
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Available online at www.sciencedirect.com

The role of transition metal homeostasis in plant seed development
Elsbeth L Walker1 and Brian M Waters2

For human health, transition metal accumulation in edible

seeds like cereal grains is of worldwide importance, since Fe

and Zn deficiencies are among the most prevalent human

nutritional disorders in the world. There have been many recent

developments in our understanding of the patterns in which

transition metals accumulate in the seeds, the identity of some

specific transporters that are required for efficient seed metal

accumulation, and the central role played by the ubiquitous

plant metal chelator nicotianamine (NA). These and other

recent discoveries will be reviewed here.
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Metals are crucial for plant sexual
reproduction
Mounting data indicate that metal homeostasis is crucial

for normal flower development and reproduction.

Although the specific roles of Fe, Zn, and Cu in floral

function are not clear, plant sexual reproduction requires

high metabolic activity and rapid growth. Production of

gametophytes, pollen tube growth, and embryo and seed

development rely on mineral micronutrients for many of

the same biochemical processes that occur in other tis-

sues. Recent transcriptomic and proteomic studies have

indicated expression of Fe-requiring (cytochrome P-450,

Fe-superoxide dismutase (FeSOD), and peroxidase) and

Cu-requiring proteins (plastocyanin-like proteins) during

female gametophyte development [1,2], and Cu-requir-

ing (dehydroascorbate reductase (DHR)) proteins during

male gametophyte development [3]. The proteome of

pollen includes Fe-containing (ascorbate peroxidase

(APX), thioredoxin reductase, and catalase), Cu-

containing (DHR, blue copper binding protein), and

Zn-containing proteins (CuZnSOD) [4,5], whereas in a

transcriptomic study of germinating and growing pollen

tubes there were 29 Cu-related, 32 Fe-related, and 279

Zn-related (based on KEGG annotation of the Arabidopsis
thaliana genome) expressed genes [3]. Most of the Zn

genes encode Zn-finger proteins, but CuZnSOD and

carbonic anhydrase were also among them. Genes encod-

ing iron-requiring proteins included aconitase, cyto-

chrome P-450s, and ferritins. A surprising number of

genes encoding metal transporters (COPTs, IREG3,

ZIF1, ZIP12, and HMA1) were found expressed in the

germinating and growing pollen tubes. Following pollen

tube growth, fertilization takes place in the embryo sac.

Transcriptomic profiling of this tissue implicated two Cu-

binding proteins, four cytochrome P-450s, a dioxygenase

(Fe-dependent), and 17 zinc finger proteins [6]. In a

proteomic study of soybean seed growth [7], several

Fe-requiring (lipoxygenase, succinate dehydrogenase,

ferritin, APX, and peroxidase), Cu-requiring (Cu chaper-

one), and Zn-requiring (alcohol dehydrogenase and zinc

metallopeptidase) proteins were present, while a com-

bined microarray and proteomic approach [8] revealed a

similar set of metal containing genes important for Ara-

bidopsis seed growth (catalase, APX, SODs, and ferritin).

We lack fundamental information regarding delivery of

metals to these important reproductive structures and their

protection from metal toxicity, although recent work has

provided some clues. Ferritin proteins have recently been

shown to buffer free Fe and prevent oxidative damage from

Fe-catalyzed formation of free radicals [9�]. Absence of

ferritin proteins can result in high Fe concentrations and

oxidative damage in flowers, and failure to set fruits [9�],
underscoring the need for metal homeostasis during repro-

duction. Mutants of several transporters have resulted in

infertility. Arabidopsis lines with mutated yellow stripe-like
(ysl1 and ysl3) genes produce few functional pollen grains,

and have small seeds containing embryos arrested at var-

ious immature stages, which often fail to germinate [10].

Homozygous null mutations in AtOPT3 (oligopeptide trans-
porter3) cause early embryo arrest [11], while a partial loss-

of-function allele is able to undergo embryo development,

but has lower seed Fe concentration [12�]. The effects of

these mutations on the plant will be discussed below.

Another metal-related transporter mutant with decreased

fertility is the hma2hma4 double mutant [13]. Zinc accumu-

lation is disrupted in this mutant, which forms sterile

flowers without pollen. The phenotype could be rescued

by supplying the plants with high Zn.

Pathways to the seed
Developmentally determined senescence programs have

been long recognized as contributing to re-translocation

of certain macronutrients and micronutrients (Figure 1a)

[14–16]. A relationship between leaf senescence and

transition metal accumulation in grains came from the
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identification of the gene responsible for a major grain

protein concentration (GPC) quantitative trait locus in

wheat called Gpc-B1, and later Nam-B1 [17–19]. Plants

with functional alleles/homeologs of the gene contain

higher grain Fe and Zn concentrations [20,21], and strik-

ingly, show accelerated senescence [22]. Modern durum

wheat cultivars contain a non-functional allele of Nam-B1
and exhibit delayed senescence with lower GPC, Zn and

Fe [19]. Whole plant mineral partitioning studies of a

NAM RNAi knock down line supported a connection

between senescence and micronutrient accumulation in

the grains. Total shoot Fe, Zn, and N contents were

equal, but the RNAi line failed to accumulate normal

levels of Fe, Zn, and N in grain, resulting from decreased

remobilization from shoots. Strikingly, remobilization

normally occurs throughout the plant: from leaves, stem,

peduncle, florets, and rachis, indicating that any or all of

these sites load Fe and Zn to the phloem for movement to

the grain. Accumulation of Fe and Zn in the stem, rachis,

and glumes of NAM RNAi plants (Figure 2), indicates that

transfer from these tissues to grain is a potential rate-

limiting factor. In hydroponic experiments in which

either Fe or Zn was not added to the medium after

anthesis, both control and NAM RNAi plants remobilized

a larger percentage of Fe or Zn from vegetative structures.

This demonstrates that NAM knock down plants are

capable of remobilization under some circumstances,

and also shows marked flexibility in the pools of Fe

and Zn that are used for reproduction [23��].

Molecules involved in metal movement to the
seed
A particularly important molecule for long distance metal

translocation is the non-proteinogenic amino acid, nico-

tianamine (NA), a strong transition metal chelator found

at concentrations (20 and 500 nmol g�1 fresh biomass)

that suggest it is a major chelator of transition metals in

plants [24–27]. A tomato mutant, chloronerva (chln), that

lacks NA synthase (NAS) [28–30] has marked defects in

transition metal ion homeostasis, and is sterile [31,32].

Many aspects of the complex chln phenotype seem to

reflect defects in Fe utilization, for example, chlorosis of
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the youngest leaves, excess Fe in the older leaves, and

constitutive up-regulation iron uptake systems at the root

[24,33]. However, Cu translocation from root to shoot is also

defective in this mutant [25,34], suggesting that NA may

be an important chelator of other transition metals, too.

Adding to this picture, Klatte et al. [35��] have recently

reported two quadruple NAS mutants in A. thaliana.

nas4x-1, which bears a partially functional nas2-1 allele,

has mild chlorosis that occurs at the time of first flowering,

and is fertile, while nas4x-2, which bears a null allele of

nas2, has severe chlorosis throughout life cycle and is

sterile. In seeds of nas4x-1, Fe was significantly reduced,

while Zn and Cu were normal. One model to account for

this is that NA is less important for Cu and Zn homeo-

stasis than for Fe homeostasis. Alternatively, the higher

affinity of NA for Zn and Cu [27,31,36,37] favors chelation

with these metals even in plants with low NA.

In rice plants with either T-DNA knockouts or antisense

knock down of OsNAS3, Fe Zn, and Cu levels were low in

grains, while Mn levels were unaffected [38��]. In two

independent activation-tagged alleles of NAS3 (NAS3-
AT), transcript levels were increased in vegetative and

reproductive structures, and the NA levels of seeds

increased 9.6-fold. Seeds had increased Fe, Zn, and

Cu, but no change in Mn concentration. Although polish-

ing still removed a large fraction of the metals in the seed,

NAS3-AT mutants had higher Fe, Zn, and Cu relative to

polished WT seeds [38��]. This is an especially important

consideration in the biofortification of rice, where polish-

ing removes micronutrients associated with outer seed

layers and the embryo. Overexpression of barley HvNAS1
using a CaMV35S [39] or an actin promoter [40], similarly

resulted in increased NA, DMA (a phytosiderophore

synthesized from NA), Fe, and Zn in rice. Although

WT and NAS3-AT had similar amounts of Fe bound with

the anti-nutrient phytate, which blocks intestinal absorp-

tion of Fe, the activation-tagged mutant had a large

increase (7�) in Fe bound in a non-phytate complex.

The complex is probably a cluster of Fe with several NA

ligands (FexNAx) [38��]. In feeding studies, the Fe in

grains of NAS3-AT was more bioavailable to mice [38��].

The YSL family of transporters are related to YS1, the

Fe(III)–phytosiderophore (PS) transporter implicated in

primary Fe uptake in grasses, but YSL genes are found in

all land plants, indicating that these transporters’ sub-

strates are not limited to Fe(III)–PS complexes. YSL

proteins transport NA and/or metal–NA complexes across

plasma membranes, for example, into phloem companion

cells, or out of the xylem and into adjacent parenchyma

cells. Several recent reports have indicated that YSLs are

crucial for plant reproduction and for proper loading of

metals into seeds.

In Arabidopsis, two YSL genes (AtYSL1 and AtYSL3) have

been implicated in moving metal–NA complexes during

leaf senescence and seed production. A ysl1 and ysl3
double mutant displays interveinal chlorosis, and as men-

tioned above, decreased fertility. Both the chlorosis and

fertility defects can be reversed under lower light inten-

sity [41] and by application of Fe. The concentrations of
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Zinc and Fe remobilization and accumulation in wheat during
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several metals (Fe, Zn, Cu, and Mo) are altered in the

double mutants, and seeds accumulate significantly less

Fe, Zn, and Cu [10,41]. During leaf senescence, both

AtYSL1 and AtYSL3 are strongly expressed throughout

the leaf, suggesting that the reproduction defects in the

double mutant result from failure to mobilize Fe or other

metals from the leaves to the reproductive parts of the

plant. The ysl1ysl3 plants accumulated excess Cu and Zn

in rosette and cauline leaves and silique hulls [41], but

failed to mobilize Zn and Cu from these tissues, although

Fe mobilization appeared to occur normally [10]. When

primary inflorescence stems of ysl1ysl3 mutants were

grafted onto rosettes of WT plants [42��], the grafts

produced functional pollen, and seed size and germina-

tion was normal, indicating that AtYSL1 and AtYSL3

activity is required in leaves for pollen and seed pro-

duction. However, metal levels in the seeds from the

grafts remained low, indicating that AtYSL1 and AtYSL3

are also required for translocation within the inflorescence

to achieve normal metal loading into seeds. AtYSL1 and

AtYSL3 activity in phloem loading in cauline leaves or

silique hulls seems to be necessary for short distance

translocation of metals into the seeds [41,42��].

The OsYSL2 gene of rice is up-regulated by Fe deficiency

and is capable of transporting Fe(II)–NA and Mn(II)–NA

but not Fe(III)–DMA [43]. OsYSL2 expression in Fe

replete plants is restricted to phloem companion cells

of the central cylinder of roots and vascular bundles of

shoots, while in Fe-limited plants expression includes

essentially all vascular cells [43]. OsYSL2 is also expressed

in the vascular bundle of developing seeds, and later

expressed in the peripheral endosperm and the embryo

[43]. When OsYSL2 expression was lowered using RNAi

[44�], grains accumulated less Fe. When OsYSL2 was

overexpressed using an OsSUT1 promoter, which should

give expression in mature phloem of all vegetative tissues

and in endosperm, large increases in Fe in seeds were

observed. This higher seed Fe could result from higher

OsYSL2 expression in seeds, or from increased phloem

loading in shoots, or both.

Another transporter that is crucial for loading of metals

into seeds is AtOPT3. Partial loss of function alleles of

AtOPT3 cause excessive Fe accumulation in vegetative

structures, and low Fe accumulation in seeds [12�]. OPT3
is included in a regulatory network of genes that are

known to be involved in iron homeostasis [45]. Since

OPT family members may transport glutathione [46,47]

or Fe–NA [48], identification of the substrate for AtOPT3

will be important for understanding the physiological role

of AtOPT3 in metal loading of seeds.

Metal localization and storage in seeds
Recent advances in imaging techniques have given new

insights into metal localization in seeds. In wheat, rice,

and barley, metal micronutrients are primarily localized to

the embryo and outer layers of the grain, while the

endosperm has very low levels [49–52]. While the embryo

represents a high-density site of metal micronutrients, Fe,

Zn, and Mn had largely non-overlapping localization

within the various regions of the embryo [51]. X-ray

fluorescence microtomography was used to visualize

Fe, Mn, and Zn localization in Arabidopsis seeds [53].

Similar to barley grain, these minerals were found in

distinct locations within the embryo, with Fe in provas-

cular strands, Mn on the abaxial sides of both cotyledons

and Zn distributed broadly throughout the embryo. His-

tochemical staining of Fe in developing Arabidopsis seeds

corroborated these results and placed Fe in endodermis,

the layer of cells surrounding provascular strands [54].

The VIT1 protein transports Fe into vacuoles [53], and

vit1 mutant embryos mis-localize Fe to the abaxial sides

of the cotyledons, indicating that vacuolar import of Fe is

needed for proper localization within the embryo [53,54].

Remarkably, though, Fe still appears to be in protein-

containing globoid structures that are most probably

protein storage vacuoles in the vit1 mutant. While it is

not clear how Fe enters vacuoles in the absence of the

VIT1 transporter, one possibility is that a VIT1-related

protein or NRAMP family member that normally trans-

ports Mn could be responsible. This would explain why in

vit1 mutants Fe accumulates in the cells that would

usually only accumulate Mn [54]. Earlier, NRAMP3

and NRAMP4 proteins were implicated in efflux of Fe

from vacuoles of germinating Arabidopsis seeds [55], and

histochemical staining of an nramp3/4 double mutant

showed that Fe remained in the provascular strands

during seed germination [54]. Thus, VIT1 and

NRAMP3/4 represent proteins that move Fe into and

out of vacuoles during seed development and germina-

tion.

Iron, Cu, Mn, and Zn increase in growing Arabidopsis

siliques mostly during the rapid growth phase [56], indi-

cating that import of these nutrients keeps pace with

growth. Ferritin proteins were present during early silique

development, but were not present during the rapid

growth phase [56], which suggests that Fe is not in excess

during this time. In Arabidopsis, the only seed-expressed

ferritin protein, FER2, accumulates in mature seeds, after

siliques have accumulated maximal Fe content [56],

suggesting that the role of ferritin in Arabidopsis seeds

is not primarily Fe storage, but rather in preventing an

excess of free Fe. Supporting evidence for this comes

from lower FER2 protein levels in seeds of nramp3/4
mutants (which would sequester Fe in vacuoles), and in

VIT1 overexpression lines (which would sequester Fe in

vacuoles) [56]. However, in pea (Pisum sativum) seeds the

majority of total Fe was found in the ferritin form [57]. In

bean (Phaseolus) seeds, Fe pools accessible to Perl’s stain

were primarily localized in cells adjacent to provascular

strands [58�], similar to Arabidopsis seeds, while immu-

nolocalization indicated that ferritin accumulated in dis-
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tinctly separate cells. Seed ferritin protein levels decrease

rapidly during seed germination [9�,59], suggesting that

Fe demand is high during this phase of the life cycle.

Mutants of vit1, fer2, and nramp3/4 do not have decreased

seed Fe concentration [9�,53,55], suggesting that storage

of Fe within the embryo is not a driving force for import of

Fe into seeds.

Metal translocation in reproductive tissues
The seed consists of both maternal and filial tissues. Only

the maternal cells are connected to the mother plant’s

vascular system, while the filial tissues (aleurone, endo-

sperm, and embryo) are separated from the maternal

tissues by one or more apoplastic layers [60–62]. For

micronutrients to enter the filial tissues, several transport

steps will be required; at a minimum: (1) phloem unload-

ing into seed coat tissues, (2) efflux from maternal seed

coat cells into the apoplast, and (3) uptake into the filial

tissues (Figure 1b). By using a stable isotope of Zn in ear

culture coupled with laser ablation ICP-MS, a pathway for

Zn movement to wheat grain was proposed [52]. The

authors found two potential bottlenecks; transfer from the

maternal phloem into the filial tissues and upstream at

transfer from the stem tissue to the rachis. The genes that

carry out these transport steps are unknown, but a first

step to identifying them was accomplished by transcrip-

tional profiling in several specialized cell types of devel-

oping barley grain [63]. Included among the genes

expressed in these tissues are NAS, YSL, VIT1 homol-

ogues, and members of several other families of metal

transporters. Discovery of genes that carry out rate-limit-

ing transfer steps could result in strategies to overcome

these barriers to metal transport to seeds.

Acknowledgements
This work was supported by grants from NSF (IOS0847687) and the USDA
AFRI 2009-02268.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest

�� of outstanding interest

1. Yu HJ, Hogan P, Sundaresan V: Analysis of the female
gametophyte transcriptome of Arabidopsis by comparative
expression profiling. Plant Physiol 2005, 139:1853-1869.

2. Steffen JG, Kang IH, Macfarlane J, Drews GN: Identification of
genes expressed in the Arabidopsis female gametophyte.
Plant J 2007, 51:281-292.

3. Kerim T, Imin N, Weinman JJ, Rolfe BG: Proteome analysis
of male gametophyte development in rice anthers.
Proteomics 2003, 3:738-751.

4. Noir S, Brautigam A, Colby T, Schmidt J, Panstruga R: A reference
map of the Arabidopsis thaliana mature pollen proteome.
Biochem Biophys Res Commun 2005, 337:1257-1266.

5. Sheoran I, Sproule K, Olson D, Ross A, Sawhney V: Proteome
profile and functional classification of proteins in Arabidopsis
thaliana (Landsberg erecta) mature pollen. Sex Plant Reprod
2006, 19:185-196.

6. Johnston AJ, Meier P, Gheyselinck J, Wuest SE, Federer M,
Schlagenhauf E, Becker JD, Grossniklaus U: Genetic subtraction
profiling identifies genes essential for Arabidopsis
reproduction and reveals interaction between the female
gametophyte and the maternal sporophyte. Genome Biol 2007,
8:R204.

7. Agrawal GK, Hajduch M, Graham K, Thelen JJ: In-depth
investigation of the soybean seed-filling proteome
and comparison with a parallel study of rapeseed.
Plant Physiol 2008, 148:504-518.

8. Hajduch M, Hearne LB, Miernyk JA, Casteel JE, Joshi T,
Agrawal GK, Song Z, Zhou M, Xu D, Thelen JJ: Systems analysis
of seed filling in Arabidopsis: using general linear modeling to
assess concordance of transcript and protein expression.
Plant Physiol 2010, 152:2078-2087.

9.
�

Ravet K, Touraine B, Boucherez J, Briat J, Gaymard F, Cellier F:
Ferritins control interaction between iron homeostasis and
oxidative stress in Arabidopsis. Plant J 2009, 57:400-412.

Using ferritin mutants, the authors showed a role for ferritin protein in
prevention of oxidative stress. In highly Fe-fertilized plants, the absence
of ferritins resulted in excess Fe and increased reactive oxygen species in
flowers, and plants failed to set fruits.

10. Waters BM, Chu HH, Didonato RJ, Roberts LA, Eisley RB,
Lahner B, Salt DE, Walker EL: 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 2006, 141:1446-1458.

11. Stacey MG, Koh S, Becker J, Stacey G: AtOPT3, a member of the
oligopeptide transporter family, is essential for embryo
development in Arabidopsis. Plant Cell 2002, 14:2799-2811.

12.
�

Stacey MG, Patel A, McClain WE, Mathieu M, Remley M,
Rogers EE, Gassmann W, Blevins DG, Stacey G: The Arabidopsis
AtOPT3 protein functions in metal homeostasis and
movement of iron to developing seeds. Plant Physiol 2008,
146:589-601.

The authors demonstrate a fundamental role for AtOPT3 in iron home-
ostasis. A non-lethal partial loss of function allele of the Arabidopsis OPT3
gene caused mis-regulation of iron uptake and overaccumulation of Fe in
vegetative tissues. Seeds of these plants had reduced amounts of iron.

13. Hussain D, Haydon MJ, Wang Y, Wong E, Sherson SM, Young J,
Camakaris J, Harper JF, Cobbett CS: P-type ATPase heavy
metal transporters with roles in essential zinc homeostasis in
Arabidopsis. Plant Cell 2004, 16:1327-1339.

14. Barneix AJ: Physiology and biochemistry of source-regulated
protein accumulation in the wheat grain. J Plant Physiol 2007,
164:581-590.

15. Hopkins M, Taylor C, Liu Z, Ma F, McNamara L, Wang TW,
Thompson JE: Regulation and execution of molecular
disassembly and catabolism during senescence.
New Phytol 2007, 175:201-214.

16. Himelblau E, Amasino RM: Nutrients mobilized from leaves of
Arabidopsis thaliana during leaf senescence. J Plant Physiol
2001, 158:1317-1323.

17. Joppa LR, Du CH, Hart GE, Hareland GA: Mapping gene(s) for
grain protein in tetraploid wheat (Triticum turgidum L.) using a
population of recombinant inbred chromosome lines.
Crop Sci 1997, 37:1586-1589.

18. Olmos S, Distelfeld A, Chicaiza O, Schlatter AR, Fahima T,
Echenique V, Dubcovsky J: Precise mapping of a locus affecting
grain protein content in durum wheat. Theor Appl Genet 2003,
107:1243-1251.

19. Uauy C, Distelfeld A, Fahima T, Blechl A, Dubcovsky J: A NAC
gene regulating senescence improves grain protein, zinc, and
iron content in wheat. Science 2006, 314:1298-1301.

20. Cakmak I, Torun A, Millet E, Feldman M, Fahima T, Korol A, Nevo E,
Braun HJ, Ozkan H: Triticum dicoccoides: an important
genetic resource for increasing zinc and iron concentration in
modern cultivated wheat. Soil Sci Plant Nutr 2004,
50:1047-1054.

21. Distelfeld A, Cakmak I, Peleg Z, Ozturk L, Yazici AM, Budak H,
Saranga Y, Fahima T: Multiple QTL-effects of wheat Gpc-B1

322 Physiology and metabolism

Current Opinion in Plant Biology 2011, 14:318–324 www.sciencedirect.com



Author's personal copy

locus on grain protein and micronutrient concentrations.
Physiol Plant 2007, 129:635-643.

22. Uauy C, Brevis JC, Dubcovsky J: The high grain protein content
gene Gpc-B1 accelerates senescence and has pleiotropic
effects on protein content in wheat. J Exp Bot 2006,
57:2785-2794.

23.
��

Waters BM, Uauy C, Dubcovsky J, Grusak MA: Wheat (Triticum
aestivum) NAM proteins regulate the translocation of iron,
zinc, and nitrogen compounds from vegetative tissues to
grain. J Exp Bot 2009, 60:4263-4274.

Using whole plant mineral partitioning studies, the authors demonstrate
that NAMB-1 RNAi lines accumulated normal amounts of Fe and Zn, but
that these minerals failed to accumulate in grains. Remobilization of Fe
and Zn occurred throughout all parts of the shoot, and varied depending
on the nutrient status of the plant.

24. Stephan UW, Grun M: Physiological disorders of the
nicotianamine-auxothroph tomato mutant chloronerva at
different levels of iron nutrition. II. Iron deficiency response
and heavy metal metabolism. Biochem Physiol Pflanzen 1989,
185:189-200.

25. Pich A, Scholz G: Translocation of copper and other
micronutrients in tomato plants (Lycopersicon esculentum
Mill.): nicotianamine-stimulated copper transport in the xylem.
J Exp Bot 1996, 47:41-47.

26. Schmidke I, Stephan UW: Transport of metal micronutrients in
the phloem of castor bean (Ricinus communis) seedlings.
Physiol Plant 1995, 95:147-153.

27. Rellan-Alvarez R, Abadia J, Alvarez-Fernandez A: Formation of
metal-nicotianamine complexes as affected by pH, ligand
exchange with citrate and metal exchange. A study by
electrospray ionization time-of-flight mass spectrometry.
Rapid Commun Mass Spectrom 2008, 22:1553-1562.

28. Ling HQ, Koch G, Baumlein H, Ganal MW: Map-based cloning of
chloronerva, a gene involved in iron uptake of higher plants
encoding nicotianamine synthase. Proc Natl Acad Sci USA
1999, 96:7098-7103.

29. Herbik A, Koch G, Mock HP, Dushkov D, Czihal A, Thielmann J,
Stephan UW, Baumlein H: Isolation, characterization and cDNA
cloning of nicotianamine synthase from barley. A key enzyme
for iron homeostasis in plants. Eur J Biochem 1999,
265:231-239.

30. Higuchi K, Suzuki K, Nakanishi H, Yamaguchi H, Nishizawa NK,
Mori S: Cloning of nicotianamine synthase genes, novel
genes involved in the biosynthesis of phytosiderophores.
Plant Physiol 1999, 119:471-480.

31. Scholz G, Becker R, Pich A, Stephan UW: Nicotianamine—a
common constitutent of strategies I and II of iron acquisition
by plants: a review. J Plant Nutr 1992, 15:1647-1665.

32. Stephan UW, Schmidke I, Stephan VW, Scholz G: The
nicotianamine molecule is made-to-measure for
complexation of metal micronutrients in plants.
Biometals 1996, 9:84-90.

33. Scholz G, Schlesier G, Seifert K: Effect of nicotianamine on iron
uptake by the tomato mutant ‘chloronerva’. Physiol Plant 1985,
63:99-104.

34. Pich A, Scholz G, Stephan UW: Iron-dependent changes of
heavy metals, nicotianamine, and citrate in different plant
organs and in the xylem exudate of two tomato genotypes.
Nicotianamine as possible copper translocator. Plant Soil
1994, 165:189-196.

35.
��

Klatte M, Schuler M, Wirtz M, Fink-Straube C, Hell R, Bauer P: The
analysis of Arabidopsis nicotianamine synthase mutants
reveals functions for nicotianamine in seed iron loading and
iron deficiency responses. Plant Physiol 2009, 150:257-271.

Quadruple nas mutants were developed, allowing thorough molecular
analysis of an NA-less plant for the first time. Quadruple mutants showed
chlorosis at the onset of reproduction, mis-regulation of genes associated
with Fe uptake, were sensitive to Fe deficiency, but not to Zn or Cu
deficiency, and had decreased Fe in seeds.

36. Anderegg G, Ripperger H: Correlation between
metal complex formation and biological activity of

nicotianamine analogues. J Chem Soc Chem Commun 1989,
10:647-650.

37. von Wiren N, Klair S, Bansal S, Briat J-F, Khodr H, Shioiri T,
Leigh RA, Hider RC: Nicotianamine chelates both Fe[III]
and Fe[II]. Implications for metal transport in plants.
Plant Physiol 1999, 119:1107-1114.

38.
��

Lee S, Jeon US, Lee SJ, Kim YK, Persson DP, Husted S,
Schjorring JK, Kakei Y, Masuda H, Nishizawa NK et al.: Iron
fortification of rice seeds through activation of the
nicotianamine synthase gene. Proc Natl Acad Sci USA 2009,
106:22014-22019.

Activation-tagged alleles of rice NAS3 had increased Fe, Zn, and Cu in
seeds even after polishing, which removes the mineral-rich outer layers
and embryo of the seed. Fe–NA levels were elevated in the grains, and the
Fe in the grains was more bioavailable in mouse feeding studies.

39. Higuchi K, Tani M, Nakanishi H, Yoshiwara T, Goto F,
Nishizawa NK, Mori S: The expression of a barley HvNAS1
nicotianamine synthase gene promoter-gus fusion gene in
transgenic tobacco is induced by Fe-deficiency in roots.
Biosci Biotechnol Biochem 2001, 65:1692-1696.

40. Masuda H, Usuda K, Kobayashi T, Ishimaru Y, Kakei Y,
Takahashi M, Higuchi K, Nakanishi H, Mori S, Nishizawa NK:
Overexpression of the barley Nicotianamine Synthase gene
HvNAS1 increases iron and zinc concentrations in rice grains.
Rice 2009, 2:155-166.

41. Waters BM, Grusak MA: Whole-plant mineral partitioning
throughout the life cycle in Arabidopsis thaliana ecotypes
Columbia, Landsberg erecta, Cape Verde Islands, and the
mutant line ysl1ysl3. New Phytol 2008, 177:389-405.

42.
��

Chu HH, Chiecko J, Punshon T, Lanzirotti A, Lahner B, Salt DE,
Walker EL: Successful reproduction requires the function of
Arabidopsis YELLOW STRIPE-LIKE1 and YELLOW STRIPE-
LIKE3 metal-nicotianamine transporters in both vegetative
and reproductive structures. Plant Physiol 2010, 154:197-210.

Floral grafting experiments were used to show that activity of the Fe–NA
transporters AtYSL1 and AtYSL3 are required in leaves for functional
pollen and embryo development, while activity is required at additional
sites within the inflorescence for seeds to accumulate normal levels of Zn,
Fe, and Cu.

43. Koike S, Inoue H, Mizuno D, Takahashi M, Nakanishi H, Mori S,
Nishizawa NK: OsYSL2 is a rice metal-nicotianamine
transporter that is regulated by iron and expressed in the
phloem. Plant J 2004, 39:415-424.

44.
�

Ishimaru Y, Masuda H, Bashir K, Inoue H, Tsukamoto T,
Takahashi M, Nakanishi H, Aoki N, Hirose T, Ohsugi R et al.: Rice
metal-nicotianamine transporter, OsYSL2, is required for the
long-distance transport of iron and manganese. Plant J 2010,
62:379-390.

Using RNAi knock down and overexpression studies, the authors show
that the Fe–NA/Mn–NA transporter OsYSL2 is involved in translocation of
Fe and Mn to rice seeds. By expressing OsYSL2 with a phloem and
endosperm-specific OsSUT1 promoter, Fe and Mn levels in starchy
endosperm of rice were increased.

45. Long TA, Tsukagoshi H, Busch W, Lahner B, Salt DE, Benfey PN:
The bHLH transcription factor POPEYE regulates response
to iron deficiency in Arabidopsis roots. Plant Cell 2010,
22:2219-2236.

46. Bogs J, Bourbouloux A, Cagnac O, Wachter A, Rausch T, Delrot S:
Functional characterization and expression analysis of a
glutathione transporter, BjGT1, from Brassica juncea:
evidence for regulation by heavy metal exposure.
Plant Cell Environ 2003, 26:1703-1711.

47. Pike S, Patel A, Stacey G, Gassmann W: Arabidopsis OPT6 is an
oligopeptide transporter with exceptionally broad substrate
specificity. Plant Cell Physiol 2009, 50:1923-1932.

48. Vasconcelos MW, Li GW, Lubkowitz MA, Grusak MA:
Characterization of the PT clade of oligopeptide transporters
in rice. Plant Gen 2008, 1:77-88.

49. Ozturk L, Yazici MA, Yucel C, Torun A, Cekic C, Bagci A, Ozkan H,
Braun HJ, Sayers Z, Cakmak I: Concentration and localization of
zinc during seed development and germination in wheat.
Physiol Plant 2006, 128:144-152.

The role of transition metal homeostasis in plant seed development Walker and Waters 323

www.sciencedirect.com Current Opinion in Plant Biology 2011, 14:318–324



Author's personal copy

50. Cakmak I, Kalayci M, Kaya Y, Torun AA, Aydin N, Wang Y, Arisoy Z,
Erdem H, Yazici A, Gokmen O et al.: Biofortification and
localization of zinc in wheat grain. J Agric Food Chem 2010,
58:9092-9102.

51. Lombi E, Smith E, Hansen TH, Paterson D, de Jonge MD,
Howard DL, Persson DP, Husted S, Ryan C, Schjoerring JK:
Megapixel imaging of (micro)nutrients in mature barley grains.
J Exp Bot 2011, 62:273-282.

52. Wang YX, Specht A, Horst WJ: 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 2011, 189:428-437.

53. Kim SA, Punshon T, Lanzirotti A, Li L, Alonso JM, Ecker JR,
Kaplan J, Guerinot ML: Localization of iron in Arabidopsis seed
requires the vacuolar membrane transporter VIT1.
Science 2006, 314:1295-1298.

54. Roschzttardtz H, Conejero G, Curie C, Mari S: Identification of
the endodermal vacuole as the iron storage compartment in
the Arabidopsis embryo. Plant Physiol 2009, 151:1329-1338.

55. Lanquar V, Lelievre F, Bolte S, Hames C, Alcon C, Neumann D,
Vansuyt G, Curie C, Schroder A, Kramer U et al.: Mobilization of
vacuolar iron by AtNRAMP3 and AtNRAMP4 is essential for
seed germination on low iron. EMBO J 2005, 24:4041-4051.

56. Ravet K, Touraine B, Kim SA, Cellier F, Thomine S, Guerinot ML,
Briat JF, Gaymard F: Post-translational regulation of
AtFER2 ferritin in response to intracellular iron trafficking
during fruit development in Arabidopsis. Mol Plant 2009,
2:1095-1106.

57. Marentes E, Grusak MA: Iron transport and storage within
the seed coat and embryo of developing seeds of pea
(Pisum sativum L.). Seed Sci Res 1998, 8:367-375.

58.
�

Cvitanich C, Przybylowicz WJ, Urbanski DF, Jurkiewicz AM,
Mesjasz-Przybylowicz J, Blair MW, Astudillo C, Jensen EO,
Stougaard J: Iron and ferritin accumulate in separate cellular
locations in Phaseolus seeds. BMC Plant Biol 2010, 10:14.

Using a combination of Perl’s Prussian Blue staining, micro-PIXE, and
immunolocalization, the authors demonstrated that Fe in Phaseolus
seeds is located in a single layer of cells adjacent to the provascular
strands of the embryo, and most of the Fe is not bound to ferritin.

59. Lobreaux S, Briat JF: Ferritin accumulation and degradation in
different organs of pea (Pisum sativum) during development.
Biochem J 1991, 274(Pt 2):601-606.

60. Stadler R, Lauterbach C, Sauer N: Cell-to-cell movement of green
fluorescent protein reveals post-phloem transport in the outer
integument and identifies symplastic domains in Arabidopsis
seeds and embryos. Plant Physiol 2005, 139:701-712.

61. Thorne JH: Phloem unloading of C-assimilates and N-
assimilates in developing seeds. Annu Rev Plant Physiol Plant
Mol Biol 1985, 36:317-343.

62. Zhang WH, Zhou YC, Dibley KE, Tyerman SD, Furbank RT,
Patrick JW: Nutrient loading of developing seeds.
Funct Plant Biol 2007, 34:314-331.

63. Tauris B, Borg S, Gregersen PL, Holm PB: A roadmap for zinc
trafficking in the developing barley grain based on laser
capture microdissection and gene expression profiling.
J Exp Bot 2009, 60:1333-1347.

64. Hill J: The remobilization of nutrients from leaves. J Plant Nutr
1980, 2:407-444.

65. Grusak MA: Iron transport to developing ovules of pisum
sativum (I. Seed import characteristics and phloem
iron-loading capacity of source regions). Plant Physiol 1994,
104:649-655.

324 Physiology and metabolism

Current Opinion in Plant Biology 2011, 14:318–324 www.sciencedirect.com


