26-29.3 - 42.2-51.5 - - Avola et al. 2009, 15 accessions
Lentil 23-32 0.8-2 46 12 2.9 Hedley, 2001
25.1-29.2 - 46-49.7 13.1-147  2.1-3.2 Wang et al. 2009, 8 varieties
18.6-30.2 - - - - Hamdi et al. 1991, 987 germplasm accessions
Chickpea 15.5-282  3.1-17 44.4 9 2 Hedley, 2001
18.7-21.1 - 42-45.1 - - Frimpong et al. 2009, 7 Desi chickpea varieties
17.1-19.8 - 48-54.9 - - Frimpong et al. 2009, 9 Kabuli chickpea varieties
- - - 2.7-11.7 - Cho et al. 2002, RIL population
12.4-31.5 - - - - Hulse 1975
Cowpea 23.5 1.3 - - - Hedley, 2001
24.8 1.9 - 6.3 - Kabas et al. 2006, mean of 8 varieties
20.9-36 2.6-4.2 - - - Oluwatosin 1997, 15 accessions
16-31 2.4-4.3 - - - Adekola and Oluleye 2007, 15 mutants
23.1-27.3 - - - - Bliss et al. 1973, 11 varieties
Mungbean 22.9-23.6 1.2 45 7 1.1 Hedley, 2001
21-31.3 1.2-1.6 - 8.9-12.9 - Anwar et al. 2007, dehulled seed, 4 varieties
23.7-31.4 - - - - Lawn and Rebetzke 2006, 121 accessions
Pigeonpea 19.5-229 13-3.8 44.3 10 2.5 Hedley, 2001
15.9-24.1 - - - - Upadhyaya et al. 2007, 310 accessions

a: Acid-detergent fiber



A second important factor for efficient selection is the heritability of the trait. Seed protein content
in grain legumes is strongly influenced by the environment. In pea, Mathews and Arthur (1985)
underlined that environmental effects in seven environments had similar magnitude effects on
protein content than genetic effects in 255 genotypes. Gueguen and Barbot (1988) found protein
content varying from 18.1 to 27.8% for cultivar Amino depending on the environment. Significant
environmental effects are reported for most grain legumes (cowpea: Oluwatosin 1997, Bliss et al.
1973, chickpea: Frimpong et al. 2009, lentil: Hamdi et al. 1991, pigeonpea: Saxena et al. 2002,
groundnut: Dwivedi et al. 1990). Environmental variability is probably caused by several factors.
Karjalainen and Kortet (1987) showed that protein content was positively associated with the sum
of temperature from sowing to maturity, and with the temperature during flowering and beginning
of seed filling, while it was negatively associated with July precipitations. Larmure et al. (2005)
further specified the effect of temperature during seed-filling on seed protein content through its
effect on N/C ratio. All environmental factors that impact nitrogen nutrition, such as drought stress,
soil compacting, root diseases and pests may also influence seed protein content through their
impact on nitrogen availability (Biarnes et al. 2000). Foroud et al. (1993) described a variable effect
of the level and timing of water stress on the protein content of soybean. Aerial disease could have
opposite effects by increasing N/C ratio of assimilate reaching the seeds (Garry et al. 1996). Several
authors also reported intra-plant variability resulting from fluctuating environment and N/C
availability during seed filling of different fruiting nodes (Atta et al. 2004, Crochemore et al. 1994,
Escalante and Wilcox 1993). Genotype-by-environment effects are also usually significant even
though often of lower magnitude (Burstin et al. 2007, Biarnes et al. 2000, Matthews and Arthur
1985, Oluwatosin 1997, Bliss et al. 1973, Lawn and Rebetzke 2006, Frimpong et al. 2009, Hamdi et
al. 1991, Dwivedi et al. 1990). As a result, seed protein content heritability values are very variable
across experiments, depending on the extent of genetic variability analysed, unpredictable
environment variation and experimental design. However, despite significant influence of

environment and the presence of frequent genotype-by-environment interactions, seed protein



content heritability is generally moderate to high among accessions (20 to 80%), suggesting that
selection for protein can be successful.

Fortunately, breeding for protein content can benefit from a very efficient analysis method, Near-
Infrared Spectrometry (Williams et al. 1978, Biston et al. 1992). Protein content measurements can
be done very effectively for large number of seed samples in a non-destructive way after the
development of a calibration curve based on reference crude protein content measures (generally,
Kjehldal %N x 6.25). This method is largely used by breeders.

This is for soybean that most of the information on seed protein content genetics is available.
Improving seed protein content has been a major breeding target in soybean over the last 40 years
and it is interesting to note that the selection of varieties with significantly increased protein content
was achieved quite rapidly, through back-cross or recurrent selection (Brim and Burton 1978,
Wilcox and Cavins 1995, Wilcox 1998, 2001, Helms and Orf 1998, Cober and Voldeng 2000). This
was achieved thanks to: (i) the large variability present for protein content in germplasm, (ii) the
sufficiently high heritability values, and (iii) the mostly additive inheritance (Chung et al. 2003).
Protein content variation in initial crosses was probably under the control of major genes. For
example, the donor parent from the back-crossing scheme and from the recurrent breeding scheme
of Wilcox (1998) and Wilcox and Cavins (1995) was Pando. The variety likely possesses the high
protein content allele of G. soja at QTL LG-I identified in one of its derived line. Indeed, Diers et
al. (1992) identified two major QTL controlling seed protein content in a population derived from a
cross between a G. soja accession from China and a G. max breeding line. The G. soja parent
possessed positive alleles of the QTL-LGI and QTL-LG E. Sebolt et al. (2002) checked the stability
of these QTL alleles in the G.max genetic background by crossing G. Soja line (homozygous for the
two G. Soja QTL alleles responsible for high protein content) with G. max breeding lines as
recurrent parent. Among the two QTL alleles, only QTL-LGI allele showed significant effect in G.
max background. The G. soja allele was associated with taller plant, reduced yield and oil, smaller

seed and earlier maturity. Nichols et al. (2006) specified the location of the protein content QTL-



LGI. The genetic association of the protein and oil QTL at this locus was confirmed in lines
recombining in the region. The association with the maturity QTL was confirmed in three
recombining lines out of 4 whereas the association with the yield QTL was confirmed only in one
line out of 4. This result has to be confirmed in order to be sure that the linkage between the protein
content QTL and yield QTL can be broken. The effect of this QTL-LGI was further validated by
marker-assisted selection (MAS) involving improvement of protein content of soybean lines
carrying homozygous alleles from the high protein parent (Yates et al. 2004). Many other soybean
seed protein content QTL have been identified in a range of environments and in several genetic
backgrounds (Mansur et al. 1993, Brummer et al. 1997, Csanddi et al. 2001, Hyten et al. 2004, Jun
et al. 2008). A summary of all the major QTL (explaining more than 10% of phenotypic variation)
has been presented elsewhere (Vuong et al. 2007): QTL controlling seed protein content were
investigated on 17 soybean mapping populations and found to be located on all the linkage groups
of soybean genome except for LG B1, D1b, D2, J, and O. The identified QTL may be efficiently
utilised for developing future soybean varieties with desirable component in the seed through MAS

(http://www.SoyBase.org).

In pea, the selection for protein content is relatively recent. In France, it followed a decision taken
in 1994 by the French official service for variety registration (CTPS) to fix a minimum seed protein
content threshold to accept varieties for registration. Indeed, the selection for yield had lead to a
rapid and undesirable decrease in protein content. Burstin et al. (2007) analysed in five
environments the variation of protein content using a recombinant inbred line (RIL) mapping
population segregating for three major developmental genes: afila controlling leaf tendril formation,
le controlling internode length and plant height, and rms6 controlling plant branching. Eight QTL
controlled seed protein content variation in this population, among which 5 were stable across at
least two environments. Two of these QTL were located in the same genomic region which
harbours developmental genes ‘afila’ and ‘le’, suggesting pleiotropic effects of these genes on

several traits. Tar’an (2004) reported 3 seed protein QTL in pea, two of them being consistent in



many environments. Irzykowska and Wolko (2004) reported 5 QTL in a cross segregating for the r
gene controlling starch synthesis and the wrinkled seed phenotype.

In pigeonpea, genetic variability for seed protein content was studied using wild relatives and
improved varieties (Saxena et al. 2002). The results indicated the possibility of developing
genotypes possessing high-protein content similar to their wild relatives and seed characters similar

to cultivated types.

1.2 Seed protein content, yield and related traits: carbon costs and the possible role
of C/N interplay

Highly negative correlations between protein and oil are well documented in soybean and varieties
improved for protein content had lower level of oil (Wilcox 1998, Cober and Voldeng 2000, Wilcox
and Guodong 1997, Hyten et al. 2004). Negative correlation between seed protein and oil content
were also reported in cowpea (Oluwatosin 1997) and groundnut (Dwivedi et al. 1990). Similarly,
negative correlations were reported between starch and protein content, whatever the genepool
considered, in pea (Bastianelli et al. 1998) and chickpea (Frimpong et al. 2009). De facto, there is
an intrinsic relationship between protein content and other major constituents content in the seeds:
modifying one of them necessarily has an impact on the percentage of the others, as a result of the
distribution of a finite amount of assimilates in different seed constituents. Similarly, correlations
between protein content and yield have been reported to be often negative, but also sometimes non-
significant, and sometimes positive (Cober and Voldeng 2000, Burstin et al. 2007, Bliss et al. 1973,
Oluwatosin 1997, Leleji et al. 1972, Lawn and Rebetzke 2006, Frimpong et al. 2009, Hamdi et al.
1991) and selection for high protein content has often but not always led to reduced yield (Leleji et
al. 1972, Brim and Burton 1978, Wilcox and Cavins 1995). Similarly negative correlations have
been reported between seed size and protein content in pigeonpea (Saxena et al. 2002) but some

promising lines with high protein content and large seed size have been obtained at ICRISAT



suggesting the possibility of improvement of protein content and yield contributing traits

simultaneously.

1.3 Potential levers for protein content improvement

Seed protein content can be viewed as the result of the relative accumulation of proteins and dry
matter in the seeds (Lhuiller-Soundele et al. 1999). The rate of protein accumulation depends on the
sink strength capacity of seeds (i.e. their ability to synthesize and accumulate proteins), and on the
the source strength of vegetative parts for nitrogenous assimilates resulting from nitrogen
acquisition, assimilation, transport, and mobilization (Salon et al. 2001, Munier-Jolain et al. 2008).
The rate of dry matter accumulation depends on the accumulation of all constituents including
carbohydrates and oil, and relates mostly on carbon supply through efficient photosynthesis and
effective biosynthetic pathways. Depodding or defoliation experiments were conducted in several
legume species in order to analyse the effect of source/sink ratio variation on seed constituents’
accumulation. Burstin et al. (2007) analysed the genetic variability of the effect of depodding on the
seed protein content of eight pea genotypes. The effects of genotype, depodding and genotype x
depodding on seed protein content were all significant. For all genotypes, seed protein increased
dramatically when the source/sink ratio increased. However, there was still a significant variation
for seed protein content among the 8 genotypes, once depodded. This suggests that N source
capacity is the major limiting factor of seed protein content in pea, but that the maximal rate of
protein accumulation in the seed is also significant. Similar results were obtained for soybean
(Proulx and Naeve 2009, Rotundo et al. 2009). We hypothesize that three types of genes/QTL could
be identified for seed protein content (Burstin et al. 2007, Gallardo et al. 2008): primarily, major
genes controlling developmental processes and having pleiotropic effect on the whole plant
phenotype and on the source-sink structure, secondly genes of the plant metabolism controlling

source-sink relationships at the plant metabolism level, and ultimately genes controlling solely the



capacity of seeds to accumulate storage compounds. The impact of these different types of effectors

on yield will probably be different.

1.3.1. Improving nitrogen supply to the seed

Among all plant species, legumes have the unique ability to fix nitrogen through their symbiotic
interaction with nitrogen-fixing bacteria. The establishment and optimal functioning of this
symbiosis together with efficient mobilization of assimilates from vegetative parts to the seeds
control the availability of nitrogen to the growing seeds. Many genes involved in the control of
nodulation have been identified recently (Ferguson et al., 2010). Pea mutants with absence of N,
fixation activity produce lower seed yield and protein content, which can be alleviated by adequate
mineral fertilization, whereas an autoregulation mutant of pea displaying a supernodulating
phenotype has a reduced shoot biomass and seed yield, associated with higher seed protein content
(Sagan et al., 1993). A reduced root development was detected in supernodulating mutants of
soybean or pea (Olsson et al. 1989, Bourion et al.2007) which may be explained by a competition
effect of nodules for C, with a secondary a secondary effect of lower access to soil resources. The
importance of a fine tuning between root and nodule establishment and functioning for final C/N
equilibrium in seeds is illustrated by these extreme mutant phenotypes. The efficiency of the N-
fixing symbiosis relies on the carbon supply from aerial parts to the root parts. In a recent study,
Bourion et al. (2010) have located QTL for root development in the region of QTL for seed protein
content. However, QTL should be refined and further work is needed in order to define the ideotype

of root/nodule/shoot development.

1.3.2. Improving seed sink strength
Functional interactions exist among the different seed constituents: for example, the disruption of
the r gene abolishes starch synthesis in pea seeds, leading to a wrinkled seed phenotype. This defect

in starch accumulation had a profound impact on seed metabolism, where elevated sucrose content
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impacted the accumulation of storage protein families (Wang and Hedley 1991). By knocking down
the accumulation of one of the constituents, the percentage of the others will increase. However,
this may have a detrimental effect on seed yield. This strategy is possible if it allows producing
specific seed products dedicated to specialty markets. However, in the perspective of increasing
protein production in the world, strategies allowing maintained yield should be preferred. Strategies
to increase seed sink strength have been tested through the manipulation of amino-acids and sucrose
flux to the developing embryo (Weber et al. 2005). Weigelt et al. (2008) showed that seed-specific
over-expression of an amino-acid permease in pea increases amino acid supply to the seed and the
level of protein in the seed. This indicated a stimulation of storage protein synthesis by increased
amino acid availability. However, compensatory changes lead to decreased seed weight, as
discussed in paragraph 1.2. Seed-specific over-expression of a bacterial phosphoenol pyruvate
carboxylase in Vicia narbonensis similarly increased seed protein content with compensatory effect
on seed number and seed weight (Rolletschek et al. 2004). Few studies analysed the transcriptional
control of common bean seed storage protein gene expression (Li et al. 1999, Ng et al. 2008).

In conclusion, the genetics of seed protein content largely remain a black-box. With the advent of
high-throughput genotyping and phenotyping tools, we think that two directions should be pursued
in order to gain on efficiency in breeding: whole genome selection and plant modelling of

interacting processes.

2. Improving seed protein composition for better digestibility and nutrient balance

Seed storage proteins are synthesized during seed development and confined in membrane-bound
organelles until they are hydrolysed upon germination to provide carbon and nitrogen skeletons for
the developing seedlings. Grain legume storage proteins include two major classes of salt-soluble
globulins: the 7/8S vicilins and 11/12S legumins, each of which consists of a family of closely
related molecules (Boulter and Croy, 1997). Legumins are compact hexamers of 350 to 400 kDa

associating acidic alpha-polypeptides and basic beta-polypeptides. Vicilins and convicilins are
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trimers of 150 to 280 kDa composed of very heterogeneous and differently processed polypeptides.
Proteome reference maps have been developed for soybean (Hadjuch et al. 2005), pea (Bourgeois et
al. 2009) and lentil (Scippa et al. 2010) revealing a complex composition of grain legume globulins.
Other proteins (albumins, glutelins) complete the protein fraction of the seed and the composition in
the different protein fractions depends on the species (Boulter and Croy 1997, Montoya et al. 2010,

Gallardo et al. 2008).

2.1 Protein composition and digestibility

The different storage proteins have different in vitro and in vivo digestibility depending on their
structural characteristics (Crévieu et al. 1997, Le Gall et al. 2007, Gabriel et al. 2008a, b, Montoya
et al. 2010, Clemente et al. 2000). Studies on grain legume seed protein digestibility in human are
scarce (an example of digestibility values on pea protein fractions is provided by Mariotti et al
2001). But some relevant information can be found in digestibility surveys on monogastric animals.
Generally, B-sheet structures are less digestible than a-helix structures and glycosylated proteins are
less susceptible to hydrolysis. Several attempts have been made in order to improve protein
digestibility through the suppression or over-expression of a particular storage protein family (for
example Burow et al. 1993) but did not generally yield the expected outcome. Another strategy in
order to improve protein digestibility could be to search for protein composition patterns favourable
to digestibility in the germplasm variability (Montoya et al. 2010). Indeed, several authors reported
intra-specific seed protein composition variability (in pea, Bastianelli et al. 1998, Burstin and Duc
2005, Tzitzikas et al. 2006; in lentil, Scippa et al. 2010; in soybean, Natarajan et al. 2006). Other
minor protein resistant to hydrolysis may also have a role in protein digestibility and their

variability could be exploited (for example, the albumin PA2 in pea, Vigeolas et al. 2008).

2.2. Improving amino acid balance in legume seeds: progress and prospects
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Essential amino acids are important in the nutrition of humans, who are unable to synthesize them
and are dependent on dietary sources of these amino acids. Among them, tryptophan and the
sulphur-containing amino acid methionine are the most limiting in legume seeds (Table 3). To the
contrary, legume seed proteins are rich in lysine while cereal seed proteins are low in this amino-

acid (Wang et al. 2003).

Table 3: Four amino acids of grain legume seeds: range of variation (g/100g protein)

Species Lys Met Cys Trp Reference
Soybean 22.4-24.1 4.4-8.8 5.1-7.3 4.4-5.1 Panthee et al. 2006, RIL population
Pea 15.5-19.7 2-2.4 2.9-3.6 2-2.7 Gabriel et al. 2008, 8 varieties *
Bastianelli et al. 1998, 54 acc. incl. rug
14.8-23 2.1-3.3 2.9-4.2 1.6-3.2 mutants
Fababean 17.3-21.6 2.3-2.9 2.9-4.3 2.0-3.2 Duc et al. 1999, 12 spring varieties
19.2-20.3 2.1-2.7 3.6-3.9 2.4-2.7 Duc et al. 2010, 8 varieties

Lentil 4.5-12.6 1.2-1.7 0.4-0.5 - Rozan et al. 2001, 5 lens species
Cowpea - 1.9-2.8 1.6-2.1 3-3.7 Bliss et al. 1973, 11 varieties

4.9-9 0.52-2.05 0.84-2.24 0.72-1.91 Oluwatosin 1997, 15 accessions

= dehulled seeds

Genetic manipulations have been used in attempts to improve amino acid balance in legume seeds,
particularly towards increasing methionine level. The main strategy employed was to modify
storage protein composition in favor of accumulation of sulphur-rich proteins. For example, the
sulphur-rich 2S albumin genes from Brazil nut and sunflower were expressed in seeds of soybean
and lupins (Lupinus angustifolius L.), respectively (Altenbach et al. 1989, Molvig et al. 1997).
Although these transgenic plants had increased seed methionine level, the introduced sulphur-rich
sink proteins generally had allergenic properties (Pastorello et al. 2001). Importantly, the
accumulation of such foreign proteins in seeds occurred at the expense of other sulphur compounds,
such as free sulphur amino acids and glutathione (Tabe and Droux, 2002), thus indicating that the

rate of synthesis of sulphur amino acids during legume seed development is limiting. Activating the
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synthesis of essential amino acids might therefore be a possible route for improvement of amino
acid balance in legume seeds.

An aspect to be considered in view of stimulating the synthesis of essential amino acids is the
crosstalk between the amino acid biosynthetic pathways, balancing the flux of carbon and nitrogen
backbone atoms between them. This has been well documented for the aspartate family biosynthetic
pathways leading to the synthesis of methionine and of two other essential amino acids (threonine
and lysine) from a common precursor, aspartate (for a review, see Jander and Joshi, 2010).
Molecular studies using Arabidopsis and tobacco as model plants have demonstrated that enzymes
of these pathways are feedback-inhibited by several products along the pathways. Noteworthy,
lysine negatively regulates the activity of the first enzyme of its own pathway, “dihydropicolinate
synthase” (Galili, 2002), but also the amount of S-adenosylmethionine that is a negative regulator of
a key enzyme for methionine synthesis, cystathionine gamma synthase (Hacham et al. 2007). Thus,
lysine regulates the flux of carbon and nitrogen towards methionine synthesis. A similar feedback
inhibition was observed for the tryptophane biosynthetic pathway, tryptophane inhibiting its own
biosynthetic pathway by regulating negatively anthranilate synthase, which catalyses the conversion
of chorismate to anthranilate (Ufaz and Galili, 2008). Interestingly, the modulation of feedback
inhibition in these pathways allowed increasing the synthesis of some amino acids. As for example,
the introduction of genes encoding anthranilate synthase forms insensitive to feedback inhibition
enhanced the accumulation of tryptophane in seeds, including soybean seeds (Ufaz and Galili, 2008
; Ishimoto et al. 2010). These findings open perspectives towards modifying the synthesis of
essential amino acids in legume seeds through the identification of feedback-insensitive natural
allelic variants in genes of amino acid biosynthetic pathways. It should be noted that the up-
accumulation of amino acids under free forms in seeds could have negative effects on agronomic
traits. As for example, the germination ability of transgenic seeds containing very high levels of free
lysine or tryptophane was reduced (Zhu and Galili, 2003; Wakasa et al. 2006). This could be

inferred to the toxicity of free amino acids and/or to modifications in the synthesis of compounds
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derived from these amino acids. To avoid such deleterious effects on agronomic traits, a challenge
would be to increase the synthesis of essential amino acids while working to increase their
incorporation into storage proteins.

The accumulation of the different classes of storage proteins during seed filling, which largely
determines the seed amino acid balance in mature seeds, varies according to the availability of
sulphur and nitrogen in the environment. Legume seeds produced in limiting sulphur conditions, but
with adequate nitrogen, generally contained reduced levels of sulphur-rich storage proteins and
accumulate more sulphur-poor proteins (Higgins et al. 1986, Tabe and Droux, 2002). In soybean,
Paek et al. (1997) reported an increase in the proportion of sulphur-poor protein as protein
concentration increased. Wilcox and Shibles (2001) to the contrary found a constant
sulphur/nitrogen ratio in a population segregating for seed protein content; but seed yield was not
high in this population, and thus sulphur was probably not limiting in this context. In cowpea, Bliss
et al. (1973) found a positive correlation between seed protein content and the methionine content
of proteins. In chickpea, the application of nitrogen, phosphorus and sulphur fertilizers improves the
levels of protein and essential amino acids (Gupta and Singh, 1982; Williams and Singh, 1987). In
pea seeds, the reduced levels of sulphur-rich proteins in conditions of limited sulphur availability
were shown to be primarily a consequence of reduced levels of their mRNA (Higgins et al. 1986).
O-acetylserine and free methionine, but not free cysteine, were implicated as signaling molecules
controlling expression of genes for sulphur-rich storage proteins in legume seeds (Tabe et al. 2010,
and references therein). These finding indicate that the capacity of legume plants to regulate the flux
of sulphur and nitrogen compounds to the seeds should be considered if the accumulation of
sulphur-rich storage proteins has to be increased. Sulphate is one of the dominant forms of sulphur
found in the phloem supplying pods during legume seed development (Tabe and Droux, 2001). In
plants, sulphate can be reduced to sulfide, leading to the synthesis of cysteine, the precursor for
methionine synthesis, or it can be stored in the vacuoles. A recent study in Arabidopsis reports that

sulphate stored in the vacuoles contributes only a little to the establishment of seed protein
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composition, but is likely to be important in maintaining redox homeostasis in seeds (Zuber et al.
2010). Hence, considering the importance of sulphate for the synthesis of sulphur compounds, one
limiting step for accumulation of sulphur-rich proteins could be the uptake of sulphate by the root
and its distribution within the plant by membrane-localized sulphate transporters. Several sulphate
transporters of high affinity have been identified in several species that were strongly regulated by
sulphur deficiency to facilitate the uptake of sulphate by the root (SULTR1;1 and SULTR1;2) or its
translocation from source-to-sink (SULTR1;3) (for a review, see Hawkesford and De Kok, 2006).
Other transport forms of sulphur in the phloem are glutathione and S-methylmethionine that can be
respectively reconverted into cysteine and methionine (Bourgis et al. 1999). Interestingly, a
characterization of knockdown Arabidopsis mutants for the isozyme 2 of homocysteine
methyltransferase, which converts S-methylmethionine into methionine, suggests that increasing the
transport of S-methylmethionine from vegetative tissues to seeds could increase seed methionine
level (Lee et al. 2008).

Furthermore, optimization of sulphur assimilation requires coordination with carbon and nitrogen
pathways, and multiple processes have been proposed to contribute to this balance (see Hawkesford
and De Kok, 2006). For example, cysteine synthesis from sulfide and O-acetyl-L-serine is a
reaction interconnecting sulfate, nitrogen, and carbon assimilation. Indeed, O-acetyl-L-serine is
dependent upon adequate nitrogen and carbon availability and regulates positively gene expression
and activity of sulphate transporters, and of several enzymes of sulphate reduction and assimilation
(see Hesse et al. 2004, and references therein). Moreover, O-acetyl-L-serine has been shown to be
induced by sulphur deficiency (Hirai et al. 2003). In contrast, other metabolites acting as signals in
response to the nutrient status are negative regulators of sulphate uptake and metabolism, such as
glutathione and cysteine (Hawkesford, 2003). The combination of these feedback loops regulates
the flux of sulphur and nitrogen atoms in the different metabolic pathways, thus controlling their

distribution in plant parts, including seeds.
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3. Seed protein bio-availability for human: breeding for minor compounds effective

on the protein value or acceptability

Grain legume seeds bring in the diet carbohydrates (lipids, starches, fibres) and minor seed
compounds which will influence positively or negatively protein bio-availability by impacting
digestibility or acceptability (health benefits or taste and colour requirements). Numerous studies
have documented the possibility of improving the nutritional values of grain legumes as animal
feeds (mainly for monogastric animals) but considering minor constituents, results cannot be easily
extrapolated to humans: (i) even if monogastric, human beings have their own physiology varying
with age, (ii) human diet is composed of a diversity of ingredients generating high dilutions and
complex interactions. This situation is completely different from the simple, repetitive diets given to
homogeneous genetic populations of young animals. This is why seed compounds called
antinutritionals in feeds have been removed by breeding, when on the contrary some of them may
have positive role on human health like on chronic diseases prevention, i.e. cancer, cardiovascular
disease, diabetes, and obesity prevention. In this part, we will review the genetic variability
available for minor legume seed compounds which may help breeders to significantly improve their

protein contribution in human diets.

3.1 Minor compounds effective on digestibility and /or health

3.1.1 Trypsin inhibitors:

Trypsin inhibitors are present in most grain legume seeds (Table 4). High inhibiting activities are
found in soybean seeds which are usually reduced by processing, But null mutants for both
Bowman—Birk and Kunitz trypsin inhibitors have been identified in soybean, allowing low trypsin
inhibitor cultivars to be produced (Clarke and Wiseman, 2000). In pea, large genetic variability is
available for the activity of Bowman-Birk trypsin/chymotrypsin inhibitor proteins (TIA)
(Bastianelli et al. 1998). The polymorphism in coding and promoter sequences of genes at 7ri locus

accounts for most of the variation in TIA and this allowed to initiate marker-assisted selection (Page
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et al. 2002). However, if low TIA activity is a benefit in pig or poultry feed digestibility, recent data
suggest that high contents of trypsin inhibitors in foods should be positive, since a reduction of
HT?29 colon cancer cells has been shown when grown in vitro in the presence of pea TI (Domoney
et al. 2009). If validated in vivo, this would encourage breeding for high content of TI for food or

nutraceutical applications.

Table 4: Minor constituents of grain legume seeds: range of variation

Total alpha-  Phytic

TIA Tannins Saponin galactosides  acid
Species (TTIU/mg)  (g/kg) (g/kg) (%9DM) (g/kg) Reference
Soybean - - 6.5 - - Kadlec et al. 2001
- - - - 6.2-20.5 Saghai Maroof et al. 2009, 31 lines
- - - - 32.4-41.3 Chitra et al. 1995, 6 lines, dehulled seeds
43-83 - - - - Guillamon et al. 2008
Common bean - - 23-35 0.4-8 - Kadlec et al., Koslovska et al. 2001
- 0-38.5 - - - Caldas and Blair 2009, 3 RIL populations
- - - - 2.9-17.8 Blair et al. 2009, RIL population
17-51 - - - - Guillamon et al. 2008
Pea - - 1.1 2.3-9.6 - Kadlec et al., Koslovska et al. 2001
1-14.6 0.04-7.4 0.3-1 3.6-10b 1.3-10.2 Bastianelli et al. 1998, 54 pea accessions
1.9-6.8 - - - - Gabriel et al. 2008, dehulled seeds, 8 varieties
6-15 - - - - Guillamon et al. 2008
Fababean 03-53 0.1-104 - 1.4-62b  3.8-13.4 Ducetal. 1999, 12 spring varieties
- - 0.1 1-4.5 - Kadlec et al., Koslovska et al. 2001
- 2.1-3.2 - - - Avola et al. 2009, 15 accessions
0.8-3.6 - - - - Filipetti et al. 1999, 6 lines
5-10 - - - - Guillamon et al. 2008
Lentil - - 1.1 1.8-7.5 - Kadlec et al., Koslovska et al. 2001
1.9-2.8 3.4-6.1 - - 6.2-8.8  Wang et al. 2009, 8 varieties
3-8 - - - - Guillamon et al. 2008
Chickpea - - 2.3 2-7.6 - Kadlec et al., Koslovska et al. 2001
- - - - 7.7-12.3 Chitra et al. 1995, 13 desi lines, dehulled seed
- - - - 5.4-11.7 Chitra et al. 1995, 3 kabuli lines, dehulled seed
12.7 Singh and Jambunatham, 1981, desi lines
10.3 Singh and Jambunatham, 1981, kabuli lines
15-19 - - - - Guillamon et al. 2008
Cowpea 12-16.6a - - - - Vasconcelos et al. 2010, 3 varieties
- 0.3-6.9 - - - Plahar et al. 1997
Mungbean - - - - 10.2-14.8 Chitra et al. 1995, 3 lines, dehulled seeds
Pigeonpea - - - - 6.8-14.9 Chitra et al. 1995, 16 lines, dehulled seeds

- - - - 9.9-16.4 Singh 1999, dehulled seeds

a: g inhibited /kg seed flour, b: Raffinose + stachyose + verbascose
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3.1.2 Lectins:

Most grain legumes cotyledons contain lectins (haemagglutinins), polysaccharide-binding proteins
that bind to glycoprotein in epithelial surface of the small intestine, interfering with nutrient
absorption and increasing production of mucins and a loss of plasma proteins in the intestinal lumen
(Pusztai, 1989). Duranti (2006) listed numerous bioactive effects of lectins in humans including
small intestine hyperplasia, change in intestinal flora, immuno-modulating activity, hormone
secretion, access to the systemic circulation, and this complex role has hampered their medical use
for limiting tumour growth which was suggested by experiments on animal models. In plants,
lectins are very diverse and are involved in plant defense (Etzler, 1985) or symbiosis with Rhizobia
(van Rhijn et al. 2001). Some natural variability exists for lectin hemagluglutinin activity in
germplasm (Valdebouze et al. 1980). However, the low content and toxicity of lectins together with

the complexity of lectin roles did not allow for the definition of a breeding target for this trait.

3.1.3 Alpha-galactosides:

Major alpha-galactosides in grain legume seeds are raffinose, stachyose and verbascose. They are
not degraded in upper gastrointestinal tract and thus pass into large intestine where bacterial
enzymes decompose them in short chain fatty acids and gases responsible of digestive discomfort;
they have however highly probable prebiotic properties which may be of interest against colorectal
cancer (Guillon and Champ 2002). Even if some genetic variation exists (Table 4), genetic tool to
monitor these contents have never been worked out, due to competition with easy cooking or
technological treatments such as soaking in water added with bicarbonate, germination or adding

commercial exogenous alpha-galactosidase in the diet (Guillon and Champ 2002).

3.1.4. Vicine and convicine:
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The glycosides vicine and convicine (VC) are concentrated in cotyledons of faba bean seeds.
Conventional cultivars contain from 6 to 14 g/lkg DM of VC in mature seed. A mutant allele vc- has
been discovered which reduces 10 to 20 fold VC contents (Duc et al. 1989). This allele has a
positive effects on egg production by laying hen and energy value of feeds for chicken (Crepon et
al. 2010). VC are causing favism, an acute hemolysis caused by the ingestion of faba beans
occurring only in G6PD-deficient human individuals (Arese and De Flora, 1990). Because of high
cost of chemical determinations, molecular markers were proposed to assist the selection for low
VC content genotypes (Gutierrez et al. 2006). Low VC cultivars are presently in test in humans in

order to evaluate their nutritional safety on individuals susceptible to favism.

3.1.5 Tannins and flavonoid compounds:

Flavonoids are major phenolic compounds involved in the determination of seed coat colours and in
the tanning power on proteins (Nozzozilo et al. 1989, Plahar et al. 1997, Caldas and Blair 2009).
Tannins or proanthocyanidins are synthesized through the flavonoid pathway (Dixon et al. 2005).
These polyphenolic compounds bind to proteins and reduce their digestibility. In pea and faba bean,
a single gene mutation has a pleiotropic effect eliminating tannins from seed coat and determining a
white flower trait. They increase protein digestibility in pigs or poultry by ca 10 % when compared
to tannin-containing lines (Grosjean et al. 1999, Crepon et al. 2010). This quality trait was
economically valuable for feed efficiency and zero tannin varieties were bred for Europe. In
common bean, the genetics of seed-coat colour and tannin content was shown to be under the
control of 12 QTL (Caldas and Blair 2009). However, limited data is available for individual
phenolic compounds. Removal of tannins for humans may have positive nutritional effect but is
certainly impacting the level of astringent taste with positive or negative consumer reactions
according to habits. Moreover, the health benefit of proanthocyanidins may deserve some attention.
The diverse colours of common beans were suggested to be important sources of dietary

antioxidants (Beninger and Hosfield, 2003).
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3.1.6 Phytic acid:

It is commonly found in cereal and legume seeds and its anti-nutritional effect is associated with
mineral-complexing (especially Zn, Ca and Fe) and inactivation of digestive enzymes. In feeds the
small magnitude in anti-nutritional effects did not justify a breeding action. In foods, the reduction
of bioavailability of minerals and proteins induced by phytic acid may be a nutritional concern
(Frossard et al. 2000), but on the other hand phytic acid may have protective effects such as a
decrease of the risk of iron-mediated colon cancer and lowering serum cholesterol and triglycerides
(Champ, 2002). In common bean, 5 QTL were identified that controlled total and net seed phytate
content (Blair et al. 2009). Any breeding activity to improve the contents of phytic acid should also
be evaluated in comparison with technological processes able to eliminate them and to health

benefits.

3.2. Acceptability of legume seed proteins in food: Compounds effective on taste and colour

Lipoxygenase activity can cause unpleasant tastes and aromas when reacting with seed lipids. In
soybean and pea, null mutants were found for 3 and 2 LOX genes respectively. Their molecular
characterization (Forster et al. 1999, Lenis et al. 2010) has well progressed and offers possibilities
of breeding for lipoxygenase-free varieties.

Saponins are triterpenoid glycosides with detergent like effects resulting in haemolytic capabilities
when incubated with erythrocytes. However, their anti-nutritional role on animal performances has
not been clearly established. A large number of different saponins exists in legumes (Heng et al
2006) and they contribute to the bitterness of peas as well as that of soybean. Saponins have been
studied for their positive hypo-cholesterolaemic effects and also because may also have anti-
carcinogenic effects (Champ, 2002) Some genetic diversity has already been described for quantity

and quality of seed saponins (Table 4, Heng et al. 2006) but its genetics basis is unknown.

21



Finally, seed-coat as well as cotyledon colours define the appealing value for local or specific food
markets. These traits are generally easy to breed because of oligogenic control and high

heritabilities. They are of primary importance for specific food ingredient market niches.

In conclusion, there is an urgent need to acquire new references on health and nutritional values of
grain legumes. Determining the value of particular fractions in nutraceutic applications may provide
new markets with higher added value. We did not develop here the effects and cost of the
technological treatments on bioactive components, but this may help to choose between genetic
strategies or technological processes (Champ 2002). Finally, several studies have demonstrated
effectiveness of proteins in protection against parasitic insects (Rahbé et al. 2003) or fungi attacks.
Attempts to modify contents in minor bioactive compounds should be associated with an appraisal

of their consequences on plant behaviour against biotic or abiotic stresses.

4. References

Adekola, O.F. and Oluleye, F. (2007) Influence of mutation induction on the chemical composition of cowpea Vigna
unguiculata (L.) Walp. African Journal of biotechnology 6, 2143-2146.

Altenbach, S.B., Pearson, K.W., Meeker, G., Staraci, L.C. and Sun, S.M. (1989) Enhancement of the methionine content of
seed proteins by the expression of a chimeric gene encoding a methionine-rich protein in transgenic plants. Plant Mol
Biol. 13, 513-22.

Anwar, F., Latif, S., Przybylski, R., Sultana, B. and Ashraf, M. (2007) Chemical composition and antioxidant activity of
seeds of different cultivars of mungbean. Journal of food science 72, 503-510.

Arese, P. and De Flora, A. (1990) Pathophysiology of hemolysis in glucose-6-phosphate dehydrogenase deficiency. Semin.
Hematol. 27, 1-40.

Atta, S., Maltese, S. and Cousin, R. (2004) Protein content and dry weight of seeds from various pea genotypes. Agronomie
24, 257-266.

Avola, G., Gresta, F. and Abbate, V. (2009) Diversity examination based on physical, technological and chemical traits in a
locally grown landrace of faba bean (Vicia faba L. var major). International Journal of Food Science and technology 44,

2568-2576.

22



Bastianelli, D., Grosjean, F., Peyronnet, C., Duparque, M. and Régnier, J.M. (1998) Feeding value of pea (Pisum sativum
L.) 1. Chemical composition of different categories of pea. Animal Science 67, 609-619.

Beninger, C.W. and Hosfierld, G.L. (2003) Antioxidant activity of extracts, condensed tannin fractions, and pure
flavonoids from Phaseolus vulgaris L. seed coat color genotypes. J. agric. Food Chemistry, 51, 7879-7883.

Biarnes, V., Faloya, V., Chambenoit, C. and Roullet, G. (2000) Facteurs de variabilité: Teneur en protéines des graines de
pois protéagineux : les effets du milieu et de la variété. Perspectives agricoles 261 : 32-34.

Biston, R., Dardenne, P., and Sinnaeve, G. (1992) Prediction of the quality aned feeding value of grain legumes by near
infrared reflectance spectroccopy (NIRS). (1192) Proc. 1rst AEP. Conference on Grain Legumes . Angers F. ISBN 2.86
492.151.0, 387-388.

Blair, M.W., Sandoval, T.A., Caldas, G.V., Beebe, S.E. and Pdes, M.I. (2009) Quantitative trait locus analysis of seed
phosphorus and seed phytate content in a recombinant inbred line population of common bean. Crop Science 49, 237-
246.

Bliss, F.A., Barker, L.N., Franckowiak, J.D. and Hall, T.C. (1973) Genetic and environmental variation of seed yield, yield
components, and seed protein quantity and quality of cowpea. Crop Science 13, 656-660.

Blixt, S. (1978) Problems relating to pea breeding. Agri Hortique Genetica 36:56-87.

Bond, D.A. and Duc, G., 1994. Plant breeding as a means for reducing anti-nutritional factors in grain legumes. In:
«Recent advances of research in antinutritional factors in legume seeds » AFB Van der Poel, J. Huisman, H.S. Saini
Eds, EAAP (Pbs) n° 70, 379-396.

Boulter, D. and Croy, R.R.D. 1997 The structure and biosynthesis of legume seed storage proteins: a biological solution to
the storage of nitrogen in seeds. Advances in Botanical Res. 27, 1-84.

Bourgeois, M., Jacquin, F., Savois, V., Sommerer, N., Labas, V., Henry, C. and Burstin, J. (2009) Dissecting the proteome
of pea mature seeds reveals the phenotypic plasticity of seed protein composition. Proteomics, 9, 254-271.

Bourgis, F., Roje, S., Nuccio, M.L., Fisher, D.B., Tarczynski, M.C., Li, C., Herschbach, C., Rennenberg, H., Pimenta, M.J.,
Shen, T.L., Gage, D.A. and Hanson, A.D. (1999) S-methylmethionine plays a major role in phloem sulfur transport and
is synthesized by a novel type of methyltransferase. Plant Cell. 11, 1485-1498.

Bourion, V., Laguerre, G., Depret, G., Voisin, A.S., Salon, C. and Duc, G. (2007) Genetic variability in nodulation and root
Growth affects nitrogen fixation and accumulation in pea. Annals of Botany 100, 589-598.

Bourion, V., Rizvi, S.M.H., Fournier, S., de Larambergue, H., Galmiche, F., Marget, P., Duc, G. and Burstin J. (2010)
Genetic dissection of nitrogen nutrition in pea through a QTL approach of root, nodule, and shoot variability:
Theoretical and Applied Genetics 121, 71-86

Brim, C.A. and Burton, J.W. (1978) Recurrent selection in soybeans. II Selection for increased percent protein in seeds.

Crop Science 19, 494-498.

23



Brummer, E.C., Graef, G.L., Orf, J. Wilcox, J.R, and Shoemaker, R.C. (1997) Mapping QTL for seed protein and oil
content in eight soybean populations. Crop Science 37, 370-378.

Burow, M.D., Ludden, P.W. and Bliss F.A. (1993) Suppression of phaseolin and lectin in seeds if common bean, Phaseolus
vulgaris L.: increased accumulation of 54 kDa polypeptides is not associated with higher seed methionine
concentrations. Mol Gen Genet 241,431-439.

Burstin, J., Marget, P., Huart, M., Moessner, A., Mangin, B., Duchene, C., Desprez, B., Munier-Jolain, N. and Duc, G.
(2007). Developmental genes have pleiotropic effects on plant morphology and source capacity, eventually impacting
on seed protein content and productivity in pea. Plant Physiology 144, 768-781.

Burstin, J. and Duc, G. (2005) The relationship between protein content and protein composition of pea seeds. Grain
Legumes, 44, 16-17.

Caldas, G.V. and Blair, M.W. (2009) Inheritance of seed condensed tannins and their relationship with seed coat color and
pattern genes in common bean (Phaseolus vulgaris L.) Theoretical and Applied Genetics 119, 131-142.

Champ, M. (2002) Non-nutrient bioactive substances of pulses. British J. of Nutrition, suppl 3, S307-S319.

Cho, S.H., Kumar, J. and Shultz J.L.. (2002) Mapping genes for double podding and other morphological traits in chickpea.
Euphytica 128, 285-292

Chung, J., Babka, H.L., Graef, G.L., Staswisk, P.E., Lee, D.J., Cregan, P.B., Shoemaker, R.C. and Specht, J.E. (2003) The
seed protein, oil, yield QTL on linkage group L. Crop Science 43, 1053-1067.

Clarke, E. J. and Wiseman, J. (2000) Developments in plant breeding for improved nutritional quality of soya beans II.
Anti-nutritional factors The Journal of Agricultural Science 134, 125-136.

Clemente, A., Vioque, J., Sanchez-Vioque, R., Pedroche, J., Bautista., J. and Millan, F. (2000) Factors affecting the in vitro
protein digestibility of chickpea albumins. Journal of the science of food and agriculture 80, 79-84.

Clemente, A., Moreno, F.J., Marin-Manzano, Mdel C., Jiménez, E. and Domoney, C. (2009) The cytotoxic effect of
Bowman-Birk isoinhibitors, IBB1 and IBBD2, from soybean (Glycine max) on HT29 human colorectal cancer cells is
related to their intrinsic ability to inhibit serine proteases. Mol Nutr Food Res. 54, 396-405.

Cober, E.R. and Voldeng, H.D. (2000) Developing high-protein, high-yield soybean populations and lines. Crop Science
40, 39-42.

Coelho, R.C., Faria, M.A., Rocha, J., Reis, A., Oliveira, M.P.P.P. and Nunes, E. (2009) Assessing genetic variability in
germplasm of Phaseolus vulgaris L. collected in Northern Portugal. Scientia horticulturae 122, 333-338.

Crepon, K., Marget, P., Peyronnet, C., Carrouee, B., Arese, P. and Duc, G. (2010) Nutritional value of faba bean (Vicia

faba L.) seeds for feed and food. Field Crops Research 115, 329-339.
Crévieu, L., Carré, B., Chagneau, A.M., Quillien, L., Guéguen, J. and Bérot, S. (1997) Identification of resistant pea (Pisum

sativum L.) proteins in the digestive tract of chickens. Journal of Agricultural and Food Chemistry 45, 1295-1300

24



Crochemore, M.L., Huyghe, C., Papineau, J. and Julier, B. (1994) Intra-plant variability in seed size and seed quality in
Lupinus albus L. Agronomie 14, 5-13.

Csanddi, G., Vollman J., Stift G. and Lelley T. (2001) Seed quality QTLs identified in a molecular map of early maturing
soybean. Theoretical and Applied Genetics 103, 912-919.

Diers B.W., Keim, P., Fehr, W.R. and Shoemaker, R.C. (1992) RFLP analysis of soybean seed protein and oil content.
Theoretical and applied genetics 83, 608 -612.

Dwivedi, S. L., Jambunathan, R., Nigam, S. N., Raghunath K., Shankar, K. R. and Nagabhushanam, G.V.S. (1990)
Relationship of seed mass to oil and protein contents in peanut (Arachis hypogaea L.). Peanut Science 17, 48-52.

Dixon, R.A., Xie, D.Y. and Sharma, S.B. (2005) Proanthocyanidins-a final frontier in flavonoid research? New Phytologist
165, 9-28.

Domoney, C., Charlton, A., Chinoy, C., Vigeolas, H., Geigenberger, P. and Clemente A. (2009) Grain legumes 52, 12-13.

Duc, G., Sixdenier, G., Lila, M. and Furstoss, V. (1989) Search of genetic variability for vicine and convicine content in
Vicia faba L. A first report of a gene which codes for nearly zero-vicine and zero-convicine contents. In : « Recent
advances of research in antinutritionnal Factors in legumes seeds », J. Huisman, A.S.M. J.F.B. Van der Poel, L.E. Liener
(Eds) Pudoc, Wageningen, Netherlands (Pbs), 305-313.

Duc, G.,Marget, P., Esnault, R., Le Guen, J. and Bastianelli, D. (1999) Genetic variability for feeding value of faba bean
seeds (Vicia faba L.). Comparative chemical composition of isogenics involving zero-tannin and zero-vicine genes.
Journal of Agricultural Science, 133, 185-196.

Duranti, M. (2006) Grain legume proteins and nutraceutical properties Fitoterapia 77, 67-82

Dwivedi, S. L, Jambunathan, R. and Nigam, S. N. (1990) Relationship of seed mass to oil and protein contents in peanut
(Arachis hypogaea L.). Peanut Science 17, 48-52.

Escalante, E.E. and Wilcox, J.R. (1993) Variation in seed protein among nodes of normal-protein and high-protein soybean
genotypes. Crop Science 33, 1164-1166.

Etzler, M.E. (1985) Plant lectins : molecular and nbiological aspects. Ann. Rev. Plant Physiology 36, 209-234.

Ferguson, B.J., Indrasumunar, A., Hayashi, S., Lin, M-H., Lin, Y-H., Reid D.E.and Gresshoff, P.M. (2010) Molecular
analysis of legume nodule development and autoregulation. Journal of Integrative Plant Biology 52, 61-76.

Filipetti, A., Azadegan, G.H. and De Pace, C. (1999) Breeding strategies for seed protein content and trypsin inhibitors
inferred from combining abaility and heterosis in test-crosses of Vicia faba. Plant Breeding 118, 411-416.

Foroud, N., Miindel, H.H. Saindon, G. and Entz, T. (1993) Effect of level and timing of moisture stress on soybean yield,
protein, and oil responses. Field Crops Research: 195-209.

Forster, C., North, H., Afzal N., Domoney, C., Hornostaj, A., Robinson, D.S. and Casey R. (1999) Molecular analysis of a

null mutant for pea (Pisum sativum L.) seed lipoxygenase-2. Plant Molecular Biology 39, 1209-1220.

25



Frimpong, A., Sinha, A., Tar’an, B, Warkentin, T.D., Gossen B,D. and Chibbar, R.N. (2009) Genotype and growing
environement influence chickpea (Cicer arietinum L.) seed composition. Journal of the Science of Food and Agriculture
89, 2052-2063.

Frossard, E., Bucher, M., Machler, F., Mozafar, A. and, Hurrell, R. (2000) Potential for increasing the content of bio-
availability of Fe, Zn and Ca in plant for human nutrition. Journal of the Science of Food and Agriculture 80, 861-869.

Gabriel, 1., Lessire, M., Juin, H., Burstin, J., Duc, G., Quillien, L., Thibault, J. N., Leconte, M., Hallouis, J. M., Ganier, P.,
Meziere, N. and Seve, B. (2008a) Variation in seed protein digestion of different pea (Pisum sativum L.) genotypes by
cecectomized broiler chickens: 1. endogenous amino acid losses, true digestibility and in vitro hydrolysis of proteins.
Livestock Science 113 251-261.

Gabriel, 1., Quillien, L., Cassecuelle, F., Marget, P., Juin, H., Lessire, M., Seve, B., Duc, G. and Burstin, J. (2008b)
Variation in seed protein digestion of different pea (Pisum sativum L.) genotypes by cecectomized broiler chickens: 2.
Relation between in vivo protein digestibility and pea seed characteristics, and identification of resistant pea
polypeptides. Livestock Science 113 262-273.

Galili, G. (2002) New insights into the regulation and functional significance of lysine metabolism in plants. Annual
Review of Plant Biology. 53, 27-43.

Gallardo, K., Thompson, R., and Burstin, J. (2008) Reserve accumulation in legume seeds CR Biologies 331:755-762.

Garry, G., Tivoli, B., Jeuffroy, M.H. and Citharel J. (1996) Effects of Ascochyta blight caused by Mycosphaerella pinodes
on the translocation of carbohydrates and nitrogenous compounds from the leaf and hull to the seed of dried-pea. Plant
Pathology, 45, 769-777.

Gausseres, N., Mahé, S., Benamouzig, R., Luengo, C., Ferriere, F., Rautureau, J. and Tomé, D. (1997) [15N]-labelled pea
flour protein nitrogen exhibits good ileal digestibility and postprandial retention in humans. Journal of Nutrition 127,
1160-1165.

Gepts, P. (2004) Domestication as a long-term selection experiment. Plant Breeding Review 24, 1-44

Giudici, A.M., Regente, M. and de la Canal, L.(2000) A potential protein from Helianthus annuus flowers is a trypsin
inhibitor. Plant Physiology and Biochemistry 38, 881-888.

Graham, P.H. and Vance, C.P. (2003) Legumes. importance and constraints to greater use. Plant Physiology 131, 872-877.

Grosjean, F., Barrier-Guillot, B. , Bastianelli, D., Rudeaux, F., Bordillon, A. and Peyronnet, C. (1999) Feeding value of
three categories of pea (Pisum sativum L.) for poultry. Animal Science 69, 591-599.

Gueguen, J. and Barbot, J. (1988) Quantitative and qualitative variability of pea (Pisum sativum L.) protein composition.
Journal of the Science of Food and Agriculture 42, 209-224.

Guillamon, E., Pedrosa, M.M., Burbano, C., Cuadrado, C., de Cortez Sanchez, M. and Muzquiz, M. (2008) The trypsin

inhibitors present in seed of different grain legume species and cultivar. Food chemistry 107, 68-74.

26



Gupta, N. and Singh, R.S. (1982) Effect of nitrogen, phosphorus and sulphur nutrition on protein and amino acids in
Bengal gram (Cicer arietinum L.). Indian Journal of Agricultural Research 16,113-117.

Gutierrez, N., Avila , C.M., Duc, G., Marget, P., Suso, M.J., Moreno , M.T. and Torres, A.M. (2006) CAPs markers to
assist selection for low vicine and convicine contents in faba bean (Vicia faba L.). Theor. Appl. Genetics 114, 59-66.
Hacham, Y., Song, L., Schuste, G. and Amir R. (2007) Lysine enhances methionine content by modulating the expression

of S-adenosylmethionine synthase. The Plant Journal 51, 850-861.

Hajduch, M., Ganapathy, A., Stein, J.W. and Thelen, J.J. (2005) A systematic proteomic study of seed filling in soybean.
Establishment of high-resolution two-dimensional reference maps, expression profiles, and an interactive proteome
database. Plant Physiology 137, 1397-1419.

Hamdi, A., Erskine, W. and Gates, P. (1991) Relationships among economic characters in lentil. Euphytica 57, 109-116.

Hawkesford, M.J. (2003) Transporter gene families in plants: the sulphate transporter gene family: redundancy or
specialization? Physiologia Plantarum 117, 115-163.

Hawkesford, M.J. and De Kok, L.J. (2006) Managing sulphur metabolism in plants. Plant Cell Environment 29, 382-395.

Hedley, C.L. (2001) Introduction. in Carbohydrate in grain legume seeds. (Ed. C.L. Hedley). pp 1-11.

Helms, T.C. and Orf, J.H. (1998) Protein, oil, and yield of soybean lines selected for increased protein. Crop Science 38,
707-711.

Heng, L., Vincken, J.P., van Koningsveld, G., Legger, A., Gruppen, H., van Boekel, T., Roozen, J. and Voragen F. (2006)
Bitterness of saponins and their content in dry peas. Journal of the Science of Food and Agriculture 86, 1225-1231.

Hesse, H., Nikiforova, V., Gakiere, B. and Hoefgen, R. (2004) Molecular analysis and control of cysteine biosynthesis:
integration of nitrogen and sulphur metabolism. Journal of Experimental Botany 55, 1283-1292.

Higgins, T.J., Chandler, P.M., Randall, P.J., Spencer, D., Beach, L.R., Blagrov,e R.J., Kortt, A.A. and Inglis, A.S. (1986)
Gene structure, protein structure, and regulation of the synthesis of a sulfur-rich protein in pea seeds. J Biol Chem. 261,
11124-11130.

Hirai M.Y., Fujiwara, T., Awazuhara, M., Kimura, T., Noji, M. and Saito, K. (2003) Global expression profiling of sulfur-
starved Arabidopsis by DNA macroarray reveals the role of O-acetyl-l-serine as a general regulator of gene expression
in response to sulfur nutrition. The Plant Journal 33, 651-663.

Hulse, J.H. (1975) Problems of nutritional quality of pigeonpea and chickpea and prospectus of research. In: International
Workshop on Grain legumes, International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Hyderabad,
India, January 13-16, 1975, pp.189-208.

Hyten, D.L., Pantalone, V.R. Sams, C.E., Saxton, A.M., Landau-Ellis, D., Stefaniak, T.R. and Schmidt, M.E. (2004) Seed

quality QTL in a prominent soybean population. Theoretical and Applied Genetics 109, 552-561.

27



Irzykowska, L. and Wolko, B. (2004) Interval mapping of QTLs controlling yield-related traits and seed protein conte in
Pisum sativum. Journal of Applied Genetics 45, 297-306.

Ishimoto, M., Rahman, S.M., Hanafy, M.S., Khalafalla, M.M., ElI-Shemy, H.A., Nakamoto, Y. Kita, A., Takahashi, K.,
Matusda, F., Murano, Y., Funabashi, T., Miyagawa, H., and Wakasa K. (2010) Evaluation of amino acid content and
nutritional quality of transgenic soybean seeds with high-level tryptophan accumulation. Molecular Breeding 25, 313-
326.

Jambunathan, R., Raju, S.M. and Barde, S.P. (1985) Analysis of oil content of groundnuts by nuclear magnetic resonance
spectrometry. Journal of the Science of Food and Agriculture 36, 162-166.

Jander, G. and Joshi, V. (2010) Recent progress in deciphering the biosynthesis of aspartate-derived amino acids in plants.
Mol Plant. 3, 54-65.

Jun, T-H., Van K, Kim, M.Y., Lee, S-H. and Walker D.R. (2008) Association analysis using SSR markers to find QTL for
seed protein content in soybean. Euphytica 162, 179-191.

Kabas, O., Yilmaz, E., Ozmerzi, A. and Akinci, I. (2006) Some physical and nutritional properties of cowpea seed (Vigna
sinensis L.) Journal of food engineering 79, 1405-1409.

Kadlec Bjergegaard, C., Gulewicz, K., Horbowicz, M., Jones, A., Kadlec, P., Kintia, P., Kratchanov, C., Kratchanova, M.,
Lewandowicz, G., Soral-Smietana, M., Sorensen, H. and Urban, J. (2001) Carbohydrate chemsitry (Ed Kadlec P.) in
Carbohydrate in grain legume seeds. (Ed. C.L. Hedley). pp 15-59.

Aranda, A., Dostalova, J., Frias, J., Lopez-Jurado, M., Koslowska, H. Pokorny, J., Urbano, G., Vidal-Valverde, C. and
Zdyunczyk, Z. (2001) Nutrition, Koslowska H (Ed) in Carbohydrate in grain legume seeds. (Ed. C.L. Hedley). pp 61-
87.

Karjalainen, R. and Kortet, S. (1987) Environmental and genetic variation in protein content of peas under northern
conditions and breeding implications. J Agric Sci Finl 59, 1-9.

Krishnan, H.B., Natarajan, S.S., Mahmoud, A.A. and Nelson, R.L. (2007) Identification of glycinin and beta-conglycinin
subunits that contribute to the increased protein content of high-protein soybean lines, Journal of Agricultural and Food
Chemistry 55, 1839-1845

Larmure A., Salon C. and Munier-Jolain, N.G. (2005) How does temperature affect C and N allocation to the seeds during
the seed-filling period in pea? Effect on seed nitrogen concentration Functional Plant Biology 32, 1009-1017

Lawn, RJ. and Rebetzke, G.J. (2006) Variation among Australian accessions of wild mungbean (Vigna radiate ssp.
Sublobata) for traits of agronomic, adaptive, or taxonomic interest. Australian Journal of Agricultural research 57, 119-
132.

Le Gall, M., Quillien, L., Seve, B., Guéguen, J. and Lalles, J.P. (2007) Weaned piglets display low gastrointestinal

digestion of pea (Pisum sativum L.) lectin and albumin pea albumin 2. Journal of Animal Sciences 85, 2972-2981

28



Lee, M., Huang, T., Toro-Ramos, T., Fraga, M., Last, R.L., Jander, G. (2008) Reduced activity of Arabidopsis thaliana
HMT2, a methionine biosynthetic enzyme, increases seed methionine content. The Plant Journal 54, 310-20.

Leleji, O.1., Dickson, M.H., Crowder, L.V. and Bourke, J.B. (1972) Inheritance of crude protein percentage and its
correlation with seed yield in beans, Phaseolus vulgaris L. Crop Science 12, 168-171.

Lenis, J.M., Gillman, J.D., Lee, J.D., Shannon, J.G. and Bilyeu, K.D.(2010) Soybean seed lipoxygenase genes: molecular
characterization and development of molecular marker assays. Theoretical and Applied Genetics 120, 1139-1149.

Lhuillier-Soundele, A., Munier-Jolain, N.G. and Ney, B. (1999) Influence of nitrogen availability on seed nitrogen
accumulation in pea. Crop Science 39,1741-1748.

Li, G., K.J. Bishop, M.B. Chandrasekharan, T.C Hall, beta-Phaseolin gene activation is a two-step process: PvAlf-
facilitated chromatin modification followed by abscisic acid-mediated gene activation. Proceedings National Academy
of ScienceUSA 96 (1999) 7104-7109

Lord, J.W. and Wakelam, J.A. (1950) Changes occurring in the proteins as a result of processing groundnuts under selected
industrial conditions. British Journal of Nutrition 4, 154-60

Mansur, L.M., Lark, K.G., Kross, H. and Oliveira, A. (1993) Interval mapping of quantitative trait loci for reproductive,
morphological, and seed traits of soybean (Glycine max L.). Theoretical and Applied Genetics 86, 907-913.

Mariotti, F., Pueyo, M.E., Tome, D., Bérot S., Benamouzig R. and Mahé S. (2001) The influence of the albumin fraction on
the bioavailability and postprandial utilization of pea protein given selectively to humans. Journal of Nutrition 131,
1706-1713

Matthews, P. and Arthur, E. (1985) Genetic and environmental components of variation in protein content of peas. In: Eds
Hebblethwaite PD, Heath MC, Dawkins TCK. The pea crop: A basis for improvement. Butterworths. London.486 p.

Micard, V. ,Brossard, C., Champ, M., Crenon, I., Jourdheuil-Rahmani, D., Minier, C., and Petitot, M. (2010), Design of
foods made from durum wheat and legume: How their components contribute to their nutritional and organoleptic
properties. Cahiers de Nutrition et de Diététique Doi: 10.1016/j.cnd.2010.04.006

Mitchell, D.C, Lawrence, F.R., Hartman, T.J. and Curran, J.M. (2009) Consumption of dry beans, peas, and lentils could
improve diet quality in the US population. Journal of the American dietetic association 109, 909-913.

Molvig, L., Tabe, L.M., Eggum, B.O., Moore, A.E., Craig, S., Spencer, D. and Higgins, T.J. (1997) Enhanced methionine
levels and increased nutritive value of seeds of transgenic lupins (Lupinus angustifolius L.) expressing a sunflower seed
albumin gene. Proceedings National Academy of ScienceUSA. 94, 8393-8.

Montoya, C.A., Lalles, J.P., Beebe, S. and Leterme P. (2010) Phaseolin diversity as a possible strategy to improve the
nutritional value of common beans (Phaseolus vulgaris) Food Research International 43, 443-449.

Munier-Jolain, N., Larmure, A. and Salon, C. (2008) Determinism of carbon and nitrogen reserve accumulation in legume

seeds. CR Biologies 331, 780-787.

29



Natarajan, S.S., Xu, C, Bae, H., Caperna, T.J. and Garrett, W.M. (2006) Characterization of storage protein in wild
(Glycine soja) and cultivated (Glycine max) soybean seeds using proteomic analysis. Journal of Agricultural and Food
Chemistry 54, 3114-3120.

Ng, D.W.K. and Hall, T.C. (2008) vALF and FUS3 activate expression from the phaseolin promoter by different
mechanisms. Plant Molecular Biology 66 233-244

NGRP. 2001. National Genetic Resources Program, USDA-ARS. Germplasm Resources Information Network (GRIN).
Online database of the NGR Laboratory, Beltsville, Md. http://www.ars-grin.gov/npgs/descriptors/soybean

Nichols, D.M., Glover, K.D., Carlson, S.R., Specht, J.E. and Diers, B.W. (2006) Fine mapping of a seed protein QTL on
soybean linkage group I and its correlated effects on agronomic traits. Crop Science 46, 834-839

Nozzolillo, C., Ricciardi, L. and Lattanzio, V. (1989) Flavonoid constituents of seed coats of Vicia faba (Fabaceae) in
relation to genetic control of their color. Canadian Journal of Botany 67, 1600-1604

Olsson J., Nakao P., Bohlool B.B. and Gresshoff P.M. (1989) Lack of systemic suppression of nodulation in split root
systems of supernodulating soybean (Glycine max. L. Merr.) mutants. Plant Physiol. 90, 1347-1352.

Oluwatosin, O.B. (1997) Genetic and environemental variation for seed yield, protein, lipid and amino acid composition in
cowpea (Vigna unguiculata (L) Walp). J. Sci. Food Agric 74, 107-116.

Paek, N.C., Imsande, J., Shoemaker, R.C. and Shibles R. (1997) Nutritional control of soybean seed storage protein. Crop
Science 37, 498-503.

Page, D., Aubert, G., Duc, G., Welham, T. and Domoney, C. (2002) Combinatorial variation in coding and promoter
sequences of genes at the Tri locus in Pisum sativum accounts for variation in trypsin inhibitor activity in seeds Mol
Genet Genomics 267, 359-369

Panthee, D.R., Pantalone, V.R., Sams, C.E., Saxton, A.M., West, D.R., Orf, J.H. and Killam, A.S. (2006) Quantitative trait
loci controlling sulfur containing amino acids, methionine and cysteine, in soybean seeds. Theoretical and Applied
Genetics 112, 546-553

Panthee, D.R., Pantalone, V.R., Saxton, A.M., West, D.R. and Sams, C.E. (2006) Genomic regions associated with amino
acid composition in soybean, Molecular Breeding, 17, 79-89.

Pastorello, E.A., Pompei, C., Pravettoni, V., Brenna, O., Farioli, L., Trambaioli, C., and Conti A. (2001) Lipid transfer
proteins and 2S albumins as allergens. Allergy. 56 Suppl 67:45-7.

Plahar, W.A., Annan, N.T. and Nti, C.A. (1997) Cultivar and processing effects on the pasting characteristics, tannin
content and protein quality and digestibility of cowpea (Vigna unguiculata). Plant foods for Human Nutrition 51, 343-
356.

Proulx, R.A. and Naeve, S.L. (2009) Pod removal, shade and defoliation effects on soybean yield, protein and oil.

Agronomy Journal 101, 971-978.

30



Pusztai, 1989. Biological effects of dietary lectins.In : « Recent advances of research in antinutritionnal Factors in legumes
seeds », J. Huisman, A.S.M. J.F.B. Van der Poel, L.E. Liener (Eds) Pudoc, Wageningen, Netherlands (Pbs), 17-29

Rahbé, Y., Ferrason, E., Rabesona, H., Quillien, L. (2003) Toxicity to the pea aphid Acyrthosiphon pisum of anti-
chymotrypsin isoforms and fragments of Bowman-Birk protease inhibitors from pea seeds. Insect Biochem. and Mol.
Biol . 33, 299-306.

Rolletschek, H., Borisjuk, L., Radchuk, R., Miranda, M., Heim, U., Wobus, U. and Weber, H. (2004) Seed-specific
expression of a bacterial phosphoenolpyruvate carboxylase in Vicia narbonensis increases protein content and improves
carbon economy. Plant Biotechnology Journal 2, 211-219

Rotundo, J.L, Borras, L., Westgate, M.E. and Orf, J.H. (2009) Relationship between assimilate supply per seed during seed
filling and soybean seed composition. Field crop research 112, 90-96.

Rozan, P., Kuo, Y-H. and Lambein, F. (2001) Amino acids in seeds and seedlings of the genus Lens. Phytochemistry 58,
281-289.

Saghai Maroof, M.A., Glover, N.M., Biyashev, R.M., Buss, G.R. and Grabau, E.A. (2009) Genetic basis of the low-phytate
trait in the soybean line CX1834. Crop Science 49, 69-76

Sagan, M., Ney, B., Duc, G., 1993. Plant symbiosis as a tool to analyse nitrogen nutrition and yield relation ship in field-
grown peas (Pisum sativum L.). Plant and Soil, 153, 33-45.

Salon, C., Munier-Jolain, N.G., Duc, G., Voisin, A.S., Grandgirard, D., Larmure, A., Emery, R.J.N., Ney, B. (2001) Grain
legume seed filling in relation to nitrogen acquisition: a review and prospects with particular reference to pea.
Agronomie 21, 539-552.

Saxena, K.B., Kumar, R.V. and Rao, P.V. (2002) Pigeonpea nutrition and its improvement. In: Basra, A.S. and Randhawa,
L.S. (eds.) Quality Improvement in Field Crops. Food Products Press, pp. 227-260.

Scippa, G.S., Rocco, M., lalicicco, M., Trupiano, D., Viscosi, V., Di Michele, Arena, S, Chiatante D., and Scaloni, A.
(2010) The proteome of lentil (Lens culinaris Medik.) seeds: Discriminating between landraces. Electrophoresis:
31:497-506.

Sebolt, A.M., Shoemaker, R.C. and Diers, B.W. (2002) Analysis of a qualitative trait locus allele from wild soybean that
increases seed protein concentration in soybean. Crop Sci. 40, 1438-1444.

Singh, U. (1999) Journal of food science and technology 36, 1-14.

Singh, U. and Jambunatham, R. (1981) Studies on desi and kabuli chickpea (Cicer arietinum L.) cultivars — levels of
protease inhibitors, levels of polyphenolic compounds and in vitro digestibility Journal of Food Science 46, 1364-1367.

Tabe, L., Wirtz, M., Molvig, L., Droux, M., Hell, R. (2010) Overexpression of serine acetlytransferase produced large
increases in O-acetylserine and free cysteine in developing seeds of a grain legume. Journal of Experimental Botany 61,
721-33.

31



Tabe, L.M. and Droux, M. (2001) Sulphur assimilation in developing lupin cotyledons could contribute significantly to the
accumulation of organic sulphur reserves in the seed. Plant Physiology 126, 176—187.

Tabe, L.M. and Droux, M. (2002) Limits to sulfur accumulation in transgenic lupin seeds expressing a foreign sulfur-rich
protein Plant Physiology 128, 1137-48.

Tar’an, B., Warkentin, T., Somers, D.J., Miranda, D., Vandenberg, A., Blade, S., Woods, S. and Bing, D. (2004)
Identification of Quantitative trait loci for grain yield, seed protein concentration and maturity in field pea (Pisum
sativum L.). Euphytica 136, 297-306

Tzitzikas, E.N., Vincken, J.P., De Groot, J., Gruppen, H. and Visser, R.J.F. (2006) Genetic Variation in Pea Seed Globulin
Composition. Journal of Agricultural and Food Chemistry 54, 425-433.

Ufaz, S. and Galili, G. (2008) Improving the content of essential amino acids in crop plants: goals and opportunities. Plant
Physiology 147, 954-61.

Upadhyaya, H.D., Reddy, K.N., Gowda, C.L.L. and Silim, S.N. (2007) Patterns of diversity in pigeonpea (Cajanus cajan
(L.) Millsp.) germplasm collected from different elevations in Kenya. Genetic Ressources Crop Evol. 54, 1787-1795.
Valdebouze, P., Bergeron, E., Gaborit, T. and Delort-Laval, J. (1980) Content and distrbution of trypsin inhibitors and

hemagglutinins in some legume seeds. Canadian Journal of Plant Sciences 60, 695-701.

Van Rhijn, P., Fijishige, N.A., Lim, P.O. and Hirsch, AM. (2001) Sugar binding activity of pea lectin enhances
heterologous infection of transgenic alfalfa plants by Rhizobium leguminosarum biovar viciae. Plant Physiology, 126,
133-144

Vasconcelos, 1., Machado Maia, F.M., Farias, D.F., Campello, C.C., Urano Carvalho, A.F., de Azevedo Moreira, R. and
Abreu de Olivieira, J.T. (2010) Protein fractions, amino acid composition and antinutritonal constituents of high-
yielding cowpea cultivars. Journal of food composition and analysis 23, 54-60.

Vigeolas, H., Chinoy, C., Zuther, E., Blessington, B., Geigenberger, P. and Domoney, C. (2008). Combined metabolomic
and genetic approaches reveal a link between the polyamine pathway and albumin 2 in developing pea seeds. Plant
Physiology 146, 74-82.

Vollman, J., Fritz, C.N., Wagentristl, H. and Ruckenbauer, P. (2000) Environmental and genetic variation of soybean seed
protein content under Central European growing conditions. Journal of the Science of food and agriculture 80, 1300-
1306.

Vuong, T.D., Wu, X., Pathan, M.D.S., Valliyodan, B. and Nguyen, H.T. (2007) Genomics approaches to soybean

improvement. In: Varshney, R.K. and Tuberosa, R. (eds.) Genomics Assisted Crop Improvement: Vol. 2: Genomics

Applications in Crops, pp. 243-279.

32



Wakasa, K., Hasegawa, H., Nemoto, H., Matsuda, F., Miyazawa, H., Tozawa, Y., Morino, K., Komatsu, A., Yamada, T.,
Terakawa, T. and Miyagawa, H. (2006) High-level tryptophan accumulation in seeds of transgenic rice and its limited
effects on agronomic traits and seed metabolite profile. Journal of Experimental Botany 57, 3069-78.

Wang, N. Hatcher, D.W., Toews, R. and Gawalko, E.J. (2009) Influence of cooking and dehulling on nutritional
composition of several varieties of lentils (Lens culinaris). Food science and technology, 42, 842-848.

Wang, T.L., Domoney, C., Hedley, C.L., Casey, R., and Grusak, M.A. (2003) Can we improve the nutritional quality of
legume seeds? Plant Physiology 131, 886891,

Wang, T.L., Hedley, C.L., Genetic and developmental analysis of the seed. In Peas: genetics, molecular biology and
biotechnology (Casey R and Davies DR, eds.), 1993, CAB International (pp 83-120). Wang and Hedley 1991,

Weber, H., Borisjuk, L. and Wobus, U. (2005) Molecular physiology of legume seed development. Annual Review of Plant
Biology 56 253-279.

Weigelt, K., Kiister, H., Radchuk, R., Miiller, M., Weichert, H., Fait, A., Fernie, A.R., Saalbach, 1. and Weber, H. (2008)
Increasing amino acid supply in pea embryos reveals specific interactions of N and C metabolism, and highlights the
importance of mitochondrial metabolism. The Plant Journal 55, 909-926

Wilcox, J.R. (1998) Increasing seed protein in soybean with eight cycles of recurrent selection. Crop Science 38, 1536-
1540.

Wilcox, J.R. (2001) Sixty years of improvement in publicly developed elite soybean lines. Crop Science 49, 1711-1716.

Wilcox, J.R. and Cavins, J.F. (1995) Backcrossing high seed protein to a soybean cultivar. Crop Science 35:1036-1041.

Wilcox, J.R. and Shibles, R.M. (2001) Interrelationship among seed quality attributes in soybean. Crop Science 41:11-14.

Williams, P.C., Stevenson, S.G., Starkey, P.M. and Hawtin, G.C.(1978) The application of near infrared reflectance
spectroscopy to protein-testing in pulse breeding programmes. Journal of the Science of Food and Agriculture 29, 285-
292.

Williams, P.C. and Singh, U. (1987) Nutritional quality and the evaluation of quality in breeding programmes. In: Saxena,
M. C. and Singh, K. B. (eds.) The Chickpea. CAB International, pp. 329-356.

Yates, J.L., Harris, D.K. and Boerma, H.R. (2004) Marker-assisted selection around a major QTL on LG-I increases seed
protein content in backcross-derived lines of soybean. In: Soy2004 the 10th biennial conference of the cellular and
molecular biology of the soybean, Columbia, MO, p. 67.

Zhu, X. and Galili, G. (2003) Increased lysine synthesis coupled with a knockout of its catabolism synergistically boosts
lysine content and also transregulates the metabolism of other amino acids in Arabidopsis seeds. Plant Cell. 15, 845-53.

Zuber, H., Davidian, J.C., Wirtz, M., Hell, R., Belghazi, M., Thompson, R. and Gallardo, K. (2010) Sultr4;1 mutant seeds
of Arabidopsis have an enhanced sulphate content and modified proteome suggesting metabolic adaptations to altered

sulphate compartmentalization. BMC Plant Biol. 10:78.

33



34



