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Abstract
The micronutrients iron (Fe), zinc (Zn), and copper (Cu) are essential for plants and the humans and an-
imals that consume plants. Increasing the micronutrient density of staple crops, or biofortification, will 
greatly improve human nutrition on a global scale. This review discusses the processes and genes needed 
to translocate micronutrients through the plant to the developing seeds, and potential strategies for devel-
oping biofortified crops.
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1. Introduction

Seeds are major sources of human and animal foods, and also 
the input material for cultivating most agricultural crops. Seed 
quality determines suitability of seeds for both of these pur-
poses. One component of seed quality is chemical composition, 
such as the concentrations of mineral elements, including mi-
cronutrients such as Fe, Zn, and Cu. The maternal plant sup-
plies the metabolic building blocks that ultimately make up the 
seed. These inputs are influenced by environmental conditions 
and by the genetic makeup of the maternal plant. An increased 
understanding of control over supply of nutrients to develop-
ing seeds will allow development of improved varieties that 
can respond favorably to maintain seed production and qual-
ity in adverse environments. This understanding will also al-
low production of biofortified seeds with increased concentra-
tions of micronutrients.

Plant derived foods provide an important source of proteins 
and dietary minerals. This is especially true in developing coun-
tries where plant foods are a predominant portion of the diet. 
The concentrations of some minerals, especially iron, zinc, io-
dine, and selenium, are inherently low in plants as opposed to 
animal derived foods. As a result, more than 3 billion people 
worldwide suffer from micronutrient malnutrition [1,2]. Hence, 
there is a need to improve the mineral concentrations of impor-
tant seed crops such as rice (Oryza sativa), wheat (Triticum aes-
tivum or T. durum), maize (Zea mays), as well as common bean 
(Phaseolus vulgaris) and other legumes. Biofortification is a re-
cent approach aimed at increasing the bioavailable nutrients, 
such as Fe and Zn, in these staple crops [3] rather than using 
fortificants or supplements. However, breeding or developing 
transgenic varieties for increased micronutrient density will 
require the enhancement of several processes involving both 
membrane localized transport proteins and long distance sys-
tems. The quantities of minerals in seeds depends on uptake 
from the rhizosphere into the roots, translocation to the trans-
piring shoots in the xylem, transfer into leaves or other tissues, 
and finally, translocation into the seeds in the phloem. A major 
challenge of biofortification is an incomplete understanding of 
the pathways and the rate limiting steps involved in translocat-
ing minerals to the seeds.

This review will focus on the genes (summarized in fig. 1) 
and processes in the plant that act to supply nutrients, specifi-
cally the mineral micronutrients Fe and Zn, to developing seeds. 
While Cu in human diets is not limiting on a widespread basis 
like Fe and Zn, Cu interacts with Fe and Zn, and shares com-
mon transport proteins and mechanisms. As such, a discussion 
of Cu transport is also included in this review.

2. What are the sources of seed micronutrients?

Specific strategies for developing crop varieties with increased 
seed micronutrient concentration can be developed by know-
ing which maternal tissues have the greatest influence on final 
seed composition. With this knowledge, efforts for gene discov-
ery and targeted overexpression strategies can be directed to the 
most appropriate tissues.

2.1. Which tissues supply micronutrients to seeds, and at 
which developmental stages?
A series of studies using radioactive Fe and Zn were carried out 
by nutritionists to determine the best ways to produce labeled 
food materials for animal feeding studies (table 1) [4–10]. These 
studies showed that micronutrients can be translocated to seeds 
from various tissues, hinting at a pathway that includes root, 

stem, leaf, and reproductive tissues. Later, more focused studies 
by plant biologists corroborated these results. In pea (Pisum sati-
vum), 59Fe applied to leaflets, stipules, and pod walls was trans-
located into seeds [11]. In wheat and rice, 65Zn applied to leaf 
tips was translocated to grain [12,13]. Foliar Zn fertilization was 
highly effective at increasing Zn concentration in wheat grain, 
especially when applied at various times during the grain fill-
ing period [1,14]. Taken together, these results suggest that the 
roles of vegetative tissues in supplying micronutrients to grain, 
and the specific mechanisms involved, should be a continued 
focus of future research efforts.

2.2. Remobilization or continuous uptake?
During the senescence stage of development, remobilization (i.e., 
net export of stored or recycled nutrients) of some nutrients oc-
curs from vegetative tissues, such as leaves and stems. At the end 
of growing seasons, mass senescence typically occurs in leaves 
and other tissues. These remobilized nutrients are most likely 
moved to developing seeds in annual crop species, providing 
that the senescence and seed import are synchronized to provide 
source-sink relationships. While it is well established that remo-
bilized N is a major source of seed protein components for wheat 
and barley [15–17], data for other mineral elements is less abun-
dant, although older studies demonstrated remobilization of Cu, 
Fe, and Zn in legumes [18,19] and wheat [20–22], and some newer 
studies have found similar results [23,24]. Remobilization of Fe 
and Zn increased when these micronutrients were withheld from 
the hydroponic solution post-anthesis, indicating that remobiliza-
tion mechanisms might be upregulated under nutrient limitation 
[24]. In this wheat study, flag leaf and lower leaves were the major 
sources of remobilized micronutrients, in contrast to results from 
rice, where stems accounted for the major source of Zn remobi-
lized to grain [13]. In another rice study, the authors concluded 
that remobilization accounted for very little grain Zn, and that 
uptake after anthesis supplied the majority of Zn to grain, with 
most Zn passing through stems, and only a small amount passing 
through leaves [25]. It is possible that differences in plant anat-
omy between rice and wheat [26] account for these contrasting 
observations, and highlights the importance of conducting simi-
lar experiments in a variety of plant species.

Mineral element concentrations decrease over developmen-
tal time in Arabidopsis thaliana rosette leaves [27,28]. This clearly 
suggests remobilization of minerals from these leaves, which 
may be used to supply seeds. Quantitative analysis of Arabidop-
sis plants over developmental time indicated that remobiliza-
tion accounted for up to 30% of the total Cu, Fe, and Zn in Ara-
bidopsis seeds [28]. Future crop breeding or variety development 
strategies may include modifications that result in increased ef-
ficiency of remobilization to generate biofortified seeds. How-
ever, in all of the studies mentioned above, remobilized micro-
nutrient sources did not account for the total quantities of seed 
micronutrients, suggesting that plants continue to take up and 
translocate minerals into seeds over the seed filling period. The 
pattern of Zn and Cd distribution in the plant were similar when 
Brassica juncea plants were simultaneously exposed to both Cd 
and Zn to examine the transport of Cd to seeds (most likely by 
Zn transporters, see below). Plants treated with Cd during seed 
set accumulated the highest concentrations of Cd in seeds, sug-
gesting that uptake during seed fill is an important contributor 
for seed mineral content [29]. Mineral micronutrients that are 
supplied to seeds by uptake during seed development must pass 
through the plant to arrive at the seeds. Thus, understanding the 
route of these minerals, and the genes responsible for their trans-
location may lead to strategies to increase flux to seeds and re-
sult in greater seed Fe, Zn, and Cu density.
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3. Defining the pathway of mineral micronutrients through 
the plant body

3.1. Uptake from rhizosphere
Uptake of micronutrients from the rhizosphere is the first step for 
accumulating micronutrients into the plant prior to translocation 
to seeds. Several recent reviews [30–32] have provided excellent 
coverage of the literature on Fe uptake processes and regulation 
of Fe uptake genes, such as FIT/FER transcription factors, FRO 
ferric-chelate reductase gens, and IRT ferrous-iron uptake trans-
porters in dicots, and IREG and IRO transcription factors, phyto-

siderophore synthesis genes, and YS/YSL uptake genes in grasses 
[33–57] (table 2). Primary uptake of Zn is less well defined, but in 
Arabidopsis is likely carried out by Zn transporters of the ZIP fam-
ily, some of which are Zn regulated in roots and other tissues [58]. 
Two transcription factors of the bZIP family are involved in up-
regulation of several ZIP genes in response to Zn deficiency [59]. 
Uptake of Cu from the rhizosphere is also not well defined, and 
may be carried out by transporters of the COPT family [60,61]. 
Toxic heavy metals are generally transported in plants by trans-
porters of essential micronutrients. Cadmium and zinc have sim-
ilar chemical properties and are taken up and translocated within 

Figure 1. Model of location of Fe, Zn, and Cu uptake or transport genes discussed in this review. (A) Model of wheat plant showing the following 
translocation steps to the seed: 1, uptake from the rhizospere; 2, xylem loading; 3, root-to-shoot transfer; 4, distribution to the leaves or seed-cover-
ing tissues; 5, phloem loading for movement to seed; 6, loading into the seed. (B) Detail of seed loading. Gene families potentially involved in seed 
mineral micronutrient transport are pictured in hypothetical or known localizations. Maternal tissues are shown in green, filial tissues in gold. Ef-
flux transporters are shown in light blue, plasma-membrane localized uptake transporters in dark blue, vacuolar uptake transporters in gray, vac-
ulolar efflux transporters in red. Pd: plasmodesmata.

Table 1. Quantitative isotope labeling of seeds of crop plants

Label	 Crop species	 Application method	 Stage of application	 % of label in seed	 Reference

A. Radioisotopes
59FeCl3

	 Wheat	 Hydroponic	 Prior to anthesis	 8	 [5]
65ZnCl2	 Maize	 Hydroponic	 Prior to anthesis	 27.6	 [4]
65ZnCl2	 Soybean	 Hydroponic	 5 weeks to maturity	 21.3	 [6]
65ZnCl2	 Soybean	 Hydroponic	 Anthesis to maturity	 27.6	 [6]
65ZnCl2	 Soybean	 Hydroponic	 Germination to maturity	 21.6	 [7]
65ZnCl2	 Soybean	 Hydroponic	 4 weeks prior to anthesis	 28.3	 [7]
65ZnCl2	 Soybean	 Hydroponic	 Anthesis to maturity	 16.9	 [7]
65ZnCl2	 Soybean	 Hydroponic	 At anthesis for one week	 23.4	 [10]
65ZnCl2	 Soybean	 Foliar application	 At anthesis	 37.5	 [10]
65ZnCl2	 Soybean	 Stem injection	 At anthesis	 64.5	 [10]
65ZnCl2	 Wheat	 Hydroponic	 At anthesis	 2.3	 [8]
65ZnCl2	 Wheat	 Foliar application	 At anthesis	 57.5	 [8]
65ZnCl2	 Wheat	 Stem injection	 At anthesis	 62.6	 [8]

Label	 Crop species	 Application method	 Stage of application	 Concentration in seed (µgg−1)	 Reference

B. Stable isotope enrichment
65CuCl2	 Wheat	 None (control)	 Germination to maturity	 8.1	 [9]
65CuCl2	 Wheat	 Foliar application	 At anthesis	 12.9	 [9]
65CuCl2	 Wheat	 Stem injection	 At anthesis	 22.1	 [9]



M o v i n g  m i c r o n u t r i e n t s  f r o m  t h e  s o i l  t o  t h e  s e e d s    565

plants by similar pathways [62,63]. Therefore, tracing the move-
ment of Cd could be helpful to understand the physiology and 
the transport of Zn. Several physiological studies with Cd and 
Zn in plants have demonstrated that Zn competitively inhibits 
Cd uptake in roots, suggesting a common transport mechanism 
[64–66]. It should be noted that many ZIP family proteins can 
transport several micronutrients, including Mn, Zn, Cu and Cd 
[35,41,46,52,58,59,67–87] (table 3). Since mutations in transporters 
can modify metal specificity [82], selecting for or engineering al-
leles that encode for Fe or Zn transporters that do not take up Cd 
presents a possible means to exclude Cd uptake into crop plants. 
However, some Cd can enter the xylem at the root tips where 
the Casparian strip is not yet formed or where it is disrupted by 
emerging lateral roots [88].

3.2. Xylem loading and transfer from root to shoot
Transfer of micronutrients from the root system into the shoot 
system has been considered a rate-limiting step for translocation 
to seeds [89]. Since Cd and Zn are loaded into the xylem by sim-
ilar transport systems and the transfer of Cd from root to shoots 
(as opposed to Cd uptake at the roots) is the major physiologi-
cal difference between high grain Cd and low grain Cd wheat 
and rice [90,91], this potentially offers another opportunity for 
allele selection or engineering to prevent Cd from entering the 
food supply. Several genes have been implicated in transloca-
tion of metal micronutrients into xylem or across the root-shoot 
junction (table 4), including FRD3, FPN1, HMA2, HMA4, HMA5, 
and MTP3 [92–103]. HMA genes are members of the P1B ATPase 
family [104], and some of these genes have been implicated in Zn 
and Cd xylem loading by pumping the ions from the pericycle 
to the xylem vessels [103]. Multiple copies of HMA4 are found 
in the Zn hyperaccumulator Arabidopsis halleri, leading to higher 
HMA4 expression and a mechanism for high Zn translocation 
rates to shoots [97]. Although much is to be learned, modifica-
tion or overexpression of these genes offers potential for increas-
ing movement of micronutrients into the shoot systems. Increased 
flux into shoots could possibly provide additional micronutri-
ents for seed biofortification, and may activate native homeosta-
sis mechanisms that increase root uptake capacity to keep pace.

Table 2. Genes implicated in uptake of Fe

Species	 Gene	 Description	 References

A. Dicots
Solanaceae lycopersicum	 FER	 Transcription factor – regulates Fe uptake genes	 [37]
Arabidopsis thaliana	 FIT	 Transcription factor – regulates Fe uptake genes	 [42,43]
Arabidopsis thaliana	 bHLH38	 Transcription factor – interacts with FIT	 [51,54]
Arabidopsis thaliana	 bHLH39	 Transcription factor – interacts with FIT	 [51,54]
Arabidopsis thaliana	 bHLH100	 Transcription factor – unknown targets	 [51]
Arabidopsis thaliana	 bHLH101	 Transcription factor – unknown targets	 [51]
Arabidopsis thaliana	 FRO2	 Ferric-chelate reductase	 [33]
Pisum sativum	 FRO1	 Ferric-chelate reductase	 [40]
Cucumis sativus	 FRO1	 Ferric-chelate reductase	 [52]
Solanaceae lycopersicum	 FRO1	 Ferric-chelate reductase	 [44]
Arabidopsis thaliana	 IRT1	 Iron transporter	 [36,38,39]
Pisum sativum	 RIT1	 Iron transporter	 [41]
Cucumis sativus	 IRT1	 Iron transporter	 [52]
Solanaceae lycopersicum	 IRT1	 Iron transporter	 [35]
Arabidopsis thaliana	 AHA2	 Proton ATPase	 [57]
Cucumis sativus	 HA1	 Proton ATPase	 [45]

B. Grass
Oryza sativa	 IDEF1	 Transcription factor – regulates IRO2	 [49]
Oryza sativa	 IDEF2	 Transcription factor – regulates IRO2	 [53]
Oryza sativa	 IRO2	 Transcription factor – regulates Fe uptake genes	 [48,50]
Oryza sativa	 IRT1	 Iron transporter	 [46]
Oryza sativa	 YSL15	 Iron-phytosiderophore transporter	 [55,56]
Zea mays	 YS1	 Iron-phytosiderophore transporter	 [34]
Hordeum vulgare	 YS1	 Iron-phytosiderophore transporter	 [47]

Table 3. ZIP protein uptake specificities

Species	 Protein	           Uptake	        Sensitivity

		  Zn	 Fe	 Mn	 Cu	 Cd	   References

Arabidopsis halleri	 IRT3	 Y	 Y	 Na		  N	 [86]
Arabidopsis thaliana	 IRT1	 Y	 Y	 Y	 N	 Y	 [68,70,82]
Arabidopsis thaliana	 IRT2	 Y	 Y	 N		  N	 [83]
Arabidopsis thaliana	 IRT3	 Y	 Y	 N		  N	 [86]
Arabidopsis thaliana	 ZIP1	 Y					     [58]
Arabidopsis thaliana	 ZIP2	 Y			   Y		  [58,84]
Arabidopsis thaliana	 ZIP3	 Y					     [58]
Arabidopsis thaliana	 ZIP4	 Y			   Y		  [59,84]
Cucumis sativus	 IRT1		  Y				    [52]
Glycine max	 ZIP1	 Y	 N	 N	 N	 Y	 [76]
Hordeum vulgare	 IRT1	 Y	 Y	 Y	 Y		  [78]
Hordeum vulgare	 ZIP3	 Y	 N	 N			   [77]
Hordeum vulgare	 ZIP5	 Y	 N	 N			   [77]
Hordeum vulgare	 ZIP8	 Y	 N	 N			   [77]
Solanaceae lycopersicumb	 IRT1	 Y	 Y	 Y	 Y		  [35]
Solanaceae lycopersicum	 IRT2	 Y	 Y	 Y	 Y		  [35]
Malus xiaojinensis	 IRT1		  Y				    [85]
Medicago truncatula	 ZIP1	 Y	 N	 N	 N		  [74]
Medicago truncatula	 ZIP3	 N	 Y	 N	 N		  [74]
Medicago truncatula	 ZIP4	 N	 N	 Y	 N		  [74]
Medicago truncatula	 ZIP5	 Y	 Y	 N	 N		  [74]
Medicago truncatula	 ZIP6	 Y	 Y	 N	 N		  [74]
Medicago truncatula	 ZIP7	 N	 N	 Y	 N		  [74]
Oryza sativa	 IRT1		  Y				    [46,67]
Oryza sativa	 IRT2		  Y				    [46]
Oryza sativa	 ZIP1	 Y				    Y	 [81]
Oryza sativa	 ZIP3	 Y					     [81]
Oryza sativa	 ZIP4	 Y	 Y				    [69,72]
Oryza sativa	 ZIP5	 Y					     [72]
Oryza sativa	 ZIP7a	 Y					     [87]
Oryza sativa	 ZIP8	 Y	 Y				    [73]
Pisum sativum	 RIT1	 Y	 Y			   Y	 [41]
Noccaeae caerulescensc	 IRT1		  Y			   N	 [80]
Noccaeae caerulescens	 Znt1	 Y				    Y	 [71,79]
Thlaspi japonicum	 Znt1	 Y		  Y		  Y	 [75]
Thlaspi japonicum	 Znt2			   Y		  Y	 [75]

a. N = tested with negative results b. Formerly Lycopersicon esculentum 
c. Formerly Thalspi caerulescens
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3.3. Translocation to leaf or seed covering tissues

Once in the shoot xylem, transpirational tension can carry mi-
cronutrients to leaves, where they may be taken into the sym-
plast once again. Siliques have stomata [105] and carry out pho-
tosynthesis [106], and apparently transpire [107], as do glumes 
of wheat [108,109]. Thus, the potential for xylem transport of mi-
cronutrients directly to these seed covering tissues exists. Xylem 
unloading, or uptake from leaf or other xylem parenchyma apo-
plastic spaces into live cells, is not well characterized. For Fe, the 
process may be similar to primary uptake from the rhizosphere 
at the root surface, utilizing leaf expressed ferric chelate reduc-
tase [40,44,110,111] and Fe(II) transporters [52]. Several Zn reg-
ulated ZIP genes are expressed in leaves [84], as are COPT genes 
[60,61]. Studies in hyperaccumulator species have highlighted 
the involvement of ZIP genes in shoot Zn distribution. In Thlaspi 
caerulescens, the ZIP genes Znt1 and Znt5 are highly expressed 
compared to the nonaccumulator, T. arvense [79,112,113]. T. cae-
rulescens accumulates Zn in epidermal storage cells of leaves to 
several-fold higher than in mesophyll cells [114]. Quantitative in 
situ hybridization indicated that Znt5, rather than Znt1 was ex-
pressed in the Zn accumulating cells [115,116]. MTP1 is a mem-
ber of the cation diffusion facilitator (CDF) family, and is has 
been associated with tolerance to heavy metals in shoots. Arabi-
dopsis MTP1 plays a role in Zn homeostasis [117,118] by Zn se-
questration in the vacuole. In T. caerulescens and A. halleri, MTP1 
is highly expressed in the shoot tissues [112,116,119].

In grasses, node localized transporters can act as a sort of 
molecular switching station, and facilitate the xylem-to-phloem 
transfer of nutrients to direct translocation preferentially to flag 
leaves or to the spike. The transporter Lsi6 unloads silicon from 
xylem [120] and after panicle emergence directs silicon to the pan-
icle [121]. Boron deficiency affected distribution of boron to the 
spike or flag leaf [122]. It is very possible that similar transport-
ers for metal micronutrients exist in wheat and other species, and 
manipulation of these switches could direct more micronutrients 
toward spikes and the developing seeds, potentially improving 
both mineral concentrations in food and nutrient use efficiency 
of crops.

3.4. Phloem loading for translocation to seeds

Loading of micronutrients into the phloem is a requisite step for 
translocation to seeds. Even if minerals have arrived at the seed 
covering tissues, physical barriers between the maternal plant 
and developing seed and lack of transpirational tension will ne-
cessitate phloem transport to the seed tissues [126,127]. Experi-
mental results support the idea that micronutrients pass through 
pods [18] or glumes [128] prior to transport to seeds. Movement 
of radioactive Zn through phloem from older to younger leaves, 
or from leaves to roots has been confirmed [129,130]. The pattern 
of transport and remobilization of Cd from vegetative tissues 

to the seeds/grains is similar to Zn [29,131]. Cadmium intro-
duced in the cut stem of wheat was shown to be removed from 
the transpiration stream, loaded into the phloem in the stem, 
and transported to the maturing grain similarly to zinc [131,132].

Mineral micronutrients are thought to be in chelated or li-
gand-bound forms when not incorporated into proteins 
[133,134], including during phloem transport. A ligand called 
ITP (iron transport protein) was identified from Ricinus commu-
nis phloem [135], but orthologs in other species have not been 
described. One potential phloem chelator is nicotianamine (NA). 
Chemical properties of NA have been reviewed recently [136], 
and they include the capacity to bind Cu, Co, Fe(II) and Fe(III), 
Mn, Ni, and Zn. NA is a precursor to phytosiderophores in 
grasses [137], but NA is present in dicots as well [138]. The chln 
mutant of tomato lacks the capacity to synthesize NA [139], and 
has disrupted micronutrient homeostasis and accumulates ab-
normal micronutrient concentrations in leaves [140–142]. Trans-
genic tobacco that lacks NA recapitulated this phenotype and 
had defective floral development [143]. Conversely, when NA 
synthase was overexpressed, seeds had higher than normal con-
centrations of Fe and Zn. In Arabidopsis, quadruple NA synthase 
mutants were constructed with two sets of alleles, resulting in a 
sterile chln-like phenotype, or a less severe phenotype that could 
reproduce, but had seeds with low Fe concentration, was chlo-
rotic, and accumulated excess Fe in leaves at reproductive stage 
[144]. This body of evidence strongly suggests that NA is a vital 
chelator of micronutrients for homeostasis during growth, and 
for translocation within vegetative parts of the plant and also in 
phloem transport of micronutrients to seeds.

Proteins that transport micronutrient–NA complexes have 
been identified in recent years. These transporters are the yel-
low stripe-like (YSL) proteins, which are members of the oligo-
peptide transport (OPT) family. YellowStripe1 (YS1) is the pri-
mary Fe(III)- mugineic acid (phytosiderophore) uptake protein 
in maize [34] and is also involved in internal translocation of Fe 
[145,146]. In nongrasses, YSL proteins seem to function in in-
terorgan translocation rather than for primary uptake of iron 
at the root surface. Expression of YSL genes typically is local-
ized around vascular bundles, and thus may be involved with 
moving micronutrients to or from the vascular tissue. Arabidop-
sis YSLs 1, 2, and 3 have been shown by yeast Fe uptake mu-
tant complementation to transport Fe(II)-NA [147,148]. A sin-
gle ysl1 mutant had increased NA in shoots, and lower NA and 
Fe concentrations in seeds [149]. A double mutant of ysl1 and 
ysl3 has an even more severe phenotype, with chlorosis resem-
bling the chln mutant, low pollen viability, and low seed Fe, Zn, 
and Cu concentrations [150], implicating nicotianamine and YSL 
proteins in transport of multiple micronutrients. In a study of 
mineral partitioning throughout the Arabidopsis life cycle, ro-
sette and cauline leaves of the ysl1ysl3 mutant plants accumu-
lated excess Zn and Cu, while stems had lower levels, indicat-
ing that xylem transport was normal, but phloem loading was 
inhibited [28]. In addition to low seed Fe, Zn, and Cu, silique 
hulls retained these minerals, suggesting that phloem loading in 
this seed covering tissue is part of the pathway to import micro-
nutrients into seeds. Grafting of inflorescence stems of ysl1ysl3 
mutants onto wild type rosettes, or the reciprocal experiment, 
showed that functional YSL1 and YSL3 proteins are needed in 
tissues of the aerial parts (i.e., flowers, cauline leaves, and silique 
hulls) for normal floral development and seed loading of Cu, Fe, 
and Mn [147]. A rice RNAi line with lowered YSL2 expression 
had decreased Fe translocation to the shoots and seeds when 
compared to wild type, suggesting that OsYSL2 is involved in 
long distance transport of Fe to the seeds in rice [151].

Table 4. Genes implicated in the transfer of metal micronutrients (or 
Cd) from roots to shoots

Gene	 Mineral	 References

FRD3	 Fe	 [95,96]
FPN1	 Fe	 [100]
HMA2	 Zn	 [98]
HMA4	 Zn, Cd	 [94,97,98,101–103]
HMA5	 Cu	 [92,99]
MTP3	 Zn	 [93]
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Other members of the oligopeptide transporter family are 
important for transport of mineral micronutrients to seeds. The 
most characterized gene of the oligopeptide transporter fam-
ily is Arabidopsis OPT3. Expression of OPT3 was upregulated 
in roots and leaves of Fe-deficient Arabidopsis plants, and ex-
pression of this gene in yeast complemented growth defects of 
Cu and Fe uptake mutants [84]. Complete knockout mutants of 
AtOPT3 were embryo lethal [152], but a T-DNA insertion in the 
promoter region resulted in an expression knockdown pheno-
type [153]. These mutants accumulated high Fe, Cu, Mn, and Zn 
concentrations in vegetative tissues, but had low Fe concentra-
tions in seeds. Individual OPT family members are expressed 
differently from each other in various tissues [154,155], suggest-
ing specialized functions for each gene in micronutrient trans-
port within the plant. The substrates for plant OPTs are not well 
defined, but could be micronutrients chelated to NA [155], var-
ious tetra- and penta-peptides, and reduced glutathione [156].

3.5. Gradient to the seed and co-transport with N

Movement of phloem sap occurs by bulk flow, resulting from 
a pressure gradient from the source (leaf, stem, etc.) tissues to 
the sink (seed) tissues [126]. The pressure gradient is generated 
by loading nutrients such as carbohydrates and potassium into 
phloem at source tissues to provide osmotic potential that draws 
in water. The unloading of these nutrients at the seed decreases 
the pressure and maintains a gradient. Micronutrients will not 
be present in high enough concentrations to create a pressure 
gradient on their own, and thus will move with the major nutri-
ents—that is, K+, Cl−, and sugars [126,157] in the phloem. The al-
kaline phloem sap, at pH 7.2–8.2 [157], necessitates chelation of 
Fe, which decreases in solubility as pH rises [158]. As mentioned 
above, NA is a potential chelator of Fe in the phloem. NA can 
form a stable complex at alkaline pH [159], and can also chelate 
Cu and Zn. Other potential phloem chelators are unspecified 
oligopeptides and certain amino acids [134]. These compounds 
all contain N, suggesting that phloem transport of N and min-
eral micronutrients may be directly related. Additional evidence 
for this relationship between N and micronutrient transport to 
seeds comes from high correlations between N and Zn in seeds 
of several grass and dicot species [160]. Additionally, increasing 
N availability to wheat, while Zn availability remained constant, 
resulted in increased translocation to and concentration of Zn 
in wheat grain [12,161]. Thus, improved fertilization practices 
with N and Zn fertilizers could be a large step toward biofor-
tification. Much of the seed N is supplied as amino acids from 
protein breakdown during senescence [17].Wheat lines with de-
layed senescence had decreased amino acid export from leaves 
[162] and lower grain N, Fe, and Zn concentrations [163], while 
an RNAi line with delayed leaf senescence had lower remobili-
zation of N, Fe, and Zn and lower grain concentrations of these 
nutrients [24], suggesting possible co-transport mechanisms.

3.6. Transport into seeds and storage forms

Seeds contain filial tissues (embryo and endosperm, aleurone) 
surrounded by maternal tissues (seed coat). The developing 
seed is connected to the maternal plant by a single vascular trace 
[126,164]. This vascular bundle ends at the seed coat and is not 
symplastically connected to the endosperm or embryo. Nutrients 
moving to the seed are unloaded from the phloem, while excess 
water is thought to move in the opposite direction in this vascu-
lar strand, through the xylem or suberized cells [165]. Phloem de-
livered nutrients are distributed in the maternal tissue surround-
ing the seed, and are eventually effluxed into an apoplastic space 

that separates the maternal and filial tissues. Thus, specific mi-
cronutrient efflux transporters are likely to be required for this 
action, as well as for uptake into cells of the endosperm and/or 
embryo. The endosperm tissue is present in mature cereals, but 
is consumed by the embryo in legumes and Arabidopsis during 
seed maturation [164]. For mineral micronutrients, the transport-
ers that are involved in phloem unloading and uptake by the fil-
ial tissues are not well defined, but likely belong to the families 
discussed as transporters in other parts of the plant. Indeed, la-
ser capture microdissection of barley grain into transfer cells of 
the maternal vascular bundle, aluerone, endosperm, and embryo 
fractions, followed by microarray analysis, revealed expression of 
genes from the following families: HMA, ZIP, MTP, Nramp, NAS, 
and YSL [166]. Typically the expression was not evenly distrib-
uted among the different cell types, suggesting that, as in other 
tissues, certain transporters are important in specific cell types to 
move micronutrients through the plant.

Within the Arabidopsis seed, Fe is stored in vacuoles of the 
embryo endodermis [167]. X-ray fluorescence microtomogra-
phy imaging of developing embryos revealed that Zn is not con-
fined to the same cells, but is distributed throughout the embryo 
[168]. Fe is loaded into the vacuoles by the VIT1 protein during 
embryo development [168],while upon germination Fe is remo-
bilized from this organelle by the Nramp3 and Nramp4 trans-
porters [169]. In legumes, Fe is stored in ferritin protein in the 
embryo [170,171] but ferritin is not found in the seed coat [172]. 
Ferritin is degraded during seed germination [171] thus releas-
ing stored Fe for the growing seedling. Ferritin is estimated to 
store 20–40% of legume seed Fe [173], and in addition to amy-
loplast localized ferritin, Fe is stored in epidermal cells and cells 
near the provascular tissue of the embryo [174]. In some vari-
eties of soybean and common bean, a substantial percentage of 
total seed Fe is localized to the seed coat [175,176]. In grains, 
the highest concentrations of Fe and Zn co-localize with pro-
tein and free amino acids in the embryo and bran, with lower 
concentrations in endosperm [14,160,177]. This is problematic 
from a human nutrition perspective, since processing of rice, 
wheat, or other cereals in ways that remove these parts results 
in greatly reduced nutritional value. The high concentration of 
the phosphorus storage molecule phytate in cereal grains [178] 
is also problematic, as phytate can also bind Fe and Zn, and de-
crease absorption of these nutrients in the animal gut. Increasing 
wheat grain Zn levels by agronomic practices did not result in 
increased phytate [160], and lines of cereals with mutations that 
result in low phytate concentration did not consistently have al-
tered levels of Fe or Zn in rice, maize, wheat, barley, or soybean 
seeds [179–183]. These results suggest that phytate can be de-
creased in future variety development while Fe and Zn concen-
trations remain at current levels or higher. Feeding trials have 
shown that low phytate maize had substantially increased Zn 
bioavailability [184,185]. Decreasing antinutrients such as phy-
tate while simultaneously increasing micronutrients could have 
a synergistic effect on Fe and Zn bioavailability. Strategies for 
altering seed phytate levels have been reviewed recently [178].

4. Future discovery

Although some of the genes that are important for translocating 
Fe, Zn, and Cu to seeds have been identified, there are surely 
many additional genes to be discovered. Knowing the pathways 
taken by minerals through the plant as they are translocated to 
seeds will give important clues on where to focus efforts when 
looking for new genes or validating candidates. Major focus has 
been on Arabidopsis in recent years, as it has been the most re-
source rich plant species, in terms of genomic information and 
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mutants. Information for other plant species is quickly catch-
ing up as additional genomes are sequenced (e.g., crop species 
rice [186], sorghum [187], and soybean [188]) and scientific com-
munities develop databases and technical resources. With sec-
ond generation sequencing technologies, transcriptomic data 
can be generated from any species, even those with no previous 
sequence information [189,190]. Although Arabidopsis can be a 
useful species for studying many aspects of understanding min-
eral transport to seeds, other plants species with different char-
acteristics may be better suited for other aspects. Knowledge 
may be transferred more quickly to biofortified crops if addi-
tional model species are adopted, or if the staple crop species 
themselves are studied directly.

4.1. Quantitative genetics

Potential methods for discovering new genes that affect translo-
cation of micronutrients to seeds include quantitative trait locus 
(QTL) mapping. Two methods are commonly used for mapping 
QTL: linkage mapping and association mapping [191–194]. Link-
age mapping requires construction of biparental populations 
consisting of F2, recombinant inbred lines (RILs), or backcross 
progeny. Association mapping is similar to linkage mapping, 
except that instead of using populations specifically created for 
QTL mapping, any sample of individuals can be used, such as 
existing elite lines from breeding programs or exotic accessions 
from germplasm collections. In many species, high-throughput 
genotyping is beginning to make genome-wide association map-
ping feasible. If genomic information allows, candidate genes 
for QTLs can be proposed and testing can be initiated. If there 
are no obvious candidate genes in the QTL region, or if genomic 
information is lacking, the QT genes can be pinpointed by fine 
mapping and positional cloning.

One strength of using QTL or association mapping is that no 
prior knowledge about the new genes is required for discovery. 
One case in point is the discovery of NAM-B1, a transcription 
factor in bread wheat that influences timing of leaf senescence, 
grain protein concentration, and grain Fe and Zn concentrations 
[24,163]. QTL mapping of seed mineral concentration has been 
carried out in Arabidopsis [195–197], Medicago truncatula [198], Lo-
tus japonicus [199], common bean [200–202], Brassica napus [203], 
Brassica rapa [204], rice [205–207], and wheat [208,209]. These stud-
ies have identified several QTL for seed mineral concentrations 
localized in different regions and several of these mineral QTL 
co-localized with each other, pointing to common transport mech-
anisms. Several candidate genes for the different QTLs have been 
identified in many of these species allowing future fine mapping 
of these quantitative genes aimed at developing biofortified crops.

4.2. Candidate genes by expression pattern and predicted 
function

Combining knowledge of when and where micronutrients 
are translocated to seeds with gene expression data will allow 
identification of candidate genes. Development of genomic re-
sources has allowed tools such as microarrays to become com-
monplace. These tools allow large-scale transcriptomic profil-
ing for various experimental treatments (i.e., Fe or Zn deficient 
or replete), between mutants, ecotypes or species with different 
micronutrient accumulation (i.e., low seed micronutrient mu-
tants) or during development (i.e., several time points over seed 
filling). For example, differential expression of genes in metal 
micronutrient (Zn, Ni) and non-nutrient (Cd) hyperaccumula-
tor species compared to non-hyperaccumulator species may of-
fer clues to function of genes in micronutrient translocation to 

Table 5. Metal transporter genes with higher expression in hyperaccumulator species.

Non-accumulator species                                                                                    Hyperaccumulator species

Arabidopsis thaliana 	 Arabidopsis lyrata ssp. petraea 	 Thlaspi arvense 	 Arabidopsis halleri 	 Noccaeae caerulescensa 	 References

IRT2					     IRT2	 [212]
IRT3			   IRT3/Znt2	 IRT3	 IRT3/Znt2	 [79,86,112,113,213,216,217]
ZIP1				    ZIP1		  [119,213]
ZIP3				    ZIP3		  [213,216]
ZIP4			   Znt1	 ZIP4	 Znt1	 [71,79,113,119,211–213]
ZIP5			   Znt5	 ZIP5	 Znt5	 [113,210,212]
ZIP6		  ZIP6	 ZIP6	 ZIP6	 Znt6	 [113,119,210,211,213,214,216]
			   ZIP7		  ZIP7	 [113]
ZIP9				    ZIP9		  [211,213,216]
ZIP10				   ZIP10	 ZIP10	 [212,213]
ZIP12				   ZIP12		  [216]
HMA1			   HMA1		  [213]
HMA3		  HMA3	 HMA3	 HMA3	 [113,119,212,213,216,217]
HMA4		  HMA4	 HMA4	 HMA4	 [113,212,213,216]
HMA6			   HMA6		  [213]
Nramp3	 Nramp3		  Nramp3	 Nramp3	 [211–214,216]
Nramp5			   Nramp5		  [216]
NAS3						     [119,211,213,217]
NAS2				   NAS2	 NAS2	 [211–213]
NAS4				   NAS4		  [211,213]
			   NAS1		  NAS1	 [113]
MTP1/ZAT/CDF1	 MTP1		  MTP1	 MTP1	 [119,212,213,215–217]
MTP2				   MTP2		  [216]
MTP3				   MTP3		  [216]
			   MTP5		  MTP5	 [113]
MTP8				   MTP8	 MTP8	 [212,213]
			   MTP11		  MTP11	 [113,213,217]
			   MTP12		  MTP12	 [113]
FRD3				   FRD3	 FRD3	 [212,213]
FPN1/IREG			   FPN1/IREG		  [213]
YSL6				    YSL6		  [213]
YSL7					     YSL7	 [212]

a Formerly Thalspi caerulescens.
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seeds. Hyperaccumulator species have increased expression 
or duplication of genes involved in metal micronutrient trans-
port across plasma membranes (ZIPs), in root-to-shoot trans-
location (HMA, FRD3, FPN1), xylem or phloem transfer and 
chelation (YSL, NAS) and in vacuole loading/unloading (MTP, 
Nramp) (table 5) [71,79,86,112,113,119,210–217]. Since micronu-
trients pass through leaves and seed covering tissues to reach 
seeds, genes with increased expression in these tissues during 
seed fill may be important for translocation to seeds. For exam-
ple, 240 transporter genes exhibited increased expression dur-
ing Arabidopsis leaf senescence [218], including some members 
of YSL, ZIP, OPT, and HMA families. Knowledge of gene family 
transport specificity, together with expression profiling to deter-
mine which specific family members are differentially expressed 
in certain stages of development or more highly in hyperaccu-
mulators may allow researchers to focus on specific members 
of gene families for basic research or biofortification strategies.

5. Strategies for biofortification of mineral micronutrients

To this point, this review has focused on when and where, and 
by which genes, micronutrients are translocated to seeds. The 
goal for acquiring this knowledge is the application to crop de-
velopment to improve human food or animal feed supplies for 
micronutrient density and bioavailability. The HarvestPlus pro-
gram (www.harvestplus.org) has set goals to increase Fe con-
centration in common bean from 50 to 94 µg/g and pearl millet 
(Pennisetum glaucum) from 47 to 77 µg/g, and to increase Zn con-
centration in wheat from 25 to 33 µg/g, and rice Zn from 16 to 
24 µg/g. Although traditional breeding or improved crop man-
agement has great potential to improve crop quality, this section 
will focus on transgenic strategies for biofortification of seeds.

For successful increase of seed micronutrient concentrations, 
genes to be expressed differently should be targeted to the ap-
propriate localization, at the appropriate developmental stage, 
and the substrates for transporters (micronutrients themselves 
or co-transported chelators) should be present. Constitutive 
expression of transporters may not adequately direct when or 
where the increased expression of micronutrients takes place 
or have other unintended consequences. Constitutively over-
expressing a ZIP transporter in barley resulted in higher short-
term Zn uptake, and plants with higher concentrations of Fe and 
Zn [219], however the seeds were smaller and thus yield was 
likely reduced. Constitutively overexpressing the rice ZIP4 gene 
resulted in aberrant distribution of Zn in the plant and lower 
seed Zn concentrations [220]. A targeted overexpression strat-
egy may solve these types of problems.

For wheat, increasing Zn supply seems to be adequate to in-
crease Zn grain concentrations [1,24], implying that grain sink 
strength or translocation to grains are not limiting factors, and 
that simply increasing Zn uptake may adequately biofortify 
seeds of some species. However, for rice, large increases in Zn 
supply and Zn accumulation in the plant body translated to 
much smaller increases in seed Zn [221]. Similar observations 
have been made for Fe supply in wild-type and Fe-overaccu-
mulating mutant pea [11], and transgenic soybean that overex-
pressed root ferric reductase activity [222]. These results suggest 
that in some species, the rate limiting steps are downstream of 
uptake into the plant, and that a strategy to “push” more micro-
nutrient into the plant may not be adequate by itself.

A strategy to “pull” micronutrients into the plant by increas-
ing sink strength could be used. In this scenario, homeostatic 
mechanisms would allow the plant to adjust uptake to meet the 
additional demand. The main “pull” strategies that have been 
described utilize overexpression of the soybean Fe storage pro-

tein ferritin in rice grain. This strategy resulted in variable re-
sults between transgenic events and segregating lines, with no 
increase in some, or others with increases of up to threefold Fe 
concentration [223], including in the polished grain [224]. How-
ever, the increase in Fe concentration was not proportional to 
increases in ferritin protein levels [225], suggesting that an up-
stream step in micronutrient translocation to seeds was rate lim-
iting. Transgenic maize with soybean ferritin expressed on an 
endosperm specific promoter had grain Fe increases of 20–70% 
over the control [226].

Another strategy would be to increase the translocation ca-
pacity of micronutrients to seeds by increasing transporters or 
substrates of transporters. Transgenic tobacco that constitutively 
overexpressed NAS had higher seed micronutrient concentra-
tions [143,227], and rice with higher expression of NAS3 accu-
mulated higher Fe, Zn, and Cu [228]. Rice YSL2 overexpression, 
driven by the constitutive 35S promoter, led to lower rather than 
higher seed and shoot Fe concentrations, however, overexpres-
sion driven by the phloem-localized sucrose transporter SUT1 
promoter resulted in a fourfold increase in seed Fe concentra-
tion [151].

The most successful transgenic biofortification of rice Fe con-
centration to date used a combination of increasing translocation 
capacity and seed sink strength. The ferritin gene from common 
bean was expressed on the endosperm-specific globulin pro-
moter, while the Arabidopsis NAS1 gene was constitutively ex-
pressed on the 35S promoter [229]. This resulted in a five- to six-
fold increase in grain Fe concentration in polished rice grains.

6. Conclusion

Seed mineral improvement or biofortification will likely require 
simultaneous enhancement of several physiological processes, 
such as uptake from the rhizosphere, translocation from roots to 
shoots, phloem loading, and remobilization. Although progress 
has been made in terms of understanding micronutrient uptake 
and translocation and the genes involved, there remains much 
to be learned. Information about phloem delivery of micronu-
trients to seeds in different crops is particularly lacking. Multi-
ple genes at different steps of micronutrient movement through 
the plant may need to be targeted simultaneously for the devel-
opment of biofortified crops. Driving expression of this set of 
genes by common developmentally inducible promoters may 
be a potential strategy, as may tissue and development specific 
promoters to increase uptake and translocation capacity at the 
same time. Perhaps QTL mapping of seed mineral concentra-
tions will reveal a “master regulator” that transmits seed micro-
nutrient demand to the maternal plant and homeostatically ad-
justs uptake and translocation processes. Ideally, manipulation 
of such a regulator could accomplish all of these steps at once.

Acknowledgments – The authors thank Aaron Lorenz for helpful dis-
cussions regarding quantitative genetics. The authors also thank the 
reviewers for helpful suggestions.

References

[1] I. Cakmak, Enrichment of cereal grains with zinc: agronomic or ge-
netic biofortification? Plant Soil 302 (2008) 1–17.

[2] P.J. White, M.R. Broadley, Biofortification of crops with seven min-
eral elements often lacking in human diets: iron, zinc, copper, cal-
cium, magnesium, selenium and iodine, New Phytol. 182 (2009) 
49–84.

[3] W.H. Pfeiffer, B. McClafferty, HarvestPlus: breeding crops for better 
nutrition, Crop Sci. 47 (2007) S88–S105.

[4] W. Garcia, R. Hodgson, C. Blessin, G. Inglett, Preparation of corn 



570  W a t e r s  &  S a n k a r a n  i n  P l a n t  S c i e n c e  180  (2011 ) 

products endogenously labeled with zinc-65 for use in bioavail-
ability studies, J. Agric. Food Chem. 25 (1977) 1290–1295.

[5] A. Knight, Long term culture methods for the production of isotopi-
cally labelled plant material, New Phytol. 79 (1977) 573–582.

[6] M. Janghorbani, C. Weaver, B. Ting, V. Young, Labeling of soybeans 
with the stable isotope 70Zn for use in human metabolic studies, 
J. Nutr. 113 (1983) 973–978.

[7] H. Schmitt, C. Weaver, Level of application and period of exposure 
affecting accumulation and distribution of chromium-51 and zinc-
65 in hydroponically grown kale, bush beans, and soybeans, J. Ag-
ric. Food Chem. 32 (1984) 498–503.

[8] T.L. Starks, P.E. Johnson, Techniques for intrinsically labeling wheat 
with Zn- 65, J. Agric. Food Chem. 33 (1985) 691–698.

[9] T.L. Starks, P.E. Johnson, Evaluation of foliar application and stem 
injection as techniques for intrinsically labeling wheat with cop-
per-65, J. Agric. Food Chem. 34 (1986) 23–26.

[10] A. Khan, C. Weaver, Pattern of zinc-65 incorporation into soybean 
seeds by root absorption, stem injection, and foliar application, J. 
Agric. Food Chem. 37 (1989) 855–860.

[11] M.A. Grusak, Iron transport to developing ovules of Pisum sativum. 
I. Seed import characteristics and phloem iron-loading capacity of 
source regions, Plant Physiol. 104 (1994) 649–655.

[12] E.B. Erenoglu, U.B. Kutman, Y. Ceylan, B. Yildiz, I. Cakmak, Im-
proved nitrogen nutrition enhances root uptake, root-to-shoot 
translocation and remobilization of zinc (65Zn) in wheat, New Phy-
tol. (2010), doi:10.1111/j.1469- 8137.2010.03488.x.

[13] C.Y. Wu, L.L. Lu, X.E. Yang, Y. Feng, Y.Y. Wei, H.L. Hao, P.J. Stof-
fella, Z.L. He, Uptake, translocation, and remobilization of zinc 
absorbed at different growth stages by rice genotypes of different 
Zn densities, J. Agric. Food Chem. 58 (2010) 6767–6773.

[14] I. Cakmak, M. Kalayci, Y. Kaya, A.A. Torun, N. Aydin, Y. Wang, Z. 
Arisoy, H. Erdem, A. Yazici, O. Gokmen, L. Ozturk, W.J. Horst, 
Biofortification and localization of zinc in wheat grain, J. Agric. 
Food Chem. 58 (2010) 9092–9102.

[15] A.J. Barneix, Physiology and biochemistry of source-regulated pro-
tein accumulation in the wheat grain, J. Plant Physiol. 164 (2007) 
581–590.

[16] N.M. Heidlebaugh, B.R. Trethewey, A.K. Jukanti, D.L. Parrott, J.M. 
Martin, A.M. Fischer, Effects of a barley (Hordeum vulgare) chro-
mosome 6 grain protein content locus on whole-plant nitrogen re-
allocation under two different fertilisation regimes, Funct. Plant 
Biol. 35 (2008) 619–632.

[17] C. Masclaux-Daubresse, M. Reisdorf-Cren, M. Orsel, Leaf nitro-
gen remobilisation for plant development and grain filling, Plant 
Biol. 10 (2008) 23–36.

[18] P.J. Hocking, J.S. Pate, Mobilization of minerals to developing seeds 
of legumes, Ann. Bot. 41 (1977) 1259–1278.

[19] J. Pate, P. Hocking, Phloem and xylem transport in the supply of 
minerals to a developing legume (Lupinus albus L.) fruit, Ann. Bot. 
42 (1978) 911–921.

[20] J. Hill, The remobilization of nutrients from leaves, J. Plant Nutr. 2 
(1980) 407–444.

[21] P.J. Hocking, Dry-matter production, mineral nutrient concentra-
tions, and nutrient distribution and redistribution in irrigated 
spring wheat, J. Plant Nutr. 17 (1994) 1289–1308.

[22] R.O. Miller, J.S. Jacobsen, E.O. Skogley, Aerial accumulation and 
partitioning of nutrients by hard red spring wheat, Commun. Soil 
Sci. Plant Anal. 25 (1994) 1891–1911.

[23] T.P. Garnett, R.D. Graham, Distribution and remobilization of iron 
and copper in wheat, Ann. Bot. 95 (2005) 817–826.

[24] B.M. Waters, C. Uauy, J. Dubcovsky, M.A. Grusak, Wheat (Triticum 
aestivum) NAM proteins regulate the translocation of iron, zinc, 
and nitrogen compounds from vegetative tissues to grain, J. Exp. 
Bot. 60 (2009) 4263–4274.

[25] W. Jiang, P.C. Struik, J. Lingna, H. van Keulen, Z. Ming, T.J. Stomph, 
Uptake and distribution of root-applied or foliar-applied Zn-65 
after flowering in aerobic rice, Ann. Appl. Biol. 150 (2007) 383–391.

[26] T.J. Stomph, W. Jiang, P.C. Struik, Zinc biofortification of cereals: 
rice differs from wheat and barley, Trends Plant Sci. 14 (2009) 
123–124.

[27] E. Himelblau, R.M. Amasino, Nutrients mobilized from leaves of 
Arabidopsis thaliana during leaf senescence, J. Plant Physiol. 158 
(2001) 1317–1323.

[28] B.M. Waters, M.A. Grusak, Whole-plant mineral partitioning 
throughout the life cycle in Arabidopsis thaliana ecotypes Colum-
bia, Landsberg erecta, Cape Verde Islands, and the mutant line ys-
l1ysl3, New Phytol. 177 (2008) 389–405.

[29] R.P. Sankaran, S.D. Ebbs, Transport of Cd and Zn to seeds of Indian 
mustard (Brassica juncea) during specific stages of plant growth 
and development, Physiol. Plant 132 (2008) 69–78.

[30] R.F.H. Giehl, A.R. Meda, N. von Wiren, Moving up, down, and ev-
erywhere: signaling of micronutrients in plants, Curr. Opin. Plant 
Biol. 12 (2009) 320– 327.

[31] J. Morrissey, M.L. Guerinot, Iron uptake and transport in plants: the 
good, the bad, and the ionome, Chem. Rev. 109 (2009) 4553–4567.

[32] E.L. Walker, E.L. Connolly, Time to pump iron: iron-deficiency-
signaling mechanisms of higher plants, Curr. Opin. Plant Biol. 11 
(2008) 530–535.

[33] N.J. Robinson, C.M. Procter, E.L. Connolly, M.L. Guerinot, A ferric-che-
late reductase for iron uptake from soils, Nature 397 (1999) 694–697.

[34] C. Curie, Z. Panaviene, C. Loulergue, S.L. Dellaporta, J.F. Briat, E.L. 
Walker, Maize yellow stripe1 encodes a membrane protein directly 
involved in Fe(III) uptake, Nature 409 (2001) 346–349.

[35] U. Eckhardt, A.M. Marques, T.J. Buckhout, Two iron-regulated cat-
ion transporters from tomato complement metal uptake-deficient 
yeast mutants, Plant Mol. Biol. 45 (2001) 437–448.

[36] R. Henriques, J. Jasik, M. Klein, E. Martinoia, U. Feller, J. Schell, M.S. 
Pais, C. Koncz, Knock-out of Arabidopsis metal transporter gene 
IRT1 results in iron deficiency accompanied by cell differentiation 
defects, Plant Mol. Biol. 50 (2002) 587–597.

[37] H.Q. Ling, P. Bauer, Z. Bereczky, B. Keller, M. Ganal, The tomato fer 
gene encoding a bHLH protein controls iron-uptake responses in 
roots, Proc. Natl. Acad. Sci. U.S.A. 99 (2002) 13938–13943.

[38] C. Varotto, D. Maiwald, P. Pesaresi, P. Jahns, F. Salamini, D. Leis-
ter, The metal ion transporter IRT1 is necessary for iron homeo-
stasis and efficient photosynthesis in Arabidopsis thaliana, Plant J. 
31 (2002) 589–599.

[39] G. Vert, N. Grotz, F. Dedaldechamp, F. Gaymard, M.L. Guerinot, 
J.F. Briat, C. Curie, IRT1, an Arabidopsis transporter essential for 
iron uptake from the soil and for plant growth, Plant Cell 14 (2002) 
1223–1233.

[40] B.M. Waters, D.G. Blevins, D.J. Eide, Characterization of FRO1, a 
pea ferricchelate reductase involved in root iron acquisition, Plant 
Physiol. 129 (2002) 85–94.

[41] C.K. Cohen, D.F. Garvin, L.V. Kochian, Kinetic properties of a mi-
cronutrient transporter from Pisum sativum indicate a primary 
function in Fe uptake from the soil, Planta 218 (2004) 784–792.

[42] E.P. Colangelo, M.L. Guerinot, The essential basic helix-loop-he-
lix protein FIT1 is required for the iron deficiency response, Plant 
Cell 16 (2004) 3400–3412.

[43] M. Jakoby, H.Y. Wang, W. Reidt, B. Weisshaar, P. Bauer, FRU 
(BHLH029) is required for induction of iron mobilization genes 
in Arabidopsis thaliana, FEBS Lett. 577 (2004) 528–534.

[44] L.H. Li, X.D. Cheng, H.Q. Ling, Isolation and characterization of 
Fe(III)-chelate reductase gene LeFRO1 in tomato, Plant Mol. Biol. 
54 (2004) 125–136.

[45] S. Santi, S. Cesco, Z. Varanini, R. Pinton, Two plasma membrane 
H+-ATPase genes are differentially expressed in iron-deficient cu-
cumber plants, Plant Physiol. Biochem. 43 (2005) 287–292.

[46] Y. Ishimaru, M. Suzuki, T. Tsukamoto, K. Suzuki, M. Nakazono, T. 
Kobayashi, Y. Wada, S. Watanabe, S. Matsuhashi, M. Takahashi, 
H. Nakanishi, S. Mori, N.K. Nishizawa, Rice plants take up iron as 
an Fe3+-phytosiderophore and as Fe2+, Plant J. 45 (2006) 335–346.

[47] Y. Murata, J.F. Ma, N. Yamaji, D. Ueno, K. Nomoto, T. Iwashita, A 
specific transporter for iron(III)-phytosiderophore in barley roots, 
Plant J. 46 (2006) 563–572.

[48] Y. Ogo, R.N. Itai, H. Inoue, T. Kobayashi, M. Suzuki, M. Takahashi, 
S. Mori, N.K. Nishizawa, N.K. Nishizawa, Isolation and character-
ization of IRO2, a novel iron-regulated bHLH transcription factor 
in graminaceous plants, J. Exp. Bot. 57 (2006) 2867–2878.



M o v i n g  m i c r o n u t r i e n t s  f r o m  t h e  s o i l  t o  t h e  s e e d s    571

[49] T. Kobayashi, Y. Ogo, R.N. Itai, H. Nakanishi, M. Takahashi, S. Mori, 
N.K. Nishizawa, The transcription factor IDEF1 regulates the re-
sponse to and tolerance of iron deficiency in plants, Proc. Natl. 
Acad. Sci. U.S.A. 104 (2007) 19150–19155.

[50] Y. Ogo, R.N. Itail, H. Nakanishi, T. Kobayashi, M. Takahashi, S. 
Mori, N.K. Nishizawal, The rice bHLH protein OslRO2 is an es-
sential regulator of the genes involved in Fe uptake under Fe-de-
ficient conditions, Plant J. 51 (2007) 366–377.

[51] H.Y. Wang, M. Klatte, M. Jakoby, H. Baumlein, B. Weisshaar, P. 
Bauer, Iron deficiency-mediated stress regulation of four sub-
group Ib BHLH genes in Arabidopsis thaliana, Planta 226 (2007) 
897–908.

[52] B.M. Waters, C. Lucena, F.J. Romera, G.G. Jester, A.N. Wynn, C.L. 
Rojas, E. Alcantara, R. Perez-Vicente, Ethylene involvement in the 
regulation of the H+-ATPase CsHA1 gene and of the new isolated 
ferric reductase CsFRO1 and iron transporter CsIRT1 genes in cu-
cumber plants, Plant Physiol. Biochem. 45 (2007) 293–301.

[53] Y. Ogo, T. Kobayashi, R.N. Itai, H. Nakanishi, Y. Kakei, M. Taka-
hashi, S. Toki, S. Mori, N.K. Nishizawa, A novel NAC transcrip-
tion factor, IDEF2, that recognizes the iron deficiency-responsive 
element 2 regulates the genes involved in iron homeostasis in 
plants, J. Biol. Chem. 283 (2008) 13407–13417.

[54] Y.X. Yuan, H.L. Wu, N. Wang, J. Li, W.N. Zhao, J. Du, D.W. Wang, 
H.Q. Ling, FIT interacts with AtbHLH38 and AtbHLH39 in reg-
ulating iron uptake gene expression for iron homeostasis in Ara-
bidopsis, Cell Res. 18 (2008) 385–397.

[55] H. Inoue, T. Kobayashi, T. Nozoye, M. Takahashi, Y. Kakei, K. Su-
zuki, M. Nakazono, H. Nakanishi, S. Mori, N.K. Nishizawa, Rice 
OsYSL15 Is an iron-regulated iron(III)-deoxymugineic acid trans-
porter expressed in the roots and is essential for iron uptake in 
early growth of the seedlings, J. Biol. Chem. 284 (2009) 3470–3479.

[56] S. Lee, J.C. Chiecko, S.A. Kim, E.L. Walker, Y. Lee, M.L. Guerinot, 
G. An, Disruption of OsYSL15 leads to iron inefficiency in rice 
plants, Plant Physiol. 150 (2009) 786–800.

[57] S. Santi, W. Schmidt, Dissecting iron deficiency-induced proton ex-
trusion in Arabidopsis roots, New Phytol. 183 (2009) 1072–1084.

[58] N. Grotz, T. Fox, E. Connolly, W. Park, M.L. Guerinot, D. Eide, 
Identification of a family of zinc transporter genes from Arabi-
dopsis that respond to zinc deficiency, Proc. Natl. Acad. Sci. U.S.A. 
95 (1998) 7220–7224.

[59] A.G.L. Assunção, E. Herrero, Y.F. Lin, B. Huettel, S. Talukdar, C. 
Smaczniak, R.G.H. Immink, M. van Eldik, M. Fiers, H. Schat, 
M.G.M. Aarts, Arabidopsis thaliana transcription factors bZIP19 
and bZIP23 regulate the adaptation to zinc deficiency, Proc. Natl. 
Acad. Sci. U.S.A. 107 (2010) 10296– 10301.

[60] T. del Pozo, V. Cambiazo, M. González, Gene expression profiling 
analysis of copper homeostasis in Arabidopsis thaliana, Biochem. 
Biophys. Res. Commun. 393 (2010) 248–252.

[61] V. Sancenon, S. Puig, H. Mira, D.J. Thiele, L. Penarrubia, Identifi-
cation of a copper transporter family in Arabidopsis thaliana, Plant 
Mol. Biol. 51 (2003) 577–587.

[62] C.A. Grant, W.T. Buckley, L.D. Bailey, F. Selles, Cadmium accumu-
lation in crops, Can. J. Plant Sci. 78 (1998) 1–17.

[63] N.S. Harris, G.J. Taylor, Remobilization of cadmium in maturing 
shoots of near isogenic lines of durum wheat that differ in grain 
cadmium accumulation, J. Exp. Bot. 52 (2001) 1473–1481.

[64] E. Lombi, K.L. Tearall, J.R. Howarth, F.J. Zhao, M.J. Hawkesford, 
S.P. McGrath, Influence of iron status on cadmium and zinc up-
take by different ecotypes of the hyperaccumulator Thlaspi caer-
ulescens, Plant Physiol. 128 (2002) 1359–1367.

[65] D.E. Salt, I.J. Pickering, R.C. Prince, D. Gleba, S. Dushenkov, R.D. 
Smith, I. Raskin, Metal accumulation by aquacultured seedlings of 
Indian mustard, Environ. Sci. Technol. 31 (1997) 1636–1644.

[66] S. Thomine, R.C. Wang, J.M. Ward, N.M. Crawford, J.I. Schroeder, 
Cadmium and iron transport by members of a plant metal trans-
porter family in Arabidopsis with homology to Nramp genes, Proc. 
Natl. Acad. Sci. U.S.A. 97 (2000) 4991–4996.

[67] N. Bughio, H. Yamaguchi, N.K. Nishizawa, H. Nakanishi, S. Mori, 
Cloning an iron-regulated metal transporter from rice, J. Exp. Bot. 
53 (2002) 1677–1682.

[68] D. Eide, M. Broderius, J. Fett, M.L. Guerinot, A novel iron-regu-
lated metal transporter from plants identified by functional ex-
pression in yeast, Proc. Natl. Acad. Sci. U.S.A. 93 (1996) 5624–5628.

[69] Y. Ishimaru, M. Suzuki, T. Kobayashi, M. Takahashi, H. Nakani-
shi, S. Mori, N.K. Nishizawa, OsZIP4, a novel zinc-regulated zinc 
transporter in rice, J. Exp. Bot. 56 (2005) 3207–3214.

[70] Y.O. Korshunova, D. Eide, W.G. Clark, M.L. Guerinot, H.B. Pakrasi, 
The IRT1 protein from Arabidopsis thaliana is a metal transporter 
with a broad substrate range, Plant Mol. Biol. 40 (1999) 37–44.

[71] M.M. Lasat, N.S. Pence, D.F. Garvin, S.D. Ebbs, L.V. Kochian, Mo-
lecular physiology of zinc transport in the Zn hyperaccumulator 
Thlaspi caerulescens, J. Exp. Bot. 51 (2000) 71–79.

[72] S. Lee, H.J. Jeong, S.A. Kim, J. Lee, M.L. Guerinot, G. An, OsZIP5 
is a plasma membrane zinc transporter in rice, Plant Mol. Biol. 73 
(2010) 507–517.

[73] S. Lee, S.A. Kim, J. Lee, M.L. Guerinot, G. An, Zinc deficiency-in-
ducible OsZIP8 encodes a plasma membrane-localized zinc trans-
porter in rice, Mol. Cells 29 (2010) 551–558.

[74] A.F. Lopez-Millan, D.R. Ellis, M.A. Grusak, Identification and char-
acterization of several new members of the ZIP family of metal 
ion transporters in Medicago truncatula, Plant Mol. Biol. 54 (2004) 
583–596.

[75] T. Mizuno, K. Usui, K. Horie, S. Nosaka, N. Mizuno, H. Obata, Clon-
ing of three ZIP/Nramp transporter genes from aNi hyperaccu-
mulator plant Thlaspi japonicum and their Ni2+-transport abilities, 
Plant Physiol. Biochem. 43 (2005) 793–801.

[76] S. Moreau, R.M. Thomson, B.N. Kaiser, B. Trevaskis, M.L. Gueri-
not, M.K. Udvardi, A. Puppo, D.A. Day, GmZIP1 encodes a sym-
biosis-specific zinc transporter in soybean, J. Biol. Chem. 277 (2002) 
4738–4746.

[77] P. Pedas, J.K. Schjoerring, S. Husted, Identification and character-
ization of zinc starvation-induced ZIP transporters from barley 
roots, Plant Physiol. Biochem. 47 (2009) 377–383.

[78] P. Pedas, C.K. Ytting, A.T. Fuglsang, T.P. Jahn, J.K. Schjoerring, S. 
Husted, Manganese efficiency in barley: identification and char-
acterization of the metal ion transporter HvIRT1, Plant Physiol. 
148 (2008) 455–466.

[79] N.S. Pence, P.B. Larsen, S.D. Ebbs, D.L. Letham, M.M. Lasat, D.F. 
Garvin, D. Eide, L.V. Kochian, The molecular physiology of heavy 
metal transport in the Zn/Cd hyperaccumulator Thlaspi caerules-
cens, Proc. Natl. Acad. Sci. U.S.A. 97 (2000) 4956–4960.

[80] S. Plaza, K.L. Tearall, F.J. Zhao, P. Buchner, S.P. McGrath, M.J. 
Hawkesford, Expression and functional analysis of metal trans-
porter genes in two contrasting ecotypes of the hyperaccumulator 
Thlaspi calerulescens, J. Exp. Bot. 58 (2007) 1717–1728.

[81] S.A. Ramesh, R. Shin, D.J. Eide, D.P. Schachtman, Differential metal 
selectivity and gene expression of two zinc transporters from rice, 
Plant Physiol. 133 (2003) 126–134.

[82] E.E. Rogers, D.J. Eide, M.L. Guerinot, Altered selectivity in an Ara-
bidopsis metal transporter, Proc. Natl. Acad. Sci. U.S.A. 97 (2000) 
12356–12360.

[83] G. Vert, J.F. Briat, C. Curie, Arabidopsis IRT2 gene encodes a root-pe-
riphery iron transporter, Plant J. 26 (2001) 181–189.

[84] H. Wintz, T. Fox, Y.Y. Wu, V. Feng, W.Q. Chen, H.S. Chang, T. Zhu, 
C. Vulpe, Expression profiles of Arabidopsis thaliana in mineral de-
ficiencies reveal novel transporters involved in metal homeosta-
sis, J. Biol. Chem. 278 (2003) 47644–47653.

[85] P. Li, J.L. Qi, L. Wang, Q.N. Huang, Z.H. Han, L.P. Yin, Functional 
expression of MxIRT1, from Malus xiaojinensis, complements an 
iron uptake deficient yeast mutant for plasma membrane target-
ing via membrane vesicles trafficking process, Plant Sci. 171 (2006) 
52–59.

[86] Y.F. Lin, H.M. Liang, S.Y. Yang, A. Boch, S. Clemens, C.C. Chen, 
J.F. Wu, J.L. Huang, K.C. Yeh, Arabidopsis IRT3 is a zinc-regulated 
and plasma membrane localized zinc/iron transporter, New Phy-
tol. 182 (2009) 392–404.

[87] X. Yang, J. Huang, Y. Jiang, H.S. Zhang, Cloning and functional 
identification of two members of the ZIP (Zrt, Irt-like protein) 
gene family in rice (Oryza sativa L.), Mol. Biol. Rep. 36 (2009) 
281–287.



572  W a t e r s  &  S a n k a r a n  i n  P l a n t  S c i e n c e  180  (2011 ) 

[88] A. Lux, M. Martinka, M. Vaculík, P.J. White, Root responses to cad-
mium in the rhizosphere: a review, J. Exp. Bot. (2010).

[89] M.G. Palmgren, S. Clemens, L.E. Williams, U. Kraemer, S. Borg, J.K. 
Schjorring, D. Sanders, Zinc biofortification of cereals: problems 
and solutions, Trends Plant Sci. 13 (2008) 464–473.

[90] J.J. Hart, R.M. Welch, W.A. Norvell, L.V. Kochian, Characteriza-
tion of cadmium uptake, translocation and storage in near-iso-
genic lines of durum wheat that differ in grain cadmium concen-
tration, New Phytol. 172 (2006) 261–271.

[91] S. Uraguchi, S. Mori, M. Kuramata, A. Kawasaki, T. Arao, S. 
Ishikawa, Root-to-shoot Cd translocation via the xylem is the ma-
jor process determining shoot and grain cadmium accumulation 
in rice, J. Exp. Bot. 60 (2009) 2677–2688.

[92] N. Andres-Colas, V. Sancenon, S. Rodriguez-Navarro, S. Mayo, D.J. 
Thiele, J.R. Ecker, S. Puig, L. Penarrubia, The Arabidopsis heavy 
metal P-type ATPase HMA5 interacts with metallochaperones 
and functions in copper detoxification of roots, Plant J. 45 (2006) 
225–236.

[93] S. Arrivault, T. Senger, U. Krämer, The Arabidopsis metal tolerance 
protein AtMTP3 maintains metal homeostasis by mediating Zn 
exclusion from the shoot under Fe deficiency and Zn oversupply, 
Plant J. 46 (2006) 861–879.

[94] M. Courbot, G. Willems, P. Motte, S. Arvidsson, N. Roosens, P. Sau-
mitou- Laprade, N. Verbruggen, A major quantitative trait lo-
cus for cadmium tolerance in Arabidopsis halleri colocalizes with 
HMA4, a gene encoding a heavy metal ATPase, Plant Physiol. 144 
(2007) 1052–1065.

[95] T.P. Durrett, W. Gassmann, E.E. Rogers, The FRD3-mediated efflux 
of citrate into the root vasculature is necessary for efficient iron 
translocation, Plant Physiol. 144 (2007) 197–205.

[96] L.S. Green, E.E. Rogers, FRD3 controls iron localization in Arabi-
dopsis, Plant Physiol. 136 (2004) 2523–2531.

[97] M. Hanikenne, I.N. Talke, M.J. Haydon, C. Lanz, A. Nolte, P. Motte, 
J. Kroymann, D. Weigel, U. Krämer, Evolution of metal hyperac-
cumulation required cis regulatory changes and triplication of 
HMA4, Nature 453 (2008), 391-U344.

[98] D. Hussain, M.J. Haydon, Y. Wang, E. Wong, S.M. Sherson, J. 
Young, J. Camakaris, J.F. Harper, C.S. Cobbett, P-type ATPase 
heavy metal transporters with roles in essential zinc homeostasis 
in Arabidopsis, Plant Cell 16 (2004) 1327–1339.

[99] Y. Kobayashi, K. Kuroda, K. Kimura, J.L. Southron-Francis, A. Furu-
zawa, K. Kimura, S. Iuchi, M. Kobayashi, G.J. Taylor, H. Koyama, 
Amino acid polymorphisms in strictly conserved domains of a P-
type ATPase HMA5 are involved in the mechanism of copper tol-
erance variation in Arabidopsis, Plant Physiol. 148 (2008) 969–980.

[100] J. Morrissey, I.R. Baxter, J. Lee, L.T. Li, B. Lahner, N. Grotz, J. Ka-
plan, D.E. Salt, M.L. Guerinot, The ferroportin metal efflux pro-
teins function in iron and cobalt homeostasis in Arabidopsis, Plant 
Cell 21 (2009) 3326–3338.

[101] A. Papoyan, L.V. Kochian, Identification of Thlaspi caerulescens 
genes that may be involved in heavy metal hyperaccumulation 
and tolerance. Characterization of a novel heavy metal transport-
ing ATPase, Plant Physiol. 136 (2004) 3814–3823.

[102] F. Verret, A. Gravot, P. Auroy, N. Leonhardt, P. David, L. Nus-
saume, A. Vavasseur, P. Richaud, Overexpression of AtHMA4 en-
hances root-to-shoot translocation of zinc and cadmium and plant 
metal tolerance, FEBS Lett. 576 (2004) 306–312.

[103] C.K.E. Wong, C.S. Cobbett, HMA P-type ATPases are the major 
mechanism for root-to-shoot Cd translocation in Arabidopsis thali-
ana, New Phytol. 181 (2009) 71–78.

[104] L.E. Williams, R.F. Mills, P-1B-ATPases: an ancient family of tran-
sition metal pumps with diverse functions in plants, Trends Plant 
Sci. 10 (2005) 491–502.

[105] D. Major, Stomatal frequency and distribution in rape, Can. J. Plant 
Sci. 55 (1975) 1077–1078.

[106] L.H. Gammelvind, J.K. Schjoerring, V.O. Mogensen, C.R. Jensen, 
J.G.H. Bock, Photosynthesis in leaves and siliques of winter oil-
seed rape (Brassica napus L.), Plant Soil 186 (1996) 227–236.

[107] Q. Gu, C. Ferrandiz, M.F. Yanofsky, R. Martienssen, The FRUIT-
FULL MADS-box gene mediates cell differentiation during Arabi-

dopsis fruit development, Development 125 (1998) 1509–1517.
[108] J.L. Araus, H.R. Brown, A. Febrero, J. Bort, M.D. Serret, Ear pho-

tosynthesis, carbon isotope discrimination and the contribution 
of respiratory CO2 to differences in grain mass in durum wheat, 
Plant Cell Environ. 16 (1993) 383–392.

[109] E.A Tambussi, S. Nogues, J.L. Araus, Ear of durum wheat un-
der water stress: water relations and photosynthetic metabolism, 
Planta 221 (2005) 446–458.

[110] I. Mukherjee, N.H. Campbell, J.S. Ash, E.L. Connolly, Expression 
profiling of the Arabidopsis ferric chelate reductase (FRO) gene 
family reveals differential regulation by iron and copper, Planta 
223 (2006) 1178–1190.

[111] H.L. Wu, L.H. Li, J. Du, Y.X. Yuan, X.D. Cheng, H.Q. Ling, Mo-
lecular and biochemical characterization of the Fe(III) chelate re-
ductase gene family in Arabidopsis thaliana, Plant Cell Physiol. 46 
(2005) 1505–1514.

[112] A.G.L. Assunção, P.D. Martins, S. De Folter, R. Vooijs, H. Schat, 
M.G.M. Aarts, Elevated expression of metal transporter genes in 
three accessions of the metal hyperaccumulator Thlaspi caerules-
cens, Plant Cell Environ. 24 (2001) 217–226.

[113] J.P. Hammond, H.C. Bowen, P.J. White, V. Mills, K.A. Pyke, A.J.M. 
Baker, S.N. Whiting, S.T. May, M.R. Broadley, A comparison of 
the Thlaspi caerulescens and Thlaspi arvense shoot transcriptomes, 
New Phytol. 170 (2006) 239– 260.

[114] H. Küpper, F.J. Zhao, S.P. McGrath, Cellular compartmentation of 
zinc in leaves of the hyperaccumulator Thlaspi caerulescens, Plant 
Physiol. 119 (1999) 305–311.

[115] H. Küpper, L.O. Seib, M. Sivaguru, O.A. Hoekenga, L.V. Kochian, 
A method for cellular localization of gene expression via quan-
titative in situ hybridization in plants, Plant J. 50 (2007) 159–175.

[116] H. Küpper, L.V. Kochian, Transcriptional regulation of metal trans-
port genes and mineral nutrition during acclimatization to cad-
mium and zinc in the Cd/Zn hyperaccumulator, Thlaspi caerules-
cens (Ganges population), New Phytol. 185 (2010) 114–129.

[117] A.G. Desbrosses-Fonrouge, K. Voigt, A. Schröder, S. Arrivault, S. 
Thomine, U. Krämer, Arabidopsis thaliana MTP1 is a Zn transporter 
in the vacuolar membrane which mediates Zn detoxification and 
drives leaf Zn accumulation, FEBS Lett. 579 (2005) 4165–4174.

[118] Y. Kobae, T. Uemura, M.H. Sato, M. Ohnishi, T. Mimura, T. Nak-
agawa, M. Maeshima, Zinc transporter of Arabidopsis thaliana At-
MTP1 is localized to vacuolar membranes and implicated in zinc 
homeostasis, Plant Cell Physiol. 45 (2004) 1749–1758.

[119] M. Becher, I.N. Talke, L. Krall, U. Krämer, Cross-species micro-
array transcript profiling reveals high constitutive expression of 
metal homeostasis genes in shoots of the zinc hyperaccumulator 
Arabidopsis halleri, Plant J. 37 (2004) 251–268.

[120] N. Yamaji, N. Mitatni, J.F. Ma, A transporter regulating silicon dis-
tribution in rice shoots, Plant Cell 20 (2008) 1381–1389.

[121] N. Yamaji, J.F. Ma, A Transporter at the node responsible for inter-
vascular transfer of silicon in rice, Plant Cell 21 (2009) 2878–2883.

[122] D. Nachiangmai, B. Dell, R. Bell, L.B. Huang, B. Rerkasem, En-
hanced boron transport into the ear of wheat as a mechanism for 
boron efficiency, Plant Soil 264 (2004) 141–147.

[123] T. Tsukamoto, H. Nakanishi, H. Uchida, S. Watanabe, S. Matsu-
hashi, S. Mori, N.K. Nishizawa, Fe-52 translocation in barley as 
monitored by a Positron- Emitting Tracer Imaging System (PE-
TIS): Evidence for the direct translocation of Fe from roots to 
young leaves via phloem, Plant Cell Physiol. 50 (2009) 48–57.

[124] M. Suzuki, M. Takahashi, T. Tsukamoto, S. Watanabe, S. Matsu-
hashi, J. Yazaki, N. Kishimoto, S. Kikuchi, H. Nakanishi, S. Mori, 
N.K. Nishizawa, Biosynthesis and secretion of mugineic acid fam-
ily phytosiderophores in zinc-deficient barley, Plant J. 48 (2006) 
85–97.

[125] M. Suzuki, T. Tsukamoto, H. Inoue, S. Watanabe, S. Matsuhashi, 
M. Takahashi, H. Nakanishi, S. Mori, N.K. Nishizawa, Deoxy-
mugineic acid increases Zn translocation in Zn-deficient rice 
plants, Plant Mol. Biol. 66 (2008) 609–617.

[126] W.H. Zhang, Y.C. Zhou, K.E. Dibley, S.D. Tyerman, R.T. Furbank, 
J.W. Patrick, Nutrient loading of developing seeds, Funct. Plant 
Biol. 34 (2007) 314–331.



M o v i n g  m i c r o n u t r i e n t s  f r o m  t h e  s o i l  t o  t h e  s e e d s    573

[127] Y.X. Wang, A. Specht, W.J. Horst, Stable isotope labelling and zinc 
distribution in grains studied by laser ablation ICP-MS in an ear 
culture system reveals zinc transport barriers during grain filling 
in wheat, New Phytol. (2010), doi:10.1111/j.1469-8137.2010.03489.x.

[128] J.N. Pearson, Z. Rengel, Distribution and remobilization of Zn 
and Mn during grain development in wheat, J. Exp. Bot. 45 (1994) 
1829–1835.

[129] B.S. Haslett, R.J. Reid, Z. Rengel, Zinc mobility in wheat: uptake 
and distribution of zinc applied to leaves or roots, Ann. Bot. 87 
(2001) 379–386.

[130] V. Page, L. Weisskopf, U. Feller, Heavy metals in white lupin: up-
take, root-to-shoot transfer and redistribution within the plant, 
New Phytol. 171 (2006) 329–341.

[131] T. Herren, U. Feller, Effect of locally increased zinc contents on 
zinc transport from the flag leaf lamina to the maturing grains of 
wheat, J. Plant Nutr. 19 (1996) 379–387.

[132] T. Herren, U. Feller, Transfer of zinc from xylem to phloem in the 
peduncle of wheat, J. Plant Nutr. 17 (1994) 1587–1598.

[133] C.A. Blindauer, R. Schmid, Cytosolic metal handling in plants: de-
terminants for zinc specificity in metal transporters and metallo-
thioneins, Metallomics 2 (2010) 510–529.

[134] M.J. Haydon, C.S. Cobbett, A novel major facilitator superfamily 
protein at the tonoplast influences zinc tolerance and accumula-
tion in Arabidopsis, Plant Physiol. 143 (2007) 1705–1719.

[135] C. Kruger, O. Berkowitz, U.W. Stephan, R. Hell, A metal-binding 
member of the late embryogenesis abundant protein family trans-
ports iron in the phloem of Ricinus communis L., J. Biol. Chem. 277 
(2002) 25062–25069.

[136] C. Curie, G. Cassin, D. Couch, F. Divol, K. Higuchi, M. Jean, J. Mis-
son, A. Schikora, P. Czernic, S. Mari, Metal movement within the 
plant: contribution of nicotianamine and yellow stripe 1-like trans-
porters, Ann. Bot. 103 (2009) 1–11.

[137] K. Higuchi, K. Suzuki, H. Nakanishi, H. Yamaguchi, N.K. 
Nishizawa, S. Mori, Cloning of nicotianamine synthase genes, 
novel genes involved in the biosynthesis of phytosiderophores, 
Plant Physiol. 119 (1999) 471–479.

[138] K. Suzuki, K. Higuchi, H. Nakanishi, N.K. Nishizawa, S. Mori, 
Cloning of nicotianamine synthase genes from Arabidopsis thali-
ana, Soil Sci. Plant Nutr. 45 (1999) 993–1002.

[139] H.Q. Ling, G. Koch, H. Baumlein, M.W. Ganal, Map-based clon-
ing of chloronerva, a gene involved in iron uptake of higher plants 
encoding nicotianamine synthase, Proc. Natl. Acad. Sci. U.S.A. 96 
(1999) 7098–7103.

[140] A. Pich, R. Manteuffel, S. Hillmer, G. Scholz, W. Schmidt, Fe ho-
meostasis in plant cells: does nicotianamine play multiple roles in 
the regulation of cytoplasmic Fe concentration? Planta 213 (2001) 
967–976.

[141] A. Pich, G. Scholz, Translocation of copper and other micronu-
trients in tomato plants (Lycopersicon esculentum Mill.): nicoti-
anamine-stimulated copper transport in the xylem, J. Exp. Bot. 
47 (1996) 41–47.

[142] U.W. Stephan, M. Grun, Physiological disorders of the nicoti-
anamine-auxothroph tomato mutant chloronerva at different lev-
els of iron nutrition. II. Iron deficiency response and heavy metal 
metabolism, Biochem. Physiol. Pflanz. 185 (1989) 189–200.

[143] M. Takahashi, Y. Terada, I. Nakai, H. Nakanishi, E. Yoshimura, S. 
Mori, M. Nishizawa, Role of nicotianamine in the intracellular de-
livery of metals and plant reproductive development, Plant Cell 
15 (2003) 1263–1280.

[144] M. Klatte, M. Schuler, M. Wirtz, C. Fink-Straube, R. Hell, P. Bauer, 
The analysis of Arabidopsis nicotianamine synthase mutants re-
veals functions for nicotianamine in seed iron loading and iron 
deficiency responses, Plant Physiol. 150 (2009) 257–271.

[145] L.A. Roberts, A.J. Pierson, Z. Panaviene, E.L. Walker, Yellow 
stripe1. Expanded roles for the maize iron-phytosiderophore 
transporter, Plant Physiol. 135 (2004) 112–120.

[146] D. Ueno, N. Yamaji, J.F. Ma, Further characterization of ferric-phy-
tosiderophore transporters ZmYS1 and HvYS1 in maize and bar-
ley, J. Exp. Bot. 60 (2009) 3513–3520.

[147] H.H. Chu, J. Chiecko, T. Punshon, A. Lanzirotti, B. Lahner, D.E. 

Salt, E.L. Walker, Successful reproduction requires the function of 
Arabidopsis YELLOW STRIPE-LIKE1 and YELLOW STRIPE-LIKE3 
metal-nicotianamine transporters in both vegetative and repro-
ductive structures, Plant Physiol. 154 (2010) 197– 210.

[148] R.J. DiDonato Jr., L.A. Roberts, T. Sanderson, R.B. Eisley, E.L. 
Walker, Arabidopsis Yellow Stripe-Like2 (YSL2): a metal-regulated 
gene encoding a plasma membrane transporter of nicotianamine–
metal complexes, Plant J. 39 (2004) 403–414.

[149] M. Le Jean, A. Schikora, S. Mari, J.F. Briat, C. Curie, A loss-of-func-
tion mutation in AtYSL1 reveals its role in iron and nicotianamine 
seed loading, Plant J. 44 (2005) 769–782.

[150] B.M. Waters, H.H. Chu, R.J. DiDonato, L.A. Roberts, R.B. Eisley, 
B. Lahner, D.E. Salt, E.L. Walker, Mutations in Arabidopsis Yellow 
Stripe-Like1 and Yellow Stripe-Like3 reveal their roles in metal ion 
homeostasis and loading of metal ions in seeds, Plant Physiol. 141 
(2006) 1446–1458.

[151] Y. Ishimaru, H. Masuda, K. Bashir, H. Inoue, T. Tsukamoto, M. 
Takahashi, H. Nakanishi, N. Aoki, T. Hirose, R. Ohsugi, N.K. 
Nishizawa, Rice metal–nicotianamine transporter, OsYSL2, is re-
quired for the long-distance transport of iron and manganese, 
Plant J. 62 (2010) 379–390.

[152] M.G. Stacey, S. Koh, J. Becker, G. Stacey, AtOPT3, a member of the 
oligopeptide transporter family, is essential for embryo develop-
ment in Arabidopsis, Plant Cell 14 (2002) 2799–2811.

[153] M.G. Stacey, A. Patel, W.E. McClain, M. Mathieu, M. Remley, E.E. 
Rogers, W. Gassmann, D.G. Blevins, G. Stacey, The Arabidopsis 
AtOPT3 protein functions in metal homeostasis and movement of 
iron to developing seeds, Plant Physiol. 146 (2008) 589–601.

[154] M.G. Stacey, H. Osawa, A. Patel, W. Gassmann, G. Stacey, Ex-
pression analyses of Arabidopsis oligopeptide transporters dur-
ing seed germination, vegetative growth and reproduction, Planta 
223 (2006) 291–305.

[155] M.W. Vasconcelos, G.W. Li, M.A. Lubkowitz, M.A. Grusak, Char-
acterization of the PT clade of oligopeptide transporters in rice, 
Plant Genome 1 (2008) 77–88.

[156] S. Pike, A. Patel, G. Stacey, W. Gassmann, Arabidopsis OPT6 is an 
oligopeptide transporter with exceptionally broad substrate spec-
ificity, Plant Cell Physiol. 50 (2009) 1923–1932.

[157] J. Gerendas, U. Schurr, Physicochemical aspects of ion relations 
and pH regulation in plants: a quantitative approach, J. Exp. Bot. 
50 (1999) 1101– 1114.

[158] M.L. Guerinot, Y. Yi, Iron: nutritious, noxious, and not readily 
available, Plant Physiol. 104 (1994) 815–820.

[159] N. von Wiren, S. Klair, S. Bansal, J. -F. Briat, H. Khodr, T. Shioiri, 
R.A. Leigh, R.C. Hider, Nicotianamine chelates both Fe[III] and 
Fe[II]. Implications for metal transport in plants, Plant Physiol. 
119 (1999) 1107–1114.

[160] I. Cakmak, W.H. Pfeiffer, B. McClafferty, Biofortification of durum 
wheat with zinc and iron, Cereal Chem. 87 (2010) 10–20.

[161] U.B. Kutman, B. Yildiz, L. Ozturk, I. Cakmak, Biofortification of 
durum wheat with zinc through soil and foliar applications of ni-
trogen, Cereal Chem. 87 (2010) 1–9.

[162] C. Uauy, J.C. Brevis, J. Dubcovsky, The high grain protein con-
tent gene Gpc- B1 accelerates senescence and has pleiotropic ef-
fects on protein content in wheat, J. Exp. Bot. 57 (2006) 2785–2794.

[163] C. Uauy, A. Distelfeld, T. Fahima, A. Blechl, J. Dubcovsky, A NAC 
gene regulating senescence improves grain protein, zinc, and iron 
content in wheat, Science 314 (2006) 1298–1301.

[164] J. Thorne, Phloem unloading of C and N assimilates in developing 
seeds, Ann. Rev. Plant Physiol. 36 (1985) 317–343.

[165] K. Oparka, P. Gates, Sink anatomy in relation to solute movement 
in rice (Oryza sativa L.): a summary of findings, Plant Growth Regul. 
2 (1984) 297–307.

[166] B. Tauris, S. Borg, P.L. Gregersen, P.B. Holm, A roadmap for zinc 
trafficking in the developing barley grain based on laser cap-
ture microdissection and gene expression profiling, J. Exp. Bot. 
60 (2009) 1333–1347.

[167] H. Roschzttardtz, G. Conéjéro, C. Curie, S. Mari, Identification of 
the endodermal vacuole as the iron storage compartment in the 
Arabidopsis embryo, Plant Physiol. 151 (2009) 1329–1338.



574  W a t e r s  &  S a n k a r a n  i n  P l a n t  S c i e n c e  180  (2011 ) 

[168] S.A. Kim, T. Punshon, A. Lanzirotti, L.T. Li, J.M. Alonso, J.R. Ecker, 
J. Kaplan, M.L. Guerinot, Localization of iron in Arabidopsis seed 
requires the vacuolar membrane transporter VIT1, Science 314 
(2006) 1295–1298.

[169] V. Lanquar, F. Lelièvre, S. Bolte, C. Hamès, C. Alcon, D. Neumann, 
G. Vansuyt, C. Curie, A. Schröder, U. Krämer, H. Barbier-Brygoo, 
S. Thomine, Mobilization of vacuolar iron by AtNRAMP3 and At-
NRAMP4 is essential for seed germination on low iron, EMBO J. 
24 (2005) 4041–4051.

[170] J.-F. Briat, S. Lobreaux, Iron transport and storage in plants, Trends 
Plant Sci. 2 (1997) 187–193.

[171] S. Lobreaux, J.F. Briat, Ferritin accumulation and degradation in 
different organs of pea (Pisum sativum) during development, Bio-
chem. J. 274 (1991) 601–606.

[172] E. Marentes, M.A. Grusak, Iron transport and storage within the 
seed coat and embryo of developing seeds of pea (Pisum sativum 
L.), Seed Sci. Res. 8 (1998) 367–375.

[173] M. Hoppler, A. Schönbächler, L. Meile, R.F. Hurrell, T. Walczyk, 
Ferritin-iron is released during boiling and in vitro gastric diges-
tion, J. Nutr. 138 (2008) 878–884.

[174] C. Cvitanich, W.J. Przybylowicz, D.F. Urbanski, A.M. Jurkiewicz, 
J. Mesjasz- Przybylowicz, M.W. Blair, C. Astudillo, E.O. Jensen, J. 
Stougaard, Iron and ferritin accumulate in separate cellular loca-
tions in Phaseolus seeds, BMC Plant Biol. 10 (2010) 26.

[175] J.T. Moraghan, Accumulation and within-seed distribution of iron 
in common bean and soybean, Plant Soil 264 (2004) 287–297.

[176] J.T. Moraghan, J. Padilla, J.D. Etchevers, K. Grafton, J.A. Acosta-
Gallegos, Iron accumulation in seed of common bean, Plant Soil 
246 (2002) 175–183.

[177] L. Ozturk, M.A. Yazici, C. Yucel, A. Torun, C. Cekic, A. Bagci, H. 
Ozkan, H.J. Braun, Z. Sayers, I. Cakmak, Concentration and lo-
calization of zinc during seed development and germination in 
wheat, Physiol. Plant 128 (2006) 144– 152.

[178] V. Raboy, Approaches and challenges to engineering seed phytate 
and total phosphorus, Plant Sci. 177 (2009) 281–296.

[179] T. Frank, R. Habernegg, F.J. Yuan, Q.Y. Shu, K.H. Engel, Assess-
ment of the contents of phytic acid and divalent cations in low 
phytic acid (lpa) mutants of rice and soybean, J. Food Compos. Anal. 
22 (2009) 278–284.

[180] K. Liu, K.L. Peterson, V. Raboy, Comparison of the phosphorus 
and mineral concentrations in bran and abraded kernel fractions 
of a normal barley (Hordeum vulgare) cultivar versus four low 
phytic acid isolines, J. Agric. Food Chem. 55 (2007) 4453–4460.

[181] M.J. Guttieri, K.M. Peterson, E.J. Souza, Mineral distributions in 
milling fractions of low phytic acid wheat, Crop Sci. 46 (2006) 
2692–2698.

[182] L. Lin, I. Ockenden, J.N.A. Lott, The concentrations and distribu-
tion of phytic acid-phosphorus and other mineral nutrients in 
wild-type and low phytic acid1-1 (lpa1-1) corn (Zea mays L.) grains 
and grain parts, Can. J. Bot. 83 (2005) 131–141.

[183] J.C. Liu, I. Ockenden, M. Truax, J.N.A. Lott, Phytic acid-phospho-
rus and other nutritionally important mineral nutrient elements 
in grains of wild-type and low phytic acid (lpa1-1) rice, Seed Sci. 
Res. 14 (2004) 109–116.

[184] K.M. Hambidge, J.W. Huffer, V. Raboy, G.K. Grunwald, J.L. West-
cott, L. Sian, L.V. Miller, J.A. Dorsch, N.F. Krebs, Zinc absorption 
from low-phytate hybrids of maize and their wild-type isohy-
brids, Am. J. Clin. Nutr. 79 (2004) 1053–1059.

[185] C.L. Adams, M. Hambidge, V. Raboy, J.A. Dorsch, L. Sian, J.L. 
Westcott, N.F. Krebs, Zinc absorption from a low-phytic acid 
maize, Am. J. Clin. Nutr. 76 (2002) 556–559.

[186] I.R.G.S. Project, The map-based sequence of the rice genome, Na-
ture 436 (2005) 793–800.  

[187] A.H. Paterson, J.E. Bowers, R. Bruggmann, I. Dubchak, J. Grim-
wood, H. Gundlach, G. Haberer, U. Hellsten, T. Mitros, A. Polia-
kov, J. Schmutz, M. Spannagl, H.B. Tang, X.Y. Wang, T. Wicker, 
A.K. Bharti, J. Chapman, F.A. Feltus, U. Gowik, I.V. Grigoriev, E. 
Lyons, C.A. Maher, M. Martis, A. Narechania, R.P. Otillar, B.W. 
Penning, A.A. Salamov, Y. Wang, L.F. Zhang, N.C. Carpita, M. 
Freeling, A.R. Gingle, C.T. Hash, B. Keller, P. Klein, S. Kresovich, 

M.C. McCann, R. Ming, D.G. Peterson, R. Mehboobur, D. Ware, 
P. Westhoff, K.F.X. Mayer, J. Messing, D.S. Rokhsar, The Sorghum 
bicolor genome and the diversification of grasses, Nature 457 (2009) 
551–556.

[188] J. Schmutz, S.B. Cannon, J. Schlueter, J.X. Ma, T. Mitros, W. Nelson, 
D.L. Hyten, Q.J. Song, J.J. Thelen, J.L. Cheng, D. Xu, U. Hellsten, 
G.D. May, Y. Yu, T. Sakurai, T. Umezawa, M.K. Bhattacharyya, D. 
Sandhu, B. Valliyodan, E. Lindquist, M. Peto, D. Grant, S.Q. Shu, 
D. Goodstein, K. Barry, M. Futrell-Griggs, B. Abernathy, J.C. Du, 
Z.X. Tian, L.C. Zhu, N. Gill, T. Joshi, M. Libault, A. Sethuraman, 
X.C. Zhang, K. Shinozaki, H.T. Nguyen, R.A. Wing, P. Cregan, J. 
Specht, J. Grimwood, D. Rokhsar, G. Stacey, R.C. Shoemaker, S.A. 
Jackson, Genome sequence of the palaeopolyploid soybean, Na-
ture 463 (2010) 178–183.

[189] R. Lister, B.D. Gregory, J.R. Ecker, Next is now: new technologies 
for sequencing of genomes, transcriptomes, and beyond, Curr. 
Opin. Plant Biol. 12 (2009) 107–118.

[190] Z. Wang, M. Gerstein, M. Snyder, RNA-Seq: a revolutionary tool 
for transcriptomics, Nat. Rev. Genet. 10 (2009) 57–63.

[191] R.W. Doerge, Mapping and analysis of quantitative trait loci in ex-
perimental populations, Nat. Rev. Genet. 3 (2002) 43–52.

[192] T.F.C. Mackay, The genetic architecture of quantitative traits, 
Annu. Rev. Genet. 35 (2001) 303–339.

[193] S. Myles, J. Peiffer, P.J. Brown, E.S. Ersoz, Z.W. Zhang, D.E. Cos-
tich, E.S. Buckler, Association mapping: critical considerations 
shift from genotyping to experimental design, Plant Cell 21 (2009) 
2194–2202.

[194] C. Zhu, M. Gore, E.S. Buckler, J. Yu, Status and prospects of asso-
ciation mapping in plants, Plant Genome 1 (2008) 5–20.

[195] A. Ghandilyan, N. Ilk, C. Hanhart, M. Mbengue, L. Barboza, H. 
Schat, M. Koornneef, M. El-Lithy, D. Vreugdenhil, M. Reymond, 
M.G.M. Aarts, A strong effect of growth medium and organ type 
on the identification of QTLs for phytate and mineral concentra-
tions in three Arabidopsis thaliana RIL populations, J. Exp. Bot. 60 
(2009) 1409–1425.

[196] D. Vreugdenhil, M.G.M. Aarts, M. Koornneef, H. Nelissen, W.H.O. 
Ernst, Natural variation and QTL analysis for cationic mineral 
content in seeds of Arabidopsis thaliana, Plant Cell Environ. 27 (2004) 
828–839.

[197] B.M. Waters, M.A. Grusak, Quantitative trait locus mapping for 
seed mineral concentrations in two Arabidopsis thaliana recombi-
nant inbred populations, New Phytol. 179 (2008) 1033–1047.

[198] R.P. Sankaran, T. Huguet, M.A. Grusak, Identification of QTL af-
fecting seed mineral concentrations and content in the model le-
gume Medicago truncatula, Theor. Appl. Genet. 119 (2009) 241–253.

[199] M.A. Klein, M.A. Grusak, Identification of nutrient and physi-
cal seed trait QTL in the model legume Lotus japonicus, Genome 
52 (2009) 677–691.

[200] M. Blair, C. Astudillo, M. Grusak, R. Graham, S. Beebe, Inheritance 
of seed iron and zinc concentrations in common bean (Phaseolus 
vulgaris L.), Mol. Breed. 23 (2009) 197–207.

[201] K.A. Cichy, G.V. Caldas, S.S. Snapp, M.W. Blair, QTL analysis of 
seed iron, zinc, and phosphorus levels in an Andean bean popu-
lation, Crop Sci. 49 (2009) 1742–1750.

[202] S.H. Guzman-Maldonado, O. Martinez, J.A. Acosta-Gallegos, F. 
Guevara-Lara, O. Paredes-Lopez, Putative quantitative trait loci 
for physical and chemical components of common bean, Crop Sci. 
43 (2003) 1029–1035.

[203] G.D. Ding, M. Yang, Y.F. Hu, Y.A. Liao, L. Shi, F.S. Xu, J.L. Meng, 
Quantitative trait loci affecting seed mineral concentrations in 
Brassica napus grown with contrasting phosphorus supplies, Ann. 
Bot. 105 (2010) 1221–1234.

[204] J.J. Zhao, D.C.L. Jamar, P. Lou, Y.H. Wang, J. Wu, X.W. Wang, G. 
Bonnema, M. Koornneef, D. Vreugdenhil, Quantitative trait loci 
analysis of phytate and phosphate concentrations in seeds and 
leaves of Brassica rapa, Plant Cell Environ. 31 (2008) 887–900.

[205] J.C.R. Stangoulis, B.L. Huynh, R.M. Welch, E.Y. Choi, R.D. Gra-
ham, Quantitative trait loci for phytate in rice grain and their re-
lationship with grain micronutrient content, Euphytica 154 (2007) 
289–294.



M o v i n g  m i c r o n u t r i e n t s  f r o m  t h e  s o i l  t o  t h e  s e e d s    574-A

[206] G.J. Norton, C.M. Deacon, L.Z. Xiong, S.Y. Huang, A.A. Meharg, 
A.H. Price, Genetic mapping of the rice ionome in leaves and 
grain: identification of QTLs for 17 elements including arsenic, 
cadmium, iron and selenium, Plant Soil 329 (2010) 139–153.

[207] A.L. Garcia-Oliveira, L.B. Tan, Y.C. Fu, C.Q. Sun, Genetic identi-
fication of quantitative trait loci for contents of mineral nutrients 
in rice grain, J. Integr. Plant Biol. 51 (2009) 84–92.

[208] Z. Peleg, I. Cakmak, L. Ozturk, A. Yazici, Y. Jun, H. Budak, A.B. 
Korol, T. Fahima, Y. Saranga, Quantitative trait loci conferring 
grain mineral nutrient concentrations in durum wheat × wild em-
mer wheat RIL population, Theor. Appl. Genet. 119 (2009) 353–369.

[209] R.L. Shi, H.W. Li, Y.P. Tong, R.L. Jing, F.S. Zhang, C.Q. Zou, Identi-
fication of quantitative trait locus of zinc and phosphorus density 
in wheat (Triticum aestivum L.) grain, Plant Soil 306 (2008) 95–104.

[210] J. Wu, F.J. Zhao, A. Ghandilyan, B. Logoteta, M.O. Guzman, H. 
Schat, X.W. Wang, M.G.M. Aarts, Identification and functional 
analysis of two ZIP metal transporters of the hyperaccumulator 
Thlaspi caerulescens, Plant Soil 325 (2009) 79–95.

[211] M. Weber, E. Harada, C. Vess, E. von Roepenack-Lahaye, S. Clem-
ens, Comparative microarray analysis of Arabidopsis thaliana and 
Arabidopsis halleri roots identifies nicotianamine synthase, a ZIP 
transporter and other genes as potential metal hyperaccumula-
tion factors, Plant J. 37 (2004) 269–281.

[212] J.E. van de Mortel, L.A. Villanueva, H. Schat, J. Kwekkeboom, S. 
Coughlan, P.D. Moerland, E.V.L. van Themaat, M. Koornneef, 
M.G.M. Aarts, Large expression differences in genes for iron and 
zinc homeostasis, stress response, and lignin biosynthesis distin-
guish roots of Arabidopsis thaliana and the related metal hyperac-
cumulator Thlaspi caerulescens, Plant Physiol. 142 (2006) 1127– 1147.

[213] I.N. Talke, M. Hanikenne, U. Krämer, Zinc-dependent global tran-
scriptional control, transcriptional deregulation, and higher gene 
copy number for genes in metal homeostasis of the hyperaccumu-
lator Arabidopsis halleri, Plant Physiol. 142 (2006) 148–167.

[214] V. Filatov, J. Dowdle, N. Smirnoff, B. Ford-Lloyd, H.J. Newbury, 
M.R. Macnair, Comparison of gene expression in segregating fam-
ilies identifies genes and genomic regions involved in a novel ad-
aptation, zinc hyperaccumulation, Mol. Ecol. 15 (2006) 3045–3059.

[215] D.B. Dräger, A.G. Desbrosses-Fonrouge, C. Krach, A.N. Chardon-
nens, R.C. Meyer, P. Saumitou-Laprade, U. Krämer, Two genes 
encoding Arabidopsis halleri MTP1 metal transport proteins co-seg-
regate with zinc tolerance and account for high MTP1 transcript 
levels, Plant J. 39 (2004) 425–439.

[216] H.C. Chiang, J.C. Lo, K.C. Yeh, Genes associated with heavy metal 
tolerance and accumulation in Zn/Cd hyperaccumulator Arabi-
dopsis halleri: a genomic survey with cDNA microarray, Environ. 
Sci. Technol. 40 (2006) 6792–6798.

[217] M.R. Broadley, P.J. White, J.P. Hammond, I. Zelko, A. Lux, Zinc in 
plants, New Phytol. 173 (2007) 677–702.

[218] E. Van der Graaff, R. Schwacke, A. Schneider, M. Desimone, U.I. 
Flugge, R. Kunze, Transcription analysis of Arabidopsis membrane 
transporters and hormone pathways during developmental and 
induced leaf senescence, Plant Physiol. 141 (2006) 776–792.

[219] S.A. Ramesh, S. Choimes, D.P. Schachtman, Over-expression of an 
Arabidopsis zinc transporter in Hordeum vulgare increases short-
term zinc uptake after zinc deprivation and seed zinc content, 
Plant Mol. Biol. 54 (2004) 373–385.

[220] Y. Ishimaru, H. Masuda, M. Suzuki, K. Bashir, M. Takahashi, 
H. Nakanishi, S. Mori, N.K. Nishizawa, Overexpression of the 
OsZIP4 zinc transporter confers disarrangement of zinc distribu-
tion in rice plants, J. Exp. Bot. 58 (2007) 2909–2915.

[221] W. Jiang, P.C. Struik, H. van Keulen, M. Zhao, L.N. Jin, T.J. 
Stomph, Does increased zinc uptake enhance grain zinc mass con-
centration in rice? Ann. Appl. Biol. 153 (2008) 135–147.

[222] M. Vasconcelos, H. Eckert, V. Arahana, G. Graef, M.A. Grusak, T. 
Clemente, Molecular and phenotypic characterization of trans-
genic soybean expressing the Arabidopsis ferric chelate reductase 
gene, FRO2, Planta 224 (2006) 1116–1128.

[223] F. Goto, T. Yoshihara, N. Shigemoto, S. Toki, F. Takaiwa, Iron for-
tification of rice seed by the soybean ferritin gene, Nat. Biotech-
nol. 17 (1999) 282–286.

[224] M. Vasconcelos, K. Datta, N. Oliva, M. Khalekuzzaman, L. Torrizo, 
S. Krishnan, M. Oliveira, F. Goto, S.K. Datta, Enhanced iron and 
zinc accumulation in transgenic rice with the ferritin gene, Plant 
Science 164 (2003) 371– 378.

[225] L.Q. Qu, T. Yoshihara, A. Ooyama, F. Goto, F. Takaiwa, Iron ac-
cumulation does not parallel the high expression level of ferritin 
in transgenic rice seeds, Planta 222 (2005) 225–233.

[226] G. Drakakaki, S. Marcel, R.P. Glahn, E.K. Lund, S. Pariagh, R. 
Fischer, P. Christou, E. Stoger, Endosperm-specific co-expression 
of recombinant soybean ferritin and Aspergillus phytase in maize 
results in significant increases in the levels of bioavailable iron, 
Plant Mol. Biol. 59 (2005) 869– 880.

[227] S. Kim, M. Takahashi, K. Higuchi, K. Tsunoda, H. Nakanishi, E. 
Yoshimura, S. Mori, N.K. Nishizawa, Increased nicotianamine bio-
synthesis confers enhanced tolerance of high levels of metals, in 
particular nickel, to plants, Plant Cell Physiol. 46 (2005) 1809–1818.

[228] S. Lee, U.S. Jeon, S.J. Lee, Y.K. Kim, D.P. Persson, S. Husted, J.K. 
Schjorring, Y. Kakei, H. Masuda, N.K. Nishizawa, G. An, Iron 
fortification of rice seeds through activation of the nicotianamine 
synthase gene, Proc. Natl. Acad. Sci. U.S.A. 106 (2009) 22014–22019.

[229] J. Wirth, S. Poletti, B. Aeschlimann, N. Yakandawala, B. Drosse, S. 
Osorio, T. Tohge, A.R. Fernie, D. Gunther, W. Gruissem, C. Sau-
tter, Rice endosperm iron biofortification by targeted and syner-
gistic action of nicotianamine synthase and ferritin, Plant Biotech-
nol. J. 7 (2009) 631–644.


	University of Nebraska - Lincoln
	DigitalCommons@University of Nebraska - Lincoln
	2011

	Moving micronutrients from the soil to the seeds: Genes and physiological processes from a biofortification perspective
	Brian M. Waters
	Renuka P. Sankaran

	tmp.1455142793.pdf.T3JiL

