
 
Received: 15 July, 2008. Accepted: 4 October, 2008. Invited Review 

Seed Science and Biotechnology ©2008 Global Science Books 

 
Seed Development and Reserve Compound Accumulation 

in Common Bean (Phaseolus vulgaris L.) 
 

Cileide Maria Medeiros Coelho1* • Vagner Augusto Benedito2 

                                                                                                    
1 State University of Santa Catarina, Av. Luiz de Camões 2090, Lages, SC, 88520-000, Brazil 
2 Samuel Roberts Noble Foundation, 2510 Sam Noble Parkway, Ardmore, OK, 73401, USA 

Corresponding author: * a2cmm@cav.udesc.br 
                                                                                                    

ABSTRACT 
Much of what we know today on the molecular aspects of seed development comes from basic studies carried out in the model species 
Arabidopsis. However, many differences exist between the developmental programs of the small seeds of Arabidopsis, basically without 
nutritional reserves, and the crop legume seeds, which are bigger and accumulate nutrients designated to germination. Since seed 
nutritional reserves are essential to guarantee food production, it is important to understand the genetic, biochemical and physiological 
mechanisms favouring a better incorporation rate of the main reserve compounds in seeds, such as proteins, carbohydrates, lipids and 
minerals, which will foster breeding programs towards more productive and efficient genotypes. Here, we review the current 
understanding of seed development of common beans as well as refer to conserved developmental mechanisms between this and other 
related species. The state of the art of biochemistry, genetics and physiology, including protein, hormonal and nutritional interactions, 
during seed development of common beans and the perspectives to further understand and control it are discussed with emphases on 
metabolic pathways, and nutrient transport and storage compounds. The text also alludes to crop management favouring incorporation of 
certain substances or altering the proportion of storage compounds and genotypes that store more efficient forms of phosphate than 
phytates. Additionally, we discuss the major challenges and perspectives for future investigation on controlling mechanisms of the main 
reserve compounds in common bean seeds. 
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INTRODUCTION 
 
Common beans (Phaseolus vulgaris L.) are tropical leg-
umes that diverged from temperate legumes 35-55 million 
years ago in the Tertiary period (Doyle and Luckow 2003). 
It presents a great diversity of phenotypes regarding seed 
size, colours and composition, reflecting the great genetic 
diversity within the species (Papa et al. 2005; Gonçalves 
Ceolin et al. 2007). Although evolutionarily advantageous, 
this genetic plasticity puzzles plant biologists in understan-
ding the bases behind developmental interactions, especi-
ally of those divergent characteristics from established mo-
del species, such as seed development, since the most stu-
died plant model, Arabidopsis, did not develop the capacity 

of accumulating significant nutritional reserves in their 
seeds. 

One purpose of studying seed development in grain spe-
cies is to specify the most adequate harvesting moment in 
terms of maximum nutrient accumulation and seed vigour, 
which coincide with physiological maturity and further de-
hydration to reach the harvest point. Considering that seed 
nutrient reserves are essential to guarantee food production, 
it is essential to understand the genetic, biochemical and 
physiological mechanisms favouring a higher rate of incor-
poration of the main reserve compounds in the seeds, such 
as protein, carbohydrates, lipids or minerals and other nut-
ritional factors. A better understanding of phloem discharge 
may lead to the optimization of reserve compound synthe-
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ses in seeds as well as the study of metabolic pathways, 
especially on key enzymatic steps, can potentially lead to a 
better control of amounts or types of substances stored in 
the seeds. These effects are efficiently addressed by using 
genetic mutants with more efficient transport of sugars, 
amino acids and P to the seeds (Raboy et al. 2000). Under-
standing the metabolic changes associated with structural 
changes during seed development will ultimately indicate 
the processes related to yield, since a desirable genotype 
would present at first, a rapid seed filling at the beginning 
of the seed development program leading to an early seed 
fixation, and after, a short maturation period, which may be 
linked to the drain strength of the developing organ. In this 
review, besides genetic and biochemical interactions during 
development important to seed production. 
 
PHASES OF SEED DEVELOPMENT 
 
Seed development in legumes is highly related to nutrient 
metabolism and transport as an intense sink activity. In 
order to understand and analyse this process, it is funda-
mental to study the genetic, physiological and biochemical 
interactions during seed maturation. The phases of seed de-
velopment are well established (Weber et al. 2005); how-
ever, little is known yet about the dynamic interactions and 
the complexity of the processes involved. Seed is a complex 
organ regarding its genetics: the seed coat is genetically 
maternal, the endosperm is filial (but in diploid species, it is 
triploid due to the double fertilization that gives origin to 
the development of this tissue) and the embryo is purely 
filial. The development of a legume seed follows a series of 
events divided in three phases according to dry matter 
accumulation. Initially, seed development is characterized 
by a relatively slow mass accumulation during histodif-
ferentiation or embryogenesis. The maturation phase is 
followed by a continuous and fast increase in dry matter 
that coincides with an augmentation of germination and 
vigour potentials, until reaching the maximum content of 
dry matter at physiological maturity. This phase compre-
hends cell expansion and reserve compound allocation con-
comitantly to embryo growth. Seed dehydration is charac-
teristic of the third phase, together with biological mecha-
nisms leading to embryo desiccation resistance and, at last, 
germination viability. Sugars and nitrogen are signals regu-
lating seed development (Wobus and Weber 1999) and me-
tabolic exchanges, as well as signalling crosstalk between 
seed and mother plant, are intermediated by the seed coat 
(Borisjuk et al. 2003). 

Hormones play fundamental roles during seed develop-
ment. They are involved in processes since the beginning of 
embryo formation, tissue development, reserve accumula-
tion and its mobilization during the germination. As ex-
haustively studied during pea seed development, high levels 
of cytokinin, auxins, abscisic acid and gibberellin were 
found with their maxima varying at different moments. Cy-
tokinins are present in the beginning of seed development, 
during an intense cellular division process, increasing at a 
rapid speed after the fecundation, diminishing as the seed 
develops. Auxins are synthesized from the amino acid tryp-
tophan, and in seeds it is present since the initial phases of 
development, being responsible for compound assimilation 
from the mother-plant. Gibberellins are associated with cell 
expansion and, in association with auxins, with driving re-
serve synthesis. ABA impairs early germination in the pod 
(viviparity) and is associated with LEA protein synthesis 
and desiccation resistance (Koornneef et al. 2002; Ali-Ra-
chedi et al. 2004). 
 
Embryogenesis or embryo histodifferentiation 
 
This phase is specifically marked by cell division and dif-
ferentiation that will form the embryo tissues and the endo-
sperm. After the sexual fusion (syngamy), there is a brief 
period of reorganization, during which the pronounced va-
cuole near the zygote gradually disintegrates, the zygote 

cytoplasm becomes homogenous and the nucleus increases 
in size. The zygote becomes elongated and a few vacuoles 
are homogenously distributed in the cytoplasm. Cell divi-
sion of the zygote will not initiate until a small portion of 
the endosperm is already formed, the polarity lines are es-
tablished in the embryo sac in preparation for future divi-
sions and growth (Marcos Filho 2005). 

The embryo develops in the interior of the ovule from 
the fertilized egg cell (zygote). Although the initial growth 
of the embryo seems fair, there is already a moderate de-
mand for energy (Borisjuk et al. 2003). Initially, the pro-
embryo assumes a claviform or cylindrical form, then, its 
distal portion becomes the active site of cellular divisions, 
increasing in volume and becoming roughly spherical. This 
modification distinguishes the body of the embryo and the 
suspensor. In following events, there is a change in the em-
bryo symmetry: from the spherical form with radial sym-
metry it develops into a distally flattened structure, ac-
quiring bilateral symmetry. On the other hand, the suspen-
sor is hereby degenerated by programmed cell death events 
(Lombardi et al. 2007). Initially, the cotyledons seem like 
small protrusions, and after a series of divisions and cell ex-
pansion, they later acquire their characteristic aspect similar 
to leaves. The terminal portion of the axis below the coty-
ledons differentiates into root meristem or radicle, forming 
the hypocotyl-radicle axis (Marcos Filho 2005). 

In a more advanced developmental stage of the plant 
embryo, all structures that will form the plantlet can be ea-
sily identified: the apical meristem (in some embryos, it 
may be located in the epicotyl – above the cotyledons); both 
cotyledons (in the case of dicots); the hypocotyl (located 
below the cotyledons); the radicle meristem; and the embry-
onic root or radicle (when the radicle cannot be distin-
guished in the embryo axis, the whole structure below the 
cotyledons is called hypocotyl-radicle axis). In most dicot 
species, the developing embryo feeds from the reserves in 
the endosperm and perisperm (whenever present). This is 
the reason that beans develop large and fleshy cotyledons 
that store energy for plantlet development. The endosperm 
contents are hydrolyzed and transported to the embryo 
during the seed filling phase. Whereas the embryo and the 
endosperm are developing, the teguments also go through 
visible modifications, especially increasing in thickness. 
The funiculus usually suffers abscission leaving behind a 
scar named hilum. 

Cytokinins are involved in early embryogenesis espe-
cially by regulating growth through cell division and sugar 
metabolism. In pea, cytokinin peaks during the heart-shape 
stage of embryo development (Quesnelle and Emery 2007). 
Additionally, the expression of genes involved in the last 
step of active gibberellin synthesis (GA-oxidases) was loca-
lized in the suspensor neck of developing seeds of runner 
bean (P. coccineus) between the late globular and heart 
stages, in the embryo epidermal cells, in the endosperm 
during the transition from globular to heart stages, and 
during cotyledon and inner tegument development (Solfa-
nelli et al. 2005). Auxin has also been shown to be impor-
tant for controlling seed development of common bean. 
PvIAP1, a functional enzyme involved in auxin conjugation 
(thus, auxin homeostasis control) (Walz et al. 2008) was de-
tected during the rapid growth period of seed development 
in common beans (Walz et al. 2002). 

During the early stages of embryo development, there is 
a nutritional competition between the embryo, the endo-
sperm and the suspensor. In genetically incompatible crosses 
of related species, such as common bean (P. vulgaris) and 
runner bean (P. coccineus), embryos are aborted during the 
initial developmental phases, from globular to early cotyle-
don, probably due abnormal endosperm development or 
suspensor hypertrophy, with physiological influence of the 
seed coat (Ndoutoumou et al. 2007). In vitro embryo rescue 
at the globular stage was suggested to overcome this incom-
patibility in breeding programs and a protocol for was pro-
posed for Phaseolus interspecific crosses (Schryer et al. 
2005). 

43



Seed development of common bean. Coelho and Benedito 

 

Maturation and control points in the metabolism of 
sucrose, nitrogen and phytic acid 
 
During seed maturation, the embryo stop growing, mitosis 
is less intense, tegument tissue differentiates, storage com-
pounds start to accumulate and the seed develops tolerance 
to desiccation (Gutierrez et al. 2007) in a clear developmen-
tal switch from cell proliferation and differentiation to cell 
adaptation. In general, at the end of the maturation phase, 
maximum accumulation of dry matter in the seed is reached, 
representing the physiological maturity (Fig. 1). During the 
desiccation phase and even at the end of the maturation 
phase, a high dehydration rate and the rupture of trophic 
connexions with the mother plant is observed. Whereas the 
metabolism decreases drastically, the embryo remains via-
ble, with abscisic acid concentration remaining high to gua-
rantee dry matter flow and enzyme activity acting on ana-
bolic processes (Pammenter and Berjak 1999). In Arabidop-
sis, metabolic profiling indicated that the preparation for 
germination starts already during seed desiccation (Fait et 
al. 2006). In this stage, gibberellins and brassinosteroid syn-
thesis are locally active and exert important functions 
during maturation (Radchuk et al. 2006). Although relatively 
still understudied in legume seeds, abscisic acid (ABA) has 
been regarded as essential for embryo tolerance to desic-
cation (Buitink et al. 2006). 

The accumulation of reserve compounds in the seeds is 
meant to feed the embryo during development and guaran-
tee seed germination and plantlet emergence. Among the 
main seed reserve compounds are carbohydrates, proteins, 
lipids and phytic acid (phytin). Although containing chlo-
rophyll and being of limited photosynthetic capacity, leg-
ume seeds are essentially sink organs. The main reserve 
substances are compounds derived from carbon fixation by 
leaf mesophyll cells into sucrose, which is transported via 
phloem, discharged in the apoplastic region between the 
mother-plant and the seed cells and later incorporated by 
the seed through the seed coat (Weber et al. 1997; Patrick 
and Offler 2001). During the maturation phase, sucrose ar-
rives to the seeds through a ventral vascular system loca-
lized along the pod, in a region delimited around the hilum 
which forms a vascular net around the tegument seed. There 
is no symplastic contact between the tegument and the 
cotyledons either and carbohydrates are discharged from the 
tegument vascular system to an apoplastic region between 
the tegument and the embryo (Borisjuk et al. 2003). Simple 
molecules are transported to the developing seed, such as 
sucrose, amino acids (especially asparagine and glutamine) 
and mineral ions (Golombek et al. 2001). All reserve com-
pounds found in a mature seed are derived from these sim-
ple molecules and follow this transportation mechanism by 
a concentration gradient of metabolites that favours the dif-
ferentiation events (Wobus and Weber 1999). A duo of suc-

rose transporters expressed in the coat of developing seeds 
of common beans, a symporter (PvSUT1) and a facilitator 
(PvSUF1), were functionally characterized recently (Zhou 
et al. 2007). 

Genotypic differences in the rate of developmental seed 
growth have been used to identify control points in the 
photoassimilate accumulation in this organ (Tegeder et al. 
2000). Sucrose uptake was found more variable among ge-
notypes than dry matter flow when labelled sucrose was 
measured around the plasma membrane whereas the dry 
matter flow is the combination of net transport through the 
membrane and the metabolic distribution of the accumu-
lated sucrose so that genotypic differences might be due to 
sucrose sequestration and allocation of reduced carbon from 
sucrose to protein and starch biosynthesis. This effect was 
also observed in other species during the filling phase with 
a low conversion rate from hexoses to sucrose in cotyledons 
of Vicia faba and pea, in which high levels of sucrose and 
low of hexoses may be promoted by sucrose hydrolysis or 
by the synthesis of other storage compounds through the ac-
tivity of sucrose synthase (Koch 1996). 

Seed maturation genes are controlled by master regula-
tory transcription factors that in legumes may be regulated 
by sugars, as suggested by studies in Arabidopsis mutants 
showing leafy cotyledon phenotypes (Tsukagoshi et al. 
2007). PvALF is a seed-specific B3 transcription factor in-
duced by ABA in common bean involved in chromatin re-
modelling and activation of protein storage genes, such as 
phaseolin (Bobb et al. 1995, 1997). An evolutionary conser-
vation of known Arabidopsis mechanisms in legume em-
bryogenesis, such as the involvement of FUS3 and ABI5 
functions onto seed-specific gene expression of a legume 
involving PvALF was demonstrated (Ng and Hall 2007). 
Metabolic profiling of seeds during maturation showed re-
duction of sugars, organic acids and amino acids towards 
incorporation into storage compounds when compared with 
the previous phase (Fait et al. 2006). Recently, a compre-
hensive list of classified transcription factors in a legume 
genome, the model Medicago truncatula, has been reported 
(Udvardi et al. 2007). This, together with whole-genome 
transcriptional profiling will enable to identify most of the 
master regulatory genes involved in seed development in 
the near future. 

Some proteins and carbohydrates are synthesized in the 
seed only later during the development. Among them, there 
are LEA (Late Embryogenesis Abundant) proteins, which 
may be associated with the embryo capability of withstan-
ding dehydration, although the mechanism is still unveiled. 
They are characterized by a hydrophilic amino acid compo-
sition, highly soluble in water and resistant to high heat. 
Functionally, they act to protect the embryo from dehydra-
tion and other environmental stresses, such as salt and heat 
(Wang et al. 2003b). 

Specific sugars that are synthesized later during embryo 
development were also found associated with stress toler-
ance. Sucrose, for example can confer a glass state to the 
mature seed, impairing membrane fusion and increasing 
seed longevity (Gurusinghe and Bradford 2001). 

Common bean seeds accumulate great amounts of pro-
teins and starch, indicating a regulated integration of carbo-
hydrate and nitrogen metabolisms. During legume seed de-
velopment, amides are imported from other organs and con-
verted into amino acids (Golombek et al. 2001). The rate of 
each metabolism is defined by the concentration of starch 
and sucrose. An example of this regulation can be exempli-
fied by the transcription of legumins in the seeds of rugosus 
(rug) pea mutants, which present wrinkled seeds and less 
starch in the seeds than the wild-type, leading to higher nit-
rogen contents and a higher sucrose/starch ratio (Turner et 
al. 1990). 

Amino acid uptake by parenchymatic cells of pea coty-
ledons may be mediated by specific H+-amino acid trans-
porters, although this is not proved yet (Tegeder et al. 2000). 
In pea seed coats, amino acids are metabolized and restruc-
tured, especially glutamine, alanine and threonine and later, 

Fig. 1 Diversity of seed coat colour in common bean (Phaseolus vulga-
ris) in South Brazil. BAF: Banco Ativo de Feijão (Active Bank of Beans).
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asparagine, are released (Rochat and Boutin 1991). In a sa-
turable system, co-transport of amino acids with H+ is 
thought to be important and has been shown as an important 
control point, such as the VfAAP1 observed in parenchyma 
cells of faba beans (Vicia faba) cotyledons, which is ex-
pressed at its maximum during storage protein accumula-
tion phase (Miranda et al. 2001). 

During seed development, phosphorus accumulation as 
phytate (phytic acid) follows the same pattern in legumes as 
in cereals, generally following dry matter accumulation 
(Fig. 2) (Asada et al. 1969; Makower 1969; Ogawa et al. 
1979; Raboy and Dickinson 1987; Coelho et al. 2005). 
Some species differ in which tissues phytate accumulation 
occurs and how it is distributed in protein bodies. In some 
cereals, as in rice and wheat, phytate is deposited in the 
aleurone layer, which is easily removed during grain pro-
cessing (Ogawa et al. 1979). In soybean and common bean, 
phytate is dispersed in the cotyledons, associated to the 
proteins in protein bodies (Lott et al. 1985). 

In some studies with developing seeds, intermediates of 
inositol phosphates were not detected, as in rice and wheat 
(Asada and Kasai 1962; Saio 1964; Cosgrove 1966) or soy-
bean (Raboy and Dickinson 1987), whereas in other studies, 
intermediates with different phosphorylation levels (tris-, 
tetrakis- and pentakisphosphate) were found in maize, sun-
flower and common beans (Sobolev and Rodionova 1966; 
Loewus and Loewus 1983) as well as mono- and pentakis-
phosphate in Wolffiella floridana (Roberts and Loews 1968), 
monophosphate in rice (Tanaka et al. 1971) and tetrakis- 
and pentakisphosphate in cotton embryos (Sharma and 
Dieckert 1974). There are relatively few reports on phytate 
contents and its intermediates in seeds of common beans, 
with even fewer during seed development. 

Commercial varieties of common beans were reported 
to present a higher rate of phytate biosynthesis from 16 to 
26 days after flowering (DAF). Small inositol phosphates, 
IP3 to IP5, being clearly detected during different stages of 
seed development, being IP3 contents much higher than IP4 
or IP5 (Coelho et al. 2005). Myo-inositol kinases, enzymes 

that phosphorylate myo-inositol until IP6 are present during 
seed development. In soybean seeds incubated with labeled 
substrate, the larger substrate used by a inositol (1,3,4)-P3 
kinase was inositol (1,3,4,5)-P3, which was converted to 
inositol (1,3,4,5,6)-P5 (Phillippy 1998). Other studies repor-
ted that the expression of inositol (1,3,4)-P3-5/6 kinase in 
Arabidopsis was correlated with the synthesis of inositol 
(1,3,4,6)-P4 and inositol (1,3,4,5)-P4 at the ratio 1:3 (Wilson 
and Majerus 1997). Inositol phosphates smaller than IP6 
were detected in mature seeds, however it may be a hydro-
lysis product of phytate during seed storage (Brearley and 
Hanke 1996a; Coelho et al. 2005). In mature cereal grains, 
its intermediates represent only 2% of the total inositol 
phosphate. Notwithstanding, in legume grains, this propor-
tion is around 28% (Lehrfeld 1989; Burbano et al. 1995; 
Kasim and Hardy 1998; Harland and Narula 1999). 

Strategies to decrease phytate contents in seeds could be 
achieved through increasing pools of other phosphate forms, 
such as inorganic phosphate or inositol tetra- and pentakis-
phosphates, such as carried out in maize (Raboy et al. 2000). 
Thse forms of phosphate are believed to have a lesser effect 
as antinutrient (Persson et al. 1998; Sandberg et al. 1989; 
Lonnerdal 2002). 
 
CARBON AND NITROGEN METABOLISMS 
DURING SEED DEVELOPMENT 
 
Seed development is dependent upon nutrient supply deli-
vered through the phloem. To arrive at the seed cells, a 
stream of nutrients involving a suite of membrane transpor-
ters, such as aquaporins, channels and secondary transpor-
ters takes place in all phases of seed development (Zhang et 
al. 2007). A symplastic movement was revealed in great de-
tails in Arabidopsis embryos by using localized expression 
of green fluorescent protein (GFP) and following its sym-
plastic mobilization throughout seeds and embryos (Stadler 
et al. 2005), revealing that the outer integument is a sym-
plastic extension of the phloem as well as characterizing as 
symplastic domains: the inner integument, and the embryo 
at the globular stage plus the suspensor. 

The sink strength of the seed will at last determinate the 
yield potential for seed production. The ectopic overexpres-
sion of phosphoenolpyruvate carboxylase (PEPC) in Vicia 
narbonensis resulted in a higher storage potential and in-
creased protein content in the seeds (Radchuk et al. 2007). 
Besides the photosynthetic efficiency determining solute 
concentration in the phloem sap, changes in the seed phy-
siology, the activity and quantity of membrane transporters 
are key factors establishing the sink strength of the seed. 
Seed-specific amino acid permeases are well studied in leg-
umes. The pea AAP1 and 2 were shown to be expressed in 
the seed coat, cotyledon epidermis and parenchymatic sto-
rage cells especially during the protein storage phase (Tege-
der et al. 2007). These authors also showed evidence that �-
ketoglutarate and oxaloacetate may provide signals leading 
to upregulation of amino acid synthesis. In another study, 
seed overexpression of AAP12, a seed-specific amino acid 
permease of Vicia narbonensis increased uptake and alloca-
tion of fixed carbon and nitrogen to seeds, resulting in grea-
ter seeds and higher yields (Gotz et al. 2007). 

Interestingly, vegetative organs were not compromised, 
but rather stimulated by this seed sink strength, leading to a 
stronger vegetative growth. In lupin, the activity of a neutral 
invertase was demonstrated to be predominant during the 
early stages of seed development whereas a sucrose syn-
thase activity was pronounced during the growing and sto-
rage phases. Water status influences this metabolism and 
interestingly, a mild drought during the maturation phase in 
lupin led to an increase in stachyose and raffinose oligosac-
charides although other metabolites analysed were un-
changed in mature lupin seeds (Pinheiro et al. 2005). These 
storage carbohydrates are involved in the acquisition of 
desiccation tolerance, conferring a low cellular osmotic pot-
ential; however they have also been implicated as antinut-
ritional factors and as source of flatulence effects (Viana et 

Fig. 2 Phases of pod and seed development after fecundation in rela-
tion to dry matter accumulation in the seeds. From left to right: 0.04; 
0.08; 0.17; 0.24; 0.22 g/grain and 17; 19; 23; 28; 35 days after flowering 
(DAF), respectively. Bar = 2 cm. 
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al. 2006), opposing nutritional properties and agronomic 
trait. 

In a study of seed traits among genotypes of mungbean 
(Vicia radiata, previously Phaseolus aureus and Phaseolus 
radiatus), the authors reported differential activity of en-
zymes involved in controlling the carbon flux: sucrose syn-
thase, UDP-glucose, ADP-glucose pyrophosphorylases and 
hexokinase, and concluded that the development of larger 
seeds is concerted with a prolonged activity of enzymes of 
carbon metabolism control (Chopra et al. 2007). Hexo-
kinase is also thought to play a key role as a glucose sensor 
in the plant cell, leading to control gene transcription, trans-
lation, protein turnover and enzymatic activity (Rolland et 
al. 2006). The Sucrose Nonfermenting-1-Related Protein 
Kinase (Snrk1) was demonstrated in pea to regulate carbon 
energy flow in maturating cotyledons by repressing other 
energetically expensive cellular processes, deviating availa-
ble resources towards storage compound synthesis and 
stress tolerance (Radchuk et al. 2006). The importance of 
glucose-6-phosphate (Glu-6-P) in seed development was 
shown through the identification and functional characteri-
zation of the plastidial Glu-6-P/phosphate translocator 
(GPT1) of Vicia narbonensis. This gene is expressed in ve-
getative sink tissues, flowers and young seeds. In the em-
bryo, its expression overlaps the starch accumulation phase. 
This translocator was shown to perform a rate-limiting step 
for starch synthesis in developing seeds, to control the par-
titioning into storage proteins and being essential to embryo 
plastids and during seed maturation (Rolletschek et al. 
2007). In pea, phosphoenolpyruvate carboxykinase (PEPCK) 
was found throughout seed development, with maximum 
activity in coat and cotyledon tissues before protein ac-
cumulation in the cotyledons. This enzyme was strongly in-
duced by nitrogen supply under organic or inorganic forms, 
indicating its involvement on nitrogen metabolism in deve-
loping seeds (Delgado-Alvarado et al. 2007). 

Many legumes, through a mutualistic symbiosis with 
rhizobia in the root nodules, are able to fix atmospheric nit-
rogen, being largely independent of the soil nitrogen. Tropi-
cal legumes, such as common beans, incorporate the fixed 
nitrogen primarily as ammonia into ureides (allantoin or 
allantoate). A common bean allantoin permease (PvUPS1) 
was reported (Pélissier et al. 2004) and its expression pro-
file indicates a function in the allantoin phloem loading 
towards sink organs (Pélissier and Tegeder 2007). Much of 
the transporter systems involved in nutrient exchange bet-
ween the symbionts have been revealed biochemically, but 
still awaits largely the identification and functional charac-
terization of their genetic entities (Benedito et al. 2006). 
 
PHOSPHATE METABOLISM DURING SEED 
DEVELOPMENT 
 
The most abundant form of phosphorus in seeds is phytate 
(myo-inositol hexakisphosphate, IP6) where up to 80% of 
total seed phosphorus content may be stored in this form 
(Raboy 1990). During seed development, phytic acid is de-
posited within single-membrane storage organelles referred 
to as protein bodies (Lott et al. 1985), forming insoluble, 
crystal complexes of minerals such as K+, Ca2+, Mg2+, Mn2+, 
Fe3+ and Zn2+ via ionic associations with phosphate groups, 
known as phytate or phytin (Lonnerdal 2002). Large 
amounts of phytate stored in seeds as these very stable com-
plexes results in a notorious antinutrional property, critical 
to the consumption by humans and monogastric animals, 
which lack the hydrolytic enzyme phytase in their digestive 
tract (Cheryan 1980). Nutritional reserves accumulated 
during seed development are intended to be relocated 
during germination and the early seedling growth stages, 
being phytate an important source of inorganic phosphate, 
minerals and myo-inositol. Nevertheless, it was also claimed 
to be beneficial to human health with antioxidant and anti-
carcinogenic effects (Zhou and Erdman 1995). 

The first step in the synthesis of phytate is the produc-
tion of 1-L-myo-inositol-1-phosphate (Ins(1)P) from D-glu-

cose-6-phosphate catalyzed by the isomerase D-myo-inosi-
tol-3-phosphate (Ins(3)P) synthase (MIPS, E.C. 5.5.1.4). 
From this point, one possible pathway involves the metabo-
lism of Ins(3)P to IP3 through a lipid- and phospholipase C-
dependent pathway (Majerus et al. 1988). IP3 is subse-
quently metabolized to IP6 by the action of several kinases 
and possibly some phosphatases (Wilson and Majerus 1997; 
Phillippy 1998), which may alternatively synthesize phytate 
directly from inositol-phosphates (InsP) (Biswas et al. 
1978). In either pathway, there are different reports on the 
identification of the exact isomers and kinases or phos-
phatases involved in the metabolism of InsP (Brearley and 
Hanke 1996b). This subject is difficult to evaluate because 
phytate biosynthesis may occur through multiple and simul-
taneous pathways (Stevenson-Paulik et al. 2002; Shi et al. 
2003; Coelho et al. 2005; Shi et al. 2005), and may not be 
linear, involving both phosphorylation and dephosphoryla-
tion events, and being some of the enzymes even multifunc-
tional, acting on more than one substrate of the pathway 
(Fig. 3). There is also evidence supporting that a control 
exists upstream IP3 (Coelho et al. 2005). 

The biochemical pathway of phytic acid synthesis, or its 
regulation, has not been completely elucidated as yet. How-
ever, it is clear that during the synthesis of phytic acid, 
phosphate, myo-inositol or glucose may be the initial sub-
strates to be incorporated in the phytate synthesis. Phos-
phate is incorporated from ATP, glucose and myo-inositol 
are carbon skeletons (Loewus and Loewus 1983), being 
both able to generate myo-inositol-1P through myo-inositol-
1P synthase and myo-inositol kinase, respectively (Loewus 
and Murthy 2000). 

Some reports provided important evidences that MIPS 
play a regulatory role in phytate synthesis of developing 
legume seeds. In mungbean, the sum of inositol-phosphate 
pools (IP1 to IP5) represents around 20% of the amount of 
IP6, whereas MIPS activity was detected between 7 and 14 
days after flowering, following a decline in its activity after-
wards (Majumder and Biswas 1973). Soybean was reported 
to have four MIPS isoforms, but GmMIPS1 is the one ex-
pressed especially during early seed development (Hege-
man et al. 2001; Chappell et al. 2006), more specifically in 
the outer integument layer (Chiera and Grabau 2007). Silen-
cing the soybean MIPS (GmMIPS1) through RNA inter-
fering (RNAi) showed an effective reduction of phytate 
contents and improved phosphorus availability in seeds, 
although also affected germination (Nunes et al. 2005). 
Most recently, rice low phytic acid (lpa) mutants were 
described. Among eight mutants, five showed to be non le-
thal in homozygosity for these loci. Among the mutated loci, 
a putative myo-inositol kinase (E.C. 2.7.1.64) was identified, 
showing it as a potential candidate for molecular breeding 
(Liu et al. 2007). In soybean, two lpa mutants were des-
cribed recently, being one characterized as a GmMIPS1 mu-
tant (Yuan et al. 2007). 

The seed-specific form of common bean MIPS is 94% 
identical to its soybean orthologue (Hegeman et al. 2001; 
Nunes et al. 2005; Sparvoli and Fileppi 2005). The MIPS 
activity in common bean seed is dependent on its transcript 
level and represents a rate limiting step in phytic acid syn-
thesis, with an important control point regulating this meta-
bolic route upstream of IP3. In favor of this hypothesis, there 
are reports not only assessing InsP levels in mature seeds, 
but also exploring temporal variations during seed develop-
ment. We observed that the flux between IP3 and IP5 during 
seed development in three cultivars of common bean seemed 
to be determined in part by substrate concentration rather 
than only by variations in enzymatic activity (Coelho et al. 
2005). Therefore, there is evidence supporting that a control 
exists upstream IP3. In this scenario, we indicate an impor-
tant role for MIPS, which could be the cause of increased 
input into the pathway upstream IP3. More recently we 
examined myo-inositol-3-phosphate synthase (MIPS) (EC 
5.5.1.4) activity and gene expression during seed develop-
ment of common bean. Phytate concentration was low at 
the initial stage of seed development, coinciding with a pe-
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riod of the most intense seed metabolism, but followed by a 
period of high enzymatic activity and gene expression of 
MIPS when a decrease in its specific activity and transcrip-
tion was detected throughout seed development until 20 
days after flowering; however, the specific activity of MIPS 
dropped more expressively than the gene expression, mat-
ching with higher phytate concentration. Hence, we show 
that there is evidence of one control point regulating phytate 
synthesis with MIPS enzyme (Coelho et al. 2007). 

In another study, in vitro synthesis of phytate was stu-
died in common bean fruit explants with different sucrose 
concentrations, phosphorus, myo-inositol, abscisic acid, glu-
tamine, and methionine with fixed concentrations tested 
during a time course (0-9 days after cultivation). Phytate 
variation coincided with different concentrations of sucrose, 
myo-inositol, P and ABA throughout the period for the dura-
tion tested. P, sucrose, ABA, and myo-inositol caused an in-
crease of phytate in the seed, showing that it could be pos-
sible to alter its content by cultivating fruit explants in vitro 
(Coelho et al. 2008). 

An important aspect to be tackled in this area is the 
understanding of transcriptional dynamics of MIPS para-
logues in a legume species as well as the genetic variability 
of MIPS activity and gene expression associated with phy-
tate concentration in seed development in common beans 
and other legumes, as well as activity and transcriptional 
profiling of MIPS paralogues in common beans. Genotypic 
diversity was found in MIPS activity in landraces varieties 
of common bean during the maximum of phytate synthesis 
(unpublished results), indicating possible MIPS isoforms or 
differential gene promoter regulation. Yet, with increasing 
evidence that phytate synthesis has other regulation points 
than MIPS, it is also attractive the analysis of other enzymes 
related to inositol biosynthesis during seed development, 
such as myo-inositol kinase (MIK), responsible for multiple 
myo-inositol phosphorylation, in order to gather more evi-
dences on alternative routes of phytate that do not include 
Ins(1)P via MIPS. Interestingly, phytate contents did not 
seem to be influenced by period or dose of N supply 
(Coelho et al. 2008). 
 
Grain characteristics influenced by crop 
management 
 
Besides, a positive correlation was observed between cook-

ing time and N supplied at later stages of grain filling stage 
(R6), in agreement with previous results showing that N 
was essential to yield and protein contents in the grain, that 
it was a function of N availability and developmental stage 
of the plant (Silveira and Damasceno 1993), and that the 
genotype exerted a strong influence over this trait (Furtini et 
al. 2006), whereas N side dressing or Mo application did 
not affect bean yield, but they influenced grain technologi-
cal characteristics, such as increased protein contents, cook-
ing time and maximum hydration time (Silva et al. 2006). 
Another recent finding is the relationship between nodula-
tion and seed quality (germination and vigour) through 
higher levels of trehalose contents (Altamirano-Hernandez 
et al. 2007). 

Phytate contents in seeds are dependent on phosphate 
availability in the soil (Raboy and Dickinson 1993). Thus, 
genetic improvement may benefit of genotypes with less 
influenced by environmental aspects in this regard. Another 
report showed that phosphate availability does not neces-
sarily affect phytate contents, since there is a negative rela-
tionship between up taken phosphate by the plant and the 
phosphate stored as phytate in the seeds (Santos 1998). 
Other reports show that the reduction of phytate contents 
did not have negative consequences on germination rate or 
seed vigor in soybean (Raboy et al. 1985). However, a sel-
ection aiming at reducing phytate contents would probably 
lead to a concomitant reduction in protein contents in the 
seed (Raboy et al. 1990). 

Phosphate uptake is affected by phosphate availability 
in the soil and the genetic background of the plant (Raboy 
et al. 1984). Whereas phosphate availability will depend 
upon soil aspects, its physical, chemical and biological cha-
racteristics, the plant root system can secrete phosphatases 
to the soil in order to hydrolyze organic phosphate to inor-
ganic form (Pi), in order to allow root uptake. Phosphatases 
are also present in plant tissues and are associated with 
phosphate remobilization within the plant (Duff et al. 1994). 

It is interesting to notice that the strategies used by the 
plant to regulate phosphate levels in its tissues may affect 
phytate levels in the seed. When plants are adequately sup-
plied with Pi from the soil, they can absorb more than its 
developmental requirements. Raboy and Dickinson (1984) 
described different levels of phytic acid in seeds of soybean 
genotypes, which were classified as sensitive or tolerant to 
high phosphates in the soil. A sensitive genotype accumu-
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lated more phytic acid in grains with the increase of phos-
phate contents in the leaves, whereas a tolerant genotype 
did not show this relationship. 

One way of preventing Pi accumulation is to convert it 
to organic forms, so that phytate accumulation in seeds 
could be a way of regulating excessive Pi, as suggested by 
Raboy and colleagues (1985), who reported differences in 
germination rate among soybean genotypes with contrasting 
levels of phytic acid in seeds (0.19 to 1.0 mg phytate/seed). 
In moderate deficiency of Pi in the substrate, plants keep 
phosphate homeostasis, regulating Pi concentrations in the 
cytosol through controlling Pi levels in the vacuole. How-
ever, the level of this regulation was reported to be depen-
dent on genotypes (Mimura et al. 1990). 

Phosphate utilization efficiency, since uptake to assimi-
lation, is a highly inheritable trait, which means that it can 
be manipulated in breeding programs. This is an indirect 
way of controlling phosphate accumulation in the seeds 
(Thung 1990). However, the best way is determining the 
proportion of this phosphate which is accumulated as phytic 
acid and the biochemical and physiological mechanisms 
behind it. Unfortunately, to date these factors are still un-
known. The genetic variability for phytic acid contents has 
been demonstrated with great potential to obtain potential 
genotypes for breeding programs. One work reported analy-
sis of twelve millet diallelic parentals with segregating phe-
notype for this trait in the progeny (Satija and Thukral 
1985). Raboy et al. (1990) and Larson et al. (1998) showed 
that maize and oat mutants with low levels of phytic acid 
presented dramatic reduction in the phytate P: Pi ratio. 
More recently, the maize mutant ipa2 was shown to have a 
decreased phosphate level as phytic acid (IP6) in seeds, 
accumulating instead other forms of inositol phosphates, 
such as IP3, IP4 and IP5 (Raboy et al. 2000). In previous stu-
dies with legumes (Coelho et al. 2002), eleven common 
bean genotypes were compared for phytate contents in 
mature seeds, which resulted in detection of a great genetic 
variability among genotypes (0.7-1.4%), indicating that it is 
possible to select contrasting genotypes to study phytate 
content regulation at the biochemical level as well as to in-
corporate this trait into breeding programs. 
 
THE QUALITY PROBLEMS OF COMMON BEAN 
GRAINS – BREEDING CHALLENGES 
 
Wang et al. (2003a) reviewed the nutritional problematic of 
legume seeds concerning protein quality, antinutritional 
compounds, carbohydrates and minerals, and breeding pos-
sibilities regarding each category. Many of these traits con-
cern common beans. 

Most legume seeds are known for their high protein 
contents and serve as staple food in many regions of the 
globe. However, the proteins present in many legume seeds 
are poor in sulphur-containing amino acids (methionine and 
cysteine), as well as tryptophan, which are essential for 
humans and need to be provided by the diet (Andrade et al. 
2004). Arabidopsis mutants have been useful to elucidate 
the biochemical pathways of amino acid synthesis and con-
versions so that we can engineer a stronger anabolism of 
essential amino acids in seeds. This could be done by for-
ging biosynthetic pathways, such as by deviating lysine 
synthesis towards methionine by down regulating S-adeno-
sylmethionine synthase transcription, which uses methio-
nine as a substrate (Hacham et al. 2007). It is important, 
however, to realize that increasing the levels of sulphur-
containing amino acids will also elevate the nutritional 
demand of sulphate by the plant. 

Another nutritional problem already cited elsewhere in 
this review is the presence of galactooligosaccharides that 
causes flatulence in monogastric animals, such as raffinose, 
stachyose, and verbascose (McPhee et al. 2002). In com-
mon beans, these oligosaccharides can account to almost 
6% of the grain fresh weight (da Silva et al. 2006) and may 
correlate with drought tolerance (Kavar et al. 2008). 

Common beans are also a major source of dietary iron, 

especially in developing countries. Playing a bigger role 
than phytate, polyphenols (tannins) present in the coat of 
mature seeds were shown in vitro as a more important anti-
factor than phytate for chelating iron and making it non di-
gestible (Ariza-Nieto et al. 2007). On the other hand, poly-
phenols are significantly correlated with biotic resistances 
(Islam et al. 2003), leaving breeders with a difficult equa-
tion to solve. Ascorbate was shown to improve iron digesti-
bility of common beans (Ariza-Nieto et al. 2007) and may 
be a counterbalance concerning iron availability. 
 
LIPIDS AND OTHER STORAGE COMPOUNDS IN 
COMMON BEAN SEEDS 
 
Lipid is not the preferential storage compound in common 
beans as it is in other legumes, such as soybean. We reckon 
that a few transcription factors may play key roles in deter-
mining the preferential biosynthetic pathways of storage 
compounds and deciphering the genetic players involved in 
this process may enable a more controlled manipulation of 
composition in legume seeds. Comprehensive transcrip-
tional profiling of soybean and common beans may reveal 
differential genes to generate hypotheses into this matter. 

It will be interesting to unveil the polyphenol biosyn-
thesis pathway in seed coat of common beans and whether 
the manipulation of its levels will be associated with other 
traits of economical importance. 
 
IMPORTANT TRAITS OF COMMON BEAN SEEDS 
FOR BREEDING PROGRAMS 
 
A striking feature of common bean is a great plasticity of 
the seed coat colour and patterns. As expected, it presents a 
complex genetic inheritance (McClean et al. 2002; Bassett 
2007) and is a major characteristic in breeding programs. 
Nevertheless, in the variety Pinto, the post-harvest darken-
ing of seed coats is an important, undesirable trait, which 
has been reported recently to be due to a single, recessive 
gene (Junk-Knievel et al. 2008). 

Another important trait is the content of raffinose in the 
coat, since this compound is related to the flatulence effect 
in humans and is thought to be the cause of rejection by 
monogastric animals (Aranda et al. 2001). The recently 
found positive correlation between polyphenols in the ma-
ture seed coat and iron bioavailability, in addition to great 
genotypic differences (Ariza-Nieto et al. 2007), indicates 
that this may be a trait to be incorporated in breeding prog-
rams to improve nutrient availability. 

Understanding how seeds of common bean develop and 
the major genes involved in this process may potentially 
lead to molecular breeding tools, either transgenic or not. 
The exact characterization temporal and spatial expression 
of seed-specific genes may reveal interesting promoters to 
be use with genes of interest that will not be expressed in 
other parts of the plant, leading to energy economy of the 
entire physiology, reflecting, thus, in higher yields. A well-
known and much used common bean seed promoter is the 
one driving the phaseolin (phas) gene expression (Ng and 
Hall 2007), that can be used to drive transgene overexpres-
sion in legume seeds. The characterization of other common 
bean promoters and the test of known promoters from other 
species, especially the models will potentially allow a more 
directed expression, temporally and spatially, with potential 
energy savings for the plant. 
 
CHALLENGES AND PERSPECTIVES 
 
It is remarkable the phenotypic variability presented within 
the common bean genetics.  Unlike pea, the scientific re-
search of common beans has not benefited of many mutants 
for gene discovery in the species. Most of what is known on 
its molecular level of common beans comes from hypothe-
sis raised from knowledge gathered in other species and 
tested in this species. 

Mutants of Arabidopsis thaliana have proved to be 
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valuable for functional analyses of seed-specific genes in 
genetic complementation approaches. For instance, the Ara-
bidopsis high-affinity amino acid permease AAP8 was 
shown to be expressed during early seed development and 
to play a central role in amino acid uptake in endospermic 
cells, supplying the developing embryo with amino acids 
(Schmidt et al. 2007). Arabidopsis mutants for this gene are 
impaired in normal seed development, and given the simi-
larity of the developmental processes between legumes and 
this model species (at least during the early embryogenesis) 
this mutant is a valuable tool for heterologous complemen-
tation of legume amino acid permeases. 

The understanding of seed development in legumes has 
taken advantage of model species, such as Arabidopsis, as 
well as with alternative legume systems, such as Vicia, and 
transgenic plants with modification in metabolic routes, 
which make them ideal systems to study the control points 
of nutrient accumulation in the seeds (Weber et al. 2005). 

Legume seeds are important sources of human food. 
However, the improvement of legumes protein quality is 
highly desirable. Metabolic engineering is key in this pro-
cess and the understanding of how seed biochemistry and 
physiology work will help manipulating metabolic routes 
towards increasing desirable compounds in the seed. 
 
Genomics of common beans and model systems 
 
Legume biology is currently flourishing with new model 
species, such as Medicago truncatula and Lotus japonicus, 
as well as an important tropical legume model, as much as 
an important crop, soybean. The genome sequencing of 
these three legumes is nearly complete, comprehensive 
transcriptomics studies are being made available and the 
genetic map of soybean, which is expected to be the most 
syntenic to common beans among these model species, is 
saturated. A global initiative for sequencing ESTs (ex-
pressed sequence tags) of common beans is under develop-
ment (www.phaseolus.net). Common beans present an esti-
mated genome size of 630 Mb divided into 11 haploid chro-
mosomes (whereas the soybean genome is 1,200 Mb divi-
ded into 20 chromosomes, the M. truncatula genome is 450 
Mb in 8 chromosomes, and the genome of the model spe-
cies Arabidopsis thaliana is only 120 Mb in 5 chromo-
somes; all with genome sequencing projects complete or 
near completion), and there is no expectation for having the 
its genome sequenced in the near future. Yet, due to its huge 
phenotypical plasticity, analyses of natural variation at the 
genomic level of genes potentially linked to agronomic 
traits will be a great asset as a molecular tool in breeding 
programs. With the new generation of high-throughput se-
quencing techniques, a project for deep sequencing ESTs 
could, instead, create comprehensive microarrays to assess 
gene expression. 
 
OTHER LEGUMES AS REFERENCES TO COMMON 
BEANS 
 
A transcriptomic study of developing seeds of guar (Cya-
mopsis tetragonoloba) was recently published (Naoumkina 
et al. 2007). Since guar seeds are rich in a mucilage com-
posed mainly of galactomannan, this study can offer clues 
on differential gene regulation and preferential biochemical 
pathways during seed development between this and other 
legume species, leading to a better understand about the 
dynamics of reserve compound storage in this family. An-
other study that will impact the field is the transcriptomic 
and proteomic analysis of M. truncatula developing seeds 
(Gallardo et al. 2007). This conjugated analysis can poten-
tially reveal another layer of functional regulation: post-
transcriptional gene regulation. M. truncatula seeds present 
a balanced composition of storage compounds (carbohyd-
rates, proteins and lipids). M. truncatula is a temperate 
grain legume counting with a comprehensive gene ex-
pression atlas (Benedito et al. 2008) that includes a com-
plete seed developmental series (http://bioinfo.noble.org/ 

gene-atlas) that may be of relevance for comparative analy-
ses or creating hypotheses on gene expression of common 
bean as well. 
 
MOLECULAR BREEDING OF COMMON BEANS 
 
Most legumes are recalcitrant for genetic transformation. A 
recent protocol on transformation of Phaseolus spp. roots 
mediated by Agrobacterium rhizogenes (Estrada-Navarrete 
et al. 2006) was published and will allow molecular studies 
of root genes. Alternatively, a highly efficient protocol 
using particle bombardment was reported recently (Rech et 
al. 2008). 

The seed coat was proposed to be engineered molecu-
larly to enhance the quality of the seed and its yield or even 
to serve as biofactory of novel compounds (Moise et al. 
2005). In common beans, once the genetic transformation is 
effective, this goal can be pursued to understand better and 
manipulate coat composition. 

Since common beans are much used in developing 
countries as an important source of nutrients, including pro-
teins, it is important to understand the nature of nutrient 
accumulation in their seeds in order to enable quantitative 
and qualitative nutritional improvement of beans for human 
consumption. With many crops gathering resources to reach 
a level of incorporating molecular tools into their breeding 
programs, common beans must take its share for speeding 
up elite genotype generation. For that, genomics and bio-
chemical studies must tackle the genetic elements con-
trolling the most important traits in the species, as well as a 
genotypic survey into its great genetic diversity. Potentially, 
farmers and consumers will benefit from this basic know-
ledge with stronger plants in the field and better grains in 
their plates. 
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