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ABSTRACT 
 

Iron (Fe) participates in many essential plant functions, such as 

photosynthesis, respiration and nitrogen metabolism, including 

nodulation of legume plants. It is abundant in most soils but its 

availability is low, especially in calcareous soils (more than 30% of 

arable soils), where its solubility is very low and is frequent the incidence 

of Fe chlorosis. In these soils, one of the more important factors causing 

Fe chlorosis is bicarbonate while hypoxia, due to flooding or other 

causes, can aggravate its negative effects. According to the World Health 

Organization, the most common nutritional disorder in humans is Fe 
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deficiency, with over 30% of the world's population affected. To solve 

both problems, two of the main objectives of plant Fe researchers are to 

obtain genotypes more efficient in Fe uptake (more tolerant to calcareous 

soils) and to get edible seeds with higher Fe content for human nutrition. 

For these goals, it is necessary to know better the mechanisms implicated 

in Fe uptake and their regulation. To acquire Fe from soils, plants have 

developed different strategies. Today, two main strategies are considered: 

the Strategy I, present in non graminaceous plants (dicots, non grasses 

monocots,…) and the Strategy II, present in graminaceous plants. When 

plants suffer from Fe deficiency they switch on several morphological 

and physiological changes in their roots, known as Fe deficiency stress 

responses (hereafter named Fe responses), aimed to facilitate Fe 

acquisition and mobilization. These responses are switched off once 

plants acquire enough Fe, to avoid Fe intoxication and energy lost. Since 

pea is a dicot plant species, this review is devoted to describe the 

characteristics of Fe acquisition and Fe responses in Strategy I plants, 

pointing out the role of some pea mutants (brz and dgl) in the studies 

about this Strategy.  

 

Keywords: bronze mutant, chlorosis, dgl mutant, ethylene, iron, regulation, 

iron responses 

 

 

INTRODUCTION 
 

Iron (Fe) participates in many essential plant functions, such as 

photosynthesis, respiration and nitrogen metabolism [1-2]. In most cases, Fe is 

involved in the transport of electrons and participates as co-factor of numerous 

enzymes [2]. In relation to legume crops, such as pea, Fe plays a very 

important role in the nodulation process since it is required for some of the 

proteins implicated: leghemoglobin, nitrogenase, cytochromes,… [3]. Fe is 

abundant in most soils but its availability is low, especially in calcareous soils 

(more than 30% of arable soils), where its solubility is very low and is 

frequent the incidence of Fe chlorosis [4]. In these soils, one of the more 

important factors causing Fe chlorosis is bicarbonate while hypoxia, due to 

flooding or other causes, can aggravate its negative effects [5]. According to 

the World Health Organization, the most common nutritional disorder in 

humans is Fe deficiency, with over 30% of the world's population affected [6]. 

Among the plant species frequently affected by Fe chlorosis are several 

legume crops, such as bean, soybean, peanut, pea and others [7]. The usual 

way to correct Fe deficiency is the application to soil of Fe chelates, which are 
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very expensive and easily lixiviated to the environment, that can become 

contaminated. In the long term, the best way to correct this deficiency is the 

prevention by using tolerant genotypes and adequate crop management 

techniques. In the case of pea, although Fe chlorosis is a worldwide 

agricultural problem in this species, variability in tolerance exists among 

different pea genotypes [8-13]. Accordingly, a number of pea breeding 

programmes around the world have conducted screens for variation in Fe 

deficiency tolerance and found significant variation for this trait. To further 

improve the obtention of Fe chlorosis tolerant varieties, it is necessary to know 

better which are the mechanisms involved in Fe acquisition and how are 

regulated by plants. 

To facilitate Fe acquisition, plants have developed different strategies. 

Based on them, plants are classified in two categories: Strategy I plants, that 

include non grasses plants, and Strategy II plants, that include the grasses 

[1,14]. Strategy II plants favor the acquisition of Fe by releasing Fe
3+

 chelating 

agents (phytosiderophores) to soils (for recent information about Strategy II 

plants, the reader is referred to [1]). Since pea belongs to the Strategy I plants, 

we will describe Strategy I in more detail (see Fe acquisition in…).  

Under Fe-deficient conditions, Strategy I plants induce morphological and 

physiological changes in their roots, known as Fe responses, which favor Fe 

acquisition. These responses are induced under Fe deficiency and are shut 

down once plants acquire sufficient Fe, to avoid excess Fe accumulation and 

energy lost. Their regulation is not totally known but in the last years evidence 

has been accumulating suggesting that different hormones [ethylene, auxin and 

nitric oxide (NO)] are involved in their activation while some Fe-related 

signals, probably coming from shoots to roots through the phloem, would act 

as inhibitors (see Regulation of Fe responses…).  

In the study of the regulation of Fe responses in Strategy I plants is 

important the use of two pea mutants with altered regulation of these 

responses: brz (bronze) and dgl. Both mutants present constitutive activation 

of Fe responses even when grown under Fe-sufficient conditions [15-19]. 

Consequently, both hyperaccumulate Fe in their vegetative tissues when 

grown under Fe-sufficient conditions and can become intoxicated [17,19-20]. 

The genes related to the brz and dgl mutations have not been identified yet but 

the research aimed to decipher them can open the way to a better knowledge of 

the regulation of Fe acquisition in dicot plants (see Use of pea mutants…). This 

knowledge would allow the obtention of more Fe-efficient genotypes and 

seeds with higher Fe content.  
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The study of the regulation of Fe responses by using these pea mutants 

(and other approaches) is not solely important in relation to Fe nutrition but 

also in relation to other aspects related to plant nutrition and nodulation. As 

examples, it should be mentioned that these mutants are also affected in the 

accumulation of Al [21] and other micronutrients besides Fe [17], and also in 

nodulation [20, 22]. 

 

 

FE ACQUISITION IN DICOT PLANTS 
 

The main characteristic of Strategy I plants, that include dicot plants such 

as pea and other legume crops, is the necessity of reducing Fe
3+

, the most 

abundant in soils, to Fe
2+

, which is the one preferentially absorbed. The Fe
3+

 

reduction is mediated by a ferric reductase while the Fe
2+

 uptake is mediated 

by a Fe
2+

 transporter, both of them located in the plasma membrane of root 

epidermal cells [1]. The genes encoding the ferric reductase and the Fe
2+

 

transporter were first cloned in Arabidopsis (AtFRO2, Ferric Reductase 

Oxidase [23]; AtIRT1, Iron Regulated Transporter [24]), and subsequent 

homologs have been cloned in other plant species, such as tomato and 

cucumber [25-27]. In pea, the gene encoding the ferric reductase (PsFRO1) 

was cloned by Waters et al [28] and the gene encoding the Fe
2+

 transporter 

(PsRIT1, Root Iron Transporter) by Cohen et al [29]. The ferric reductase has 

also been cloned in other legume crops, such as peanut (AhFRO1 [30]) and 

Medicago truncatula (MtFRO1 [31]). The enhanced expression of PsRIT1 (and 

other IRT1-like genes) under Fe deficiency is associated with increased uptake 

capacity of several divalent metals besides Fe
2+

, like Cd
2+

, Zn
2+

 and Mn
2+

, 

which suggests that the PsRIT1 transporter (and other IRT1-like transporters) 

has a broad substrate range [29,32-33]. Under Fe-deficient conditions, Strategy 

I plants induce morphological and physiological changes in their roots, known 

as Fe responses, which favor Fe acquisition. Among the physiological 

responses are: enhanced ferric reductase activity (due to higher expression of 

the FRO gene); enhanced Fe
2+

 uptake capacity (due to higher expression of the 

IRT gene); acidification of the rhizosphere [due to higher expression of HA 

(H
+
-ATPase) genes]; release of riboflavin and phenolic compounds; and 

enhanced production of organic acids, like citric acid [1,14]. Some H
+
-ATPase 

genes up-regulated by Fe deficiency are already known in dicot plants, such as 

the CsHA1 in cucumber [27,34]. To our knowledge, no H
+
-ATPase gene 

related to Fe deficiency has been identified in pea yet although it has been 

cloned in the legume Medicago truncatula (MtHA1 [31]). Among the 
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morphological responses are: development of root hairs and transfer cells 

[1,14]. Both physiological and morphological responses are located in the 

subapical regions of the roots [14,34]. The morphological responses are rarely 

mentioned in the studies about Fe in pea because root hairs are not as 

prominent as in other plant species and transfer cells have not been studied yet 

in this plant species (at least, to our knowledge).  

The Fe responses are induced under Fe deficiency and are shut down once 

plants acquire sufficient Fe, to avoid excess Fe accumulation and energy lost. 

Their regulation is not totally known but in the last years evidence has been 

accumulating suggesting that ethylene [and other hormones such as auxin and 

nitric oxide (NO)] could be involved in their activation while some other Fe-

related signals, probably coming from shoots to roots through the phloem, 

could act as inhibitors ([35]; see Regulation of Fe responses…). 

 

 

REGULATION OF FE RESPONSES IN DICOT PLANTS 
 

The responses of dicot plants to Fe deficiency are switched on or off 

depending on the Fe necessities of the plant. Their regulation is crucial for 

plants for, at least, two reasons. First, intracellular Fe excess can cause 

oxidative damage to cells because free ionic Fe catalyses the generation of 

hydroxyl radicals trough the Fenton reaction [36-37]. Second, the activation of 

Fe responses requires a lot of energy and, consequently, plants do not activate 

them at least the responses are strictly necessary. In the last years, the 

knowledge of the mechanisms involved in Fe acquisition by Strategy I plants, 

as well as their regulation, has increased considerably. Now, it is known that 

many Fe acquisition genes, that facilitate Fe uptake, are induced by Fe 

deficiency in roots. Moreover, some of them [such as FRO (reductase), IRT 

(Fe transporter) and HA (acidification) genes] are activated by bHLH TFs 

(Transcription Factors), induced themselves by Fe deficiency too [1,38]. From 

these bHLH TFs, FER (Fe-Efficiency Response) in tomato and its homolog 

FIT in Arabidopsis (bHLH29, FER-LIKE IRON DEFICIENCY INDUCED 

TRANSCRIPTION FACTOR; formerly named FRU or FIT1 [39]) are 

considered the master regulators of Fe acquisition from the medium, since 

their knock-out mutants are very chlorotic and lack the ability to activate most 

Fe responses in roots [40-43]. Other bHLH TFs involved in Fe acquisition in 

Arabidopsis are bHLH38, bHLH39, bHLH100 and bHLH101, which seem to 

be redundant and need to interact with FIT for most of their functions [44-45]. 

All these bHLH TFs are induced in both shoots and roots under Fe deficiency 
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except FIT, which is solely induced in roots [38]. To our knowledge, no 

homologs of these bHLH TFs have been identified in pea yet. 

The regulation of the morphological Fe responses by Strategy I plants is 

not totally known but there is evidence suggesting that the plant hormones 

ethylene, auxin and NO are involved in their activation [14,46-47]. In relation 

to the regulation of the physiological Fe responses, in the last years 

physiological and molecular evidence has been accumulating suggesting a key 

role for the plant hormone ethylene (in conjunction with other hormones, such 

as auxin and NO) as activator of the expression of the master regulator FER 

(and FIT) and, consequently, of most of the Fe acquisition genes, while some 

signal related to phloem Fe would act to repress their expression [34-35,48-

49]. In a very recent review [35], a model for the regulation of physiological 

Fe responses in dicots has been proposed, that integrate both positive signals 

(such as ethylene, auxin, and NO) and negative signals (such as Fe coming 

from shoots to roots through the phloem).  

In the study of the regulation of Fe responses by Strategy I plants, it has 

been very important the use of mutants with altered regulation of these 

responses, such as the pea brz and dgl mutants (see Use of mutants…). 

 

 

USE OF MUTANTS TO STUDY REGULATION:  

PEA BRZ AND DGL  
 

Despite the involvement of ethylene and phloem Fe in the regulation of 

physiological Fe responses by Strategy I plants, there are still many questions 

to solve. As examples, it is necessary to clarify which is exactly the Fe-related 

compound moving in the phloem that acts as repressive signal of Fe responses 

in roots. Additionally, it is also necessary to know how interacts this Fe-related 

compound with ethylene (and other hormones, such as NO) in the roots.  

For the study of the regulation of Fe responses, the use of mutants has 

been, and will be, fundamental. We can classify the mutants employed in two 

main categories: hormonal mutants and mutants altered in the regulation of Fe 

responses. Hormonal mutants are mutants altered in the production or perception 

of a particular hormone, and have been used to analyze the participation of 

hormones in the regulation of Fe responses. During the last years, Fe researchers 

have used mutants related to several hormones but most of the works have been 

done with ethylene mutants: ethylene insensitive mutants (Arabidopsis etr1, ein2 

and ein3eil1,…; Medicago truncatula sickle; Soybean etr1), ethylene constitutive 
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mutants (Arabidopsis ctr1) and ethylene overproducer mutants (Arabidopsis eto) 

[5,14,34,47,50-52]. The use of ethylene insensitive mutants has served to 

demonstrate that ethylene is involved in the development of subapical root hairs 

(reviewed in [14]) and other Fe responses [52].  

The mutants altered in the regulation of Fe responses can be divided in two 

types: mutants that can not activate Fe responses under Fe deficiency and mutants 

that constitutively activate them even when grown under Fe sufficiency. Among 

the first ones, we can mention the tomato fer mutant and the Arabidopsis fit 

mutant, affected in the FER (or its homolog FIT) TF. These knock-out mutants 

are very chlorotic and lack the ability to activate most Fe responses in roots 

[40-43]. Other mutant of similar characteristics is the melon fefe mutant, that is 

probably affected in some step upstream of the melon FER homolog [53]. The 

study of the fer mutant has allowed the identification of the master regulator 

FER [41] and, later on, of its homolog FIT [42-43]. 

Among the mutants that show constitutive activation of Fe responses, 

even when grown under Fe-sufficient conditions, we can mention the 

Arabidopsis frd3, opt3-2 and nas4x mutants; the tomato chloronerva mutant; 

and the pea brz (also named E107) and dgl mutants [15-20,49,54-57]. Most of 

these mutants are related, either directly or indirectly, with the movement of Fe in 

the phloem. Arabidopsis frd3 (ferric reductase defective) is impaired in the 

movement of Fe in the xylem but, because this, less Fe goes to leaves (this 

mutant is chlorotic) and, consequently, less Fe can recirculate back from 

leaves to roots through the phloem [34]. In supporting this view, it should be 

mentioned that Fe responses are repressed in this mutant when is sprayed with 

Fe in its leaves [34, 49]. Arabidopsis opt3-2 (oligopeptide transporter) is 

affected in phloem Fe because OPT3 is presumably a transporter involved in 

the loading of Fe into the phloem [56,58]. Arabidopsis nas4x (nicotianamine 

synthase) and tomato chloronerva mutants are also related to phloem Fe since 

these mutants are defective in the synthesis of NA (nicotianamine: non 

proteinogenic aminoacid), a chelating agent implied in the movement of Fe 

(and other metals) within the plant and in the unloading of Fe out of the 

phloem [54,57,59]. For the pea dgl mutant there are also some evidence 

suggesting that it is impaired in the movement of a Fe-related signal in the 

phloem [18,49,60; see below]. 

To date, it is not known which genes are affected in the pea brz and dgl 

mutants although there have been several studies about them that we are going 

to comment in the following paragraphs. 

The pea brz mutant (also named E107) was the result of mutagenesis with 

ethylmethane sulfonic acid of the Pisum sativum (L.) cv „Sparkle‟ [20]. The 
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brz mutant phenotype is under monogenic semidominant control and has 

several pleiotropic effects: decreased nodulation, altered Fe responses and 

increased Al uptake [15-17,20-22]. The pea dgl mutant is an X-ray induced 

mutant line of Pisum sativum (L.) cv „Dippes Gelbe Viktoria‟ or „DGV‟ [61]. 

There is also a near isogenic line homozygous for the dgl mutation from the wt 

cv „Sparkle‟ [Sparkle (dgl, dgl)] [60], that allow better comparative studies 

among the wt cv „Sparkle‟ and its mutants: dgl [Sparkle (dgl, dgl)] and brz 

[Sparkle (brz, brz)]. The dgl mutant phenotype is also under monogenic 

semidominant control and has similar pleiotropic effects to the brz mutant: 

decreased nodulation and altered Fe responses [18,20]. The two genes partially 

complement one another, indicating that brz and dgl are not allelic but that can 

interact physiologically [20]. 

Both pea mutants (brz and dgl) present constitutive activation of Fe 

responses when grown under Fe-sufficient conditions: enhanced ferric 

reductase activity, enhanced capacity for Fe
2+

 uptake and acidification of the 

medium [15-19]. The two first responses can be explained by the constitutive 

activation of the PsFRO1 and PsRIT1 genes under Fe-sufficient conditions 

(Figure 1;[28]). As a consequence of the constitutive activation of Fe 

responses, both mutants hyperaccumulate Fe in their vegetative tissues when 

grown under Fe-sufficient conditions and can become intoxicated (Figure 

2;[17,19-20]). In fact, the name brz (bronze) derives from the bronze color of 

the necrotic leaf spots caused by Fe excess in the leaves of this mutant [20]. 

Similarly, the name dgl comes from degenerated leaflets (Figure 2;[36,61]). 

Besides Fe, the brz mutant also accumulates other metals in shoots, such as 

Zn, Mn and Al [17,21]. As a consequence of the Fe hyperaccumulation in the 

brz and dgl mutants, both of them also accumulate ferritin in leaves [36] and 

NA in leaves and roots [37] to very high levels. Ferritins are proteins with high 

capacity for Fe storage and act as a buffer for this element, protecting cells 

from harmful concentration of free Fe [62]. NA is a chelating agent for Fe and 

other metals, that has been involved in their movement within the plant [57,59] 

and also in Fe detoxification [37]. 

Reciprocal grafting experiments between wt cultivars and each of these 

mutants have been done to know whether the BRZ and DGL genes are 

associated with either roots or shoots. In the case of brz, the results obtained 

with this approach have been contradictory. Welch and LaRue [17] grafted the 

wt cv „Sparkle‟(Sp) onto brz roots (Sp/brz) and vice versa (brz/Sp), and found 

that Fe accumulation in leaves only occurred when the brz genotype acted as 

roots (Sp/brz). This clearly indicates that the brz mutation is related to roots 

[17]. However, some years later Grusak and Pezeshgi [18] did similar 
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experiments and found that enhanced ferric reductase activity was higher in 

the brz/Sp combination than in the Sp/brz one, which suggests that the brz 

mutation is related to shoots. We think this needs further clarification. In 

relation to the dgl mutation, Grusak and Pezeshgi [18] showed, by grafting dgl 

onto its wild type DGV (dgl/DGV), that the ferric reductase activity of the 

grafted plants was up-regulated in relation to the DGV/DGV combination, 

which suggests that the dgl mutation is related to shoots. The authors 

explained the above results by suggesting that the dgl shoots transmit a signal 

compound that acts as a promoter of Fe responses in the DGV roots [18]. 

Now, these results can also be explained by considering that the dgl mutant is 

impaired in the movement of a Fe-related repressive signal from leaves to 

roots through the phloem: when the dgl mutant is sprayed with Fe in its leaves, 

the Fe responses are not repressed as occurred in the wt cultivar „Sparkle‟ [49].  

In addition to the experiments trying to associate the brz and dgl mutations 

with either roots or shoots, there are also some experimental results showing 

that both mutants have alterations related, either directly or indirectly, to 

ethylene, the plant hormone that plays a key role in the activation of Fe 

 

 

Figure 1. Effects of the ethylene inhibitors Co (cobalt) and AOA (amino-oxyacetic 

acid) on the expression of the Fe acquisition genes PsFRO1 and PsRIT1 and on the 

ferric reductase activity (FRA) in roots of the pea brz and dgl mutants. Plants (16-d-

old) were grown in nutrient solution with 3 µM Fe-EDDHA. CoSO4 (10 µM) or AOA 

(20 µM) was applied to some of the plants during the last 24h. FRA and gene 

expression were determined as in [5]. 
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Figure 2. Fe toxicity symptoms in leaves of the pea dgl mutant when grown in nutrient 

solution with 10 µM Fe-EDDHA (left). For comparison, leaves of the wt cv „Sparkle‟ 

grown under the same conditions (right). Notice the necrotic spots in the dgl leaves. To 

avoid this toxicity, both mutants, dgl and brz, should be cultivated in nutrient solution 

with 2-3 µM Fe-EDDHA. 

responses (see Regulation of Fe responses…). In both mutants, their enhanced 

ferric reductase activity and their constitutive activation of the Fe acquisition 

genes PsFRO1 and PsRIT1 are inhibited upon addition of ethylene inhibitors to 

the medium (Figure 1;[19]). Moreover, the brz mutant exhibits a low root 

nodulation ability [20], which is partly restored upon treatment with the 

ethylene inhibitors AVG or Ag
+
 [22]. The dgl mutant also exhibits a low root 

nodulation ability [20]. Since ethylene inhibits root nodulation [63], it is 

tempting to suggest that both mutants could have some alterations related to 

ethylene metabolism or perception [19].  

 

 

ADAPTATION OF PEA TO IRON CHLOROSIS 
 

Iron deficiency has been reported for many plant species and geographical 

regions. The most common problems occur in sensitive crops cultivated in arid 

and semi-arid regions, where calcareous soils are abundant [7]. In these soils, 

bicarbonate is one of the most important factors causing Fe chlorosis in dicot 

plants while hypoxia can aggravate its negative effects [5]. Factors that increase 

bicarbonate concentration and/or that cause hypoxia in soils, like high moisture 

(due to flooding or excessive irrigation) and compaction, can induce Fe chlorosis 



Regulation of Fe Deficiency Responses in WT Pea … 11 

[5]. However, the bicarbonate mode of action is not well understood. Some of its 

effects have been related to its pH buffering capacity (bicarbonate can maintain a 

high pH in the medium, which can diminish Fe solubility and Fe
3+ 

reduction) but, 

besides these pH-mediated effects, bicarbonate can also inhibit the induction of 

Fe responses [5].  

Fe deficiency is widely reported in several legume crops, like soybean, 

peanut and dry bean. Field pea is reported as a moderately sensitive crop [7], 

although Fe chlorosis is a worldwide agricultural problem in this species, as 

indicated by research works in different countries [8-13]. Most of these 

research works are aimed to study the variability in tolerance to calcareous 

soils among different pea genotypes and the physiological mechanisms behind 

the tolerance [8-13].  

For the screening of pea genotypes tolerant to calcareous soils, several 

methodological approaches are employed, similar to the ones used for other 

dicot plants. The most direct one is to compare the behaviour of different 

genotypes when grown in calcareous soils, either in pots or in the field [11]. 

Another common approach is to compare the genotypes when grown in 

nutrient solution with bicarbonate, that simulate the conditions of calcareous 

soils [8-13]. For pea, the bicarbonate concentrations more frequently used 

ranged from 10 to 15 mM [8-13]. The parameters commonly used to compare 

the behaviour of the different genotypes are chlorosis score, chlorophyll 

content in young leaves, Fe concentration, active Fe concentration (it not the 

total Fe), and shoot and root growth [8-13]. It has been found that the root to 

shoot ratio increases upon bicarbonate treatment, and some authors have tried 

to relate this parameter to the tolerance (frequently, sensitive cultivars have 

higher root to shoot ratios under bicarbonate treatment than the tolerant ones 

[8]) but other ones have not found such a relationship [11]. Finally, an 

approach that could be more frequently used in the future is the identification 

of physiological traits related to the tolerance to Fe deficiency. Some traits that 

can be used in pea to discriminate between tolerant and sensitive genotypes are 

the following ones. First, traits associated with Fe acquisition by roots, such as 

acidification capacity and capacity to enhance ferric reductase activity [9,12]. 

One of the problems with these traits is that they should be determined several 

times because they change daily [11-12]. In the case of the ferric reductase 

activity, some works have found a relationship with the tolerance to chlorosis 

but some others have not [11-12]. Other possible traits for screening are the 

ones related to Fe translocation from roots to shoots, such as citrate 

concentration, and to Fe signaling, such as ethylene production [12-13]. 

Finally, some authors have found that the tolerant cultivars have greater ability 
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to enhance the antioxidant responses (Fe deficiency causes oxidative stress) at 

the root level upon bicarbonate treatment than the sensitive ones. 

Consequently, this ability could be used as a marker to select tolerant cultivars 

[64]. 

To further improve the obtention of Fe chlorosis tolerant varieties, it is 

necessary to know better which are the mechanisms involved in Fe acquisition 

and how are regulated by plants. In this way, to decipher the BRZ and DGL 

genes could contribute to obtain pea cultivars with more efficient Fe responses 

and better adapted to calcareous soils but without the problems of Fe 

intoxication caused by the mutations of these genes. 

 

 

IRON BIOFORTIFICATION IN PEA 
 

According to the World Health Organization, the most common 

nutritional disorder in humans is Fe deficiency induced anemia, with over one-

third of the world's population affected [6]. To solve this problem, a promising 

possibility is to obtain edible seeds with higher Fe content for human nutrition. 

Until now, most efforts about Fe biofortification have been focused on rice 

[65] but legume crops also offer interesting possibilities for, at least, two 

reasons. First, they are an important source of nutrients for humans, especially 

in parts of the developing world [66]. Second, seeds of legumes, such as pea, 

normally have higher Fe concentrations than cereal grains and other edible 

vegetables [6,67]. Moreover, there is a great variability in seed Fe among 

different pea cultivars, ranging from 23 to 105 mgKg
-1 

[67], which can be used 

in breeding programs. 

The amount of Fe in the seeds depends on uptake from the soil into the 

roots, translocation into the shoots via the xylem, transfer into the leaves and 

other structures and translocation into the seeds via the phloem [65-66,68]. 

Iron content decreased in the vegetative tissues of pea plants during the 

reproductive phase indicating remobilization of Fe from leaves to seeds. 

However, continued Fe uptake and transport during seed fill is as important as 

remobilization [66]. 

To get seeds with higher Fe content (Fe biofortification) different 

strategies can be used, besides the traditional breeding programs. A first 

strategy is to increase uptake of Fe from the soils: i.e., by overexpressing ferric 

reductase or iron transporter genes [65]. As example, Vasconcelos et al [69] 

have overexpressed the AtFRO2 gene in soybean. The transgenic lines 

obtained accumulate higher Fe levels in leaves than the wt ones but similar 
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seed Fe concentrations, which suggests that the increase of Fe uptake alone is 

not enough. This is logical since Fe moves to leaves via xylem but to seeds it 

moves mainly via phloem, as xylem flow is driven by transpiration and seeds 

almost do no transpire. A second strategy is to “pull” Fe into the plant by 

increasing the sink strength: i.e., by overexpressing Fe storage ferritin genes 

[68]. A third strategy is to increase Fe mobilization within the plant: i.e., by 

increasing transporters or substrates of transporters, like YSL genes (involved 

in NA-Fe transport) or NAS genes (involved in NA synthesis) [2,65,68]. Most 

frequently, Fe researchers use a combination of several of these strategies to 

obtain seeds with higher Fe content [65,68]. 

The obtention of seeds with high Fe content is not enough for human 

nutrition: Fe in seeds should be bioavailable. For this, it is important the nature 

of the Fe compounds in seeds, the location of Fe within the seed and the 

presence of substances that negatively interact with Fe bioavailability, like 

phytic acid [65]. The location of Fe within the seeds is important in some plant 

species, such as rice, where Fe accumulates in external tissues discarded 

during processing and Fe content is very low in the endosperm [2]. In pea 

seeds, Fe is accumulated in the epidermis of embryos [2]. Some approaches 

used to increase Fe bioavailability in seeds are the use of endosperm-specific 

promoters to locate Fe in rice endosperm and the use of phytase genes to 

diminish phytic acid in seeds [2,65]. 

In relation to the Fe biofortification of pea, to our knowledge none of the 

strategies mentioned in the previous paragraphs have been applied to this plant 

species yet. Nonetheless, there are studies related to this topic, most of them 

carried out with the brz and dgl mutants, that could be very useful for pea Fe 

biofortification in the future. As previously mentioned (see Use of mutants…), 

both mutants present constitutive activation of Fe responses and, as consequence, 

both hyperaccumulate Fe in leaves. For comparison, while the wt pea „Sparkle‟ 

and „DGV‟ accumulate Fe around 100 g/g DW in leaves, brz and dgl can 

accumulate 5000 to 10000 g/g DW [6,20]. Since both genes function in a 

semi-dominant manner, F1 hybrids exhibit intermediate leaf Fe concentrations 

[6,20]. Despite the brz mutant accumulates high levels of Fe in leaves, no 

increase was measured in the Fe concentration of seeds [6], with suggests that 

the remobilization from leaves to seeds through the phloem is similar to the 

wt. In supporting this view, both brz and its wt parent (cv „Sparkle‟), when 

grown with sufficient or excess Fe, exhibit seed Fe concentrations of 70 to 80 

g/g DW [6]. However, for the dgl mutant the results are different. When 

grown with sufficient or excess Fe, Fe concentration in dgl seeds was 250 g/g 

DW, 3.5-fold that of wt seeds [6]. These results suggest that the dgl mutation 
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is related to some alteration in the movement of Fe through the phloem 

[6,18,49,60; see Use of mutants…). This paves the way to get pea seeds with 

higher Fe content once the DGL, and its function, can be deciphered. The 

knowledge and adequate manipulation of the DGL function could allow the 

obtention of high-Fe pea seeds but without the Fe toxicity problems caused by 

the dgl mutation. 

 

 

CONCLUSION  
 

The research aimed to decipher the brz and dgl mutations can open the 

way to obtain pea cultivars more tolerant to calcareous soils and to get pea 

seeds with higher Fe content. The knowledge obtained with these mutants 

could also be applied to other plant species. The study of the regulation of Fe 

deficiency responses by using these pea mutants (and other approaches) is not 

solely important in relation to Fe nutrition but also in relation to other aspects 

related to plant mineral nutrition and to nodulation. As examples, it should be 

mentioned that these mutants are also affected in the nodulation process and in 

the accumulation of other elements besides Fe, such as the micronutrients Zn 

and Mn, and the toxic element Al. 
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