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In all living organisms, essential micronutrients 
are cofactors of many ubiquitous proteins that 
participate in crucial metabolic pathways, but 
can also be toxic when present in excessive 
concentrations. In order to achieve correct 
homeostasis, plants need to control uptake of 
metals from the environment, their distribution 
to organs and tissues, and their subcellular 
compartmentalization. They also have to avoid 
deleterious accumulation of metals and metalloids 
such as Cd, As and Al. These multiple steps are 
controlled by their transport across various 
membrane structures and their storage in different 
organelles. Thus, integration of these transport 
systems required for micronutrient trafficking 
within the plant is necessary for physiological 
processes to work efficiently.            

To cope with the variable availability of 
micronutrients, plants have evolved an intricate 
collection of physiological and developmental 
processes, which are under tight control of short- 
and long-range signaling pathways. Understanding 
how plants perceive and deal with different 
micronutrient concentrations, from regulation to 

active transport, is important to completing the puzzle of plant metal homeostasis. This is an 
essential area of research, with several implications for plant biology, agriculture and human 
nutrition.            

FROM SOIL TO SEED:  
MICRONUTRIENT MOVEMENT 
INTO AND WITHIN THE PLANT

Panicles of rice plants cultivated in 
greenhouse conditions - Rio Grande 
do Sul, Brazil (image by Felipe Klein 
Ricachenevsky).
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There is a rising interest in developing plants that efficiently mobilize specific metals and 
prosper in soils with limited micronutrient availability, as well as those that can selectively 
accumulate beneficial micronutrients in the edible parts while avoiding contaminants such 
as Cd and As. However, there is still an important gap in our understanding of how nutrients 
reach the seeds and the relative contribution of each step in the long pathway from the 
rhizosphere to the seed. Possible rate-limiting steps for micronutrient accumulation in grains 
should be the primary targets of biotechnological interventions aiming at biofortification.           

Over the last 10 years, many micronutrient uptake- and transport-related processes have been 
identified at the molecular and physiological level. The systematic search for mutants and 
transcriptional responses has allowed analysis of micronutrient-signaling pathways at the 
cellular level, whereas physiological approaches have been particularly useful in describing 
micronutrient-signaling processes at the organ and whole-plant level. Large-scale elemental 
profiling using high-throughput analytical methodologies and their integration with both 
bioinformatics and genetic tools, along with metal speciation, have been used to decipher the 
functions of genes that control micronutrients homeostasis.            

In this research topic, we will follow the pathway of metal movement from the soil to the seed 
and describe the suggested roles of identified gene products in an effort to understand how 
plants acquire micronutrients from the soil, how they partition among different tissues and 
subcellular organelles, and how they regulate their deficiency and overload responses. We 
also highlight the current work on heavy metals and metalloids uptake and accumulation, 
the studies on metal selectivity in transporters and the cross-talk between micro and 
macronutrients. Thus, we believe a continued dialogue and sharing of ideas amongst plant 
scientists is critical to a better understanding of metal movement into and within the plant. 
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The ability of roots to obtain micronutrients from the soil and
to deliver these to the aerial tissues—including seeds—is essen-
tial to ensure that the shoot has the resources it needs to function
effectively. However, plants need to control several steps during
the journey from soil to seed, including uptake, transport, remo-
bilization and storage. A better comprehension of the relative
contribution of these processes, together with their overall coor-
dination, is necessary for a more complete understanding of plant
metal homeostasis and for the development of successful biofor-
tification strategies. This Research Topic aims at addressing some
of the most recent advances in micronutrient movement from soil
to seed and to provide an overview of different approaches that
can be used to generate micronutrient-efficient and biofortified
plants. Here, we highlight some of the major points arising from
these reports.

MICRONUTRIENT UPTAKE AND TRANSPORT
As the first step in the pathway of elements reaching shoots and
seeds, micronutrient uptake from the soil is arguably the most
studied aspect of metal and metalloid homeostasis. As such, iden-
tifying the mechanisms and proteins involved in transport into
roots from the rhizosphere was key to further studies on metal
movement within the plant. Iron (Fe) acquisition in plants, for
example, has long been thought to be based on a reduction strat-
egy (strategy I) in non-Poaceae but a chelation strategy (strategy
II) in Poaceae species; however, recent data suggest that certain
monocots, such as rice, (Oryza sativa) can combine characteristics
of both. Ricachenevsky and Sperotto (2014) suggest two models
of how these strategies were shaped through evolutionary time,
and propose that the combined strategy might be common to
more species than just rice. Jain et al. (2014) review the roles of
Fe(III)-reductases, discussing Fe and copper (Cu) reduction at the
rhizoplane, and the proposed roles for the reductases at leaf cell
surfaces and in subcellular compartments.

When considering transport of micronutrients from the soil
to the seed we need to understand the contribution of long
distance transport, tissue and intercellular transport and the
role of organelles. It is also important to consider the transport
of toxic metals such as cadmium (Cd). The vacuole is a pivotal

compartment in storing heavy metals (both essential and toxic),
but also makes a substantial contribution to long-distance
transport. Peng and Gong (2014) discuss the concept of vacuolar
sequestration capacity (VSC), proposing it plays the role of a
“buffering pool” not only controlling metal accumulation in
cells but also dynamically mediating transport of metals over
long distances. Certainly chelators such as phytochelatins and
nicotianamine play an important role in regulating VSC. In rice,
the membrane transporters VIT1 and VIT2 also appear to have
a key role in long distance transport of zinc (Zn) and Fe between
source (flag leaves) and sink organs (seeds) via the modulation
of flag leaf Zn and Fe VSC. Other transporters implicated in the
connection between VSC and long distance transport include
AtMTP1, AtZIF1 (Zn) and AtCOPT5 (Cu). VSC is also key to
the transport of toxic metals including Cd and arsenic (As).
OsHMA3 sequesters Cd in root vacuoles and hence modulates
shoot accumulation of Cd in rice. Heavy metal hyperaccumulator
plants have reduced VSC in roots, promoting long distance metal
transport and leading to metal accumulation in the shoots (Peng
and Gong, 2014).

We are now starting to understand metal transport processes
in a wider range of species. Palmer et al. (2014) provide a picture
of the mineral transporter families and their expression over the
life cycle in different tissues in switchgrass (Panicum virgatum), a
C4 perennial grass that has great potential as a biofuel crop. Jung
et al. (2014) report on the wild grass Brachypodium distachyon
as a model for studying Cu transport in cereal crops, identifying
CTR/COPT transporters and characterizing expressions patterns,
subcellular localization and their function by growth complemen-
tation assay of yeast mutants under Cu deficiency. Some genes
were transcriptionally up-regulated by Cu deficiency (BdCOPT3
and 4) and BdCOPT3, 4, and 5 conferred low affinity Cu trans-
port. It was proposed that the increased sensitivity of some grass
species to Cu deficiency could result from COPTs with lower
uptake capacity and from an impaired partitioning among organs
and tissues.

The uptake of other elements into roots and their trans-
port within the plant are also discussed. Socha and Guerinot
(2014) provide a comprehensive review of the transporters with
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potential roles in manganese (Mn) transport including infor-
mation about their localization and regulation by Mn toxicity
or deficiency. Molybdenum (Mo) metabolism is presented by
Bittner (2014), including transporters and Mo cofactor (Moco)-
dependent proteins, as well as the yet to be fully understood
crosstalk between Mo and Fe metabolism. Finally, the role of met-
als in nodulation and symbiotic nitrogen fixation is presented by
González-Guerrero et al. (2014), providing an overview of the
role of different elements, metalloproteins and metal cofactors for
nodule formation and function, and discussing contributions of
distinct transporters for metal uptake, accumulation and spatial
distribution within the nodules.

MINERAL REMOBILIZATION
Remobilization of reserves to supply seeds with minerals has been
emphasized in previous studies, but the contribution of stored
minerals to total seed content is unclear, highlighting the need for
a better understanding of metal remobilization to improve metal
use efficiency in the context of biofortification. Sankaran and
Grusak (2014) conducted a mineral partitioning study in pea to
assess whole-plant growth and mineral content and the potential
source-sink remobilization of different minerals. They conclude
that net remobilization of some minerals from different tissues
into seeds can occur, but continued uptake and translocation of
minerals to source tissues during seed fill is as important, if not
more important, than remobilization of previously stored min-
erals. Using 65Zn, Impa et al. (2013) show that Zn-efficient rice
genotypes have a greater ability to translocate Zn from older to
actively growing tissues than genotypes sensitive to Zn deficiency.
Actually, as proposed by Sperotto (2013), under Zn sufficient
condition, grain Zn accumulation in rice occurs mainly through
continued root uptake during grain filling stage, whereas under
Zn deficient condition both continued root uptake and remobi-
lization of Zn from source tissues contribute equally to grain Zn
loading. A similar pattern is found for Fe remobilization under Fe
deficient or sufficient conditions. However, Stomph et al. (2014)
used 70Zn applications at different times during rice development
and suggested that the major barrier to enhanced Zn alloca-
tion toward grains is between stem and reproductive tissues, and
that simply enhancing root to shoot transfer will not contribute
proportionally to grain Zn enhancement. Pottier et al. (2014)
reviewed micronutrient remobilization from leaves to seeds, and
suggested that autophagy (a well-known mechanism involved in
nitrogen remobilization to seeds during leaf senescence) is also
involved in metal recycling and remobilization.

MICRONUTRIENT STORAGE
The ultimate goal of biofortification strategies is to develop grains
with higher nutritional value and lower content of non-essential
elements for human consumption or animal feed. Mineral home-
ostasis in plants is a tightly regulated process, depending on metal
transporter activity and specificity, which directly affects mineral
seed loading. Khan et al. (2014) highlight the importance of a safe
nutritional enrichment of grains by means of precision breeding
and transport engineering. This review reports the current under-
standing of the mechanisms involved in plant translocation and
distribution of non-essential toxic elements like Cd and As by the

same transporters that otherwise move nutrients such as Fe, Zn
and Mn.

An important issue regarding micronutrient movement in
plants and storage into seeds is the chemical form in which met-
als circulate in and between cells. There has been a number of
advances in the identification of ligand and metal-ligand com-
plexes in plant fluids (xylem and phloem sap, apoplastic fluid
and embryo sac liquid) and it is now considered unlikely that
metals are present in plant fluids in significant quantities as free
ions. Instead it is much more likely that they occur in less reac-
tive chemical forms and that may play a major role in controlling
mineral seed loading and accumulation. Álvarez-Fernández et al.
(2014) provide information on available methods for sampling
plant fluids and the associated advantages and disadvantages with
different techniques.

Grillet et al. (2014) review the mechanisms of Fe transport
from the root to the seed, emphasizing the current knowledge
on the chemical forms of Fe transported between symplastic and
apoplastic compartments, including phloem loading. Also the
authors show that the Fe bioavailability in seeds varies widely
across species mainly depending on tissue localization and stor-
age forms of Fe. Vasconcelos et al. (2014) approached the same
subject analyzing soybean plants overexpressing the AtFRO2 iron
reductase gene and mineral accumulation in source and sink tis-
sues to determine whether the reductase activity is a rate-limiting
step for seed mineral acquisition. When exposed to high Fe sup-
ply the transgenic plants had an increase in leaf and pod wall Fe
concentrations by as much as 500%. However, the seed Fe concen-
tration only increased by 10% suggesting that factors other than
plant reductase activity are limiting the translocation of Fe into
the seed.

As Zn deficiency is prevalent in many parts of the world,
especially where there is reliance on a plant-based diet, there is
great interest in increasing the level and bioavailability of Zn in
the grain of cereal crops. Olsen and Palmgren (2014) present an
overview of the processes occurring in the transport of Zn from
uptake at the plasma membrane of root cells to accumulation in
the seed, reporting what we know in Arabidopsis to what we are
starting to learn in cereals. The mechanisms involved in phloem
unloading and post-phloem movement of Zn in the developing
seed are discussed with respect to the apoplastic barriers found in
the Arabidopsis seed.

APPLICATIONS AND OUTLOOK
Knowing the fundamental processes governing mineral uptake,
transport, remobilization and storage brings fundamental scien-
tific knowledge that is important per se. However, an important
goal in the understanding of these processes is to devise practical
strategies to solve tangible problems (either via optimized agro-
nomical practices, novel molecular and conventional breeding
strategies, or genetic transformation utilizing the most suitable
candidate genes). The biofortification of plant foods is one such
area of research that benefits directly from a better understat-
ing of the molecular players and their physiological functions in
nutrient homeostasis. In the current issue, Borrill et al. (2014)
provide an integrated review on the available molecular tools
for enrichment of wheat with Fe and Zn, and show us that we
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finally have the necessary molecular tools to accomplish this goal.
They also remind us that when devising the best biofortification
strategy, we will need to be mindful of future climate changes,
such as a rise in atmospheric CO2 (which will negatively impact
Fe and Zn contents in the seeds). Also, the authors emphasize
the need for better communication between breeders and other
plant scientists to enhance Fe and Zn in the grain in a sustainable
way. Relevant to this is the consideration of toxic metals in these
strategies to achieve a safe nutritional enrichment of seeds. Two
main strategies could be important here: increasing the selectivity
of transporters toward essential elements, and re-routing non-
essential elements to non-edible parts of the plant (Khan et al.,
2014).

Another benefit of an improved understanding of min-
eral uptake and transport is linked with abiotic stress issues.
Plants can suffer from a multitude of mineral deficiencies, with
boron (B) deficiency being observed in various agricultural soils,
where it severely limits crop production. Here, Uraguchi et al.
(2014) present a possible solution, increasing the growth of
tomato plants under B deficiency by heterologously expressing
Arabidopsis BOR1. This approach could be expanded to other
crop species suffering from B deficiencies or at least considered
for future breeding strategies.

This special issue presents novel mechanisms, some of which
have not been fully recognized thus far, but have an obvious
impact on plant mineral dynamics. One of these mechanisms is
ubiquitination, a post-translational modification involved in pro-
tein turnover. Recently, several publications have revealed that
ubiquitination also has roles in nutrient utilization. However, the
extent to which plants rely on ubiquitination for regulating nutri-
ent transport and compartmentalization is still in its infancy. In
a perspective article, Yates and Sadanandom (2013) highlight the
importance of the role ubiquitin plays in a plant’s ability to uptake
and process nutrients, including recent advances in understand-
ing how ubiquitin supports nutrient homeostasis by affecting the
trafficking of membrane-bound transporters. It is possible that
we need to become more mindful of ubiquitination processes
in future strategies when further improving biofortification or
abiotic stress tolerance.

Altogether, the work presented here documents recent
advances in the study of membrane transporters, chelators and
regulatory proteins. Now, the challenge is to move forward and to
integrate this information for an improved understanding of how
the individual components and processes work together in the
long pathway of micronutrients from the rhizosphere to the seed.
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Ubiquitin (Ub) is well-established as a major modifier of signaling in eukaryotes. However,
the extent to which plants rely on Ub for regulating nutrient uptake is still in its infancy.The
main characteristic of ubiquitination is the conjugation of Ub onto lysine residues of acceptor
proteins. In most cases the targeted protein is rapidly degraded by the 26S proteasome, the
major proteolysis machinery in eukaryotic cells. The Ub-proteasome system is responsible
for removing most abnormal peptides and short-lived cellular regulators, which, in turn,
control many processes. This allows cells to respond rapidly to intracellular signals and
changing environmental conditions. This perspective will discuss how plants utilize Ub
conjugation for sensing environmental nutrient levels. We will highlight recent advances in
understanding how Ub aids nutrient homeostasis by affecting the trafficking of membrane
bound transporters. Given the overrepresentation of genes encoding Ub-metabolizing
enzymes in plants, intracellular signaling events regulated by Ub that lead to transcriptional
responses due to nutrient starvation is an under explored area ripe for new discoveries. We
provide new insight into how Ub based biochemical tools can be exploited to reveal new
molecular components that affect nutrient signaling.The mechanistic nature of Ub signaling
indicates that dominant form of any new molecular components can be readily generated
and are likely shed new light on how plants cope with nutrient limiting conditions. Finally
as part of future challenges in this research area we introduce the newly discovered roles
of Ub-like proteins in nutrient homeostasis.

Keywords: ubiquitin, plants, nutrients, abiotic stress, signaling

INTRODUCTION
Our understanding of the layers of regulation that control the cell is
deepening at a rapid rate. Much like how the discovery of microR-
NAs and epigenetics caused major rethinking of well-established
gene control systems, protein modification processes are proving
to have significant roles in the control of protein function. An
example of this is ubiquitination, as a post-translational modifier
it is well-known as a system involved in protein turnover, and to a
lesser extent is known for its roles in membrane trafficking, DNA
repair, chromatin remodeling, and hormone synthesis. However,
recent publications have revealed that in addition to its extensive
role is stress signaling, ubiquitination also has roles in nutrients
utilization. We highlight the importance of the role ubiquitin (Ub)
plays in plants ability to uptake and process nutrients using recent
examples. It is clear that this area of research is in its infancy and
much work has to be done in order to understand the extent to
which ubiquitination influences this field.

UBIQUITINATION
Ubiquitin is a small seventy-six amino acid peptide that is highly
conserved throughout eukaryotes. Ub is conjugated to the target
protein through linkage between a C-terminal glycine and one or
more of its seven possible lysine residues. Which of the seven lysine
residue forms the attachment and the topology of the subsequent
Ub chain directs the fate of the protein. Polyubiquitination via
lysine 48 is usually associated with proteasomal degradation and in
yeast and mammalian cells mono-ubiquitination and multiubiq-
uitination are precursors to endocytic sorting and degradation via

the lysosome and vacuole (Mukhopadhyay and Riezman, 2007).
Once the target and the proteasome are connected, deubiquitinat-
ing enzymes remove the poly-Ub chain from the target protein,
the Ub molecules are recycled, and the target is unfolded and fed
into the 26S proteasome for proteolysis (Hartmann-Petersen et al.,
2003). Opposed to lysine 48, attachment at lysine 63 is linked to
endosomal degradation and trafficking (Duncan et al., 2006). Ub
has five other lysines which can also take part in target conjuga-
tion, however, the precise physiological implications of these lysine
linkages are yet to be discovered.

There are three main steps to Ub attachment to target proteins,
each requiring a different enzyme type categorized as E1, E2, and
E3. The first of these, E1, is an Ub activating enzyme. At a con-
served cysteine residue, E1 forms a high-energy thioester bond
with a C-terminal glycine of the Ub molecule, a step that requires
ATP (Hatfield et al., 1997). Ub, in its active form, is passed from
the E1 to a cysteine residue in the E2 Ub-conjugation enzyme
(UBC). which forms an intermediate complex. From here Ub is
transferred to the lysine on the target protein, facilitated by the Ub
ligase, E3. The E3 protein, of which there are two major subclasses
in Arabidopsis; containing either a Really Interesting New Gene
(RING)- or homologus to E6-AP carboxyl terminus (HECT)-
domains, has the specificity to get the Ub to the appropriate target.
This is achieved either by direct transfer from E2 to the substrate
(RING domain E3) or by the formation of an Ub-E3 intermediate
complex (HECT domain E3, Vierstra, 2009). In the Arabidop-
sis genome there are at least 16 genes encoding the Ub molecule
itself, two genes for E1’s, at least 45 genes for E2’s, and over 1400

www.frontiersin.org November 2013 | Volume 4 | Article 452 | 9

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/about
http://www.frontiersin.org/journal/10.3389/fpls.2013.00452/abstract
http://community.frontiersin.org/people/GaryYates/101666
http://www.frontiersin.org/people/u/100191
mailto:ari.sadanandom@durham.ac.uk
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Nutrition/archive


“fpls-04-00452” — 2013/11/11 — 20:17 — page 2 — #2

Yates and Sadanandom Ubiquitin and nutrients

genes encode E3’s. In combination, the elements of the Ub system
(UbS) can give specificity to thousands of proteins each targeted
by its unique combination of UbS components. This allows very
tight control of protein levels and regulation of numerous cellular
processes.

Ubiquitin system mechanisms are involved in most areas of
plant life from embryogenesis to senescence (Sadanandom et al.,
2012). It is postulated that the UbS enables plants to respond
rapidly to changes in the environmental conditions by flexible
modification of key regulators of cellular physiology.

NUTRIENTS AND UBIQUITIN
Iron is central to many cellular processes in plants including but
not limited to photosynthesis, respiration, DNA and hormone syn-
thesis (Curie and Briat, 2003). The uptake of iron by plant roots is
dependent on the protein IRON-REGULATED TRANSPORTER
1 (IRT1), which acts at the surface of root-hairs in Arabidopsis. A
lack of available iron has severe detrimental effects on plants (Briat
and Lebrun, 1999). Over accumulation of iron is detrimental in
large amounts and can lead to accumulation of reactive oxygen
species (Briat and Lebrun, 1999), therefore tight control of IRT1
levels is essential for maintaining iron homeostasis. During iron
deprivation the IRT1 transcription is up-regulated, and in irt1
knockout mutant lines chlorosis forms and is quickly followed by
death (Vert, 2002). This shows that IRT1 is essential for iron uptake
and interestingly the endocytosis processing of IRT1 is dependent
upon ubiquitination. IRT1 shuttles from the plasma membrane to
the trans-Golgi network/early endosomes (tGN-EE), and under-
goes Ub mediated vacuolar degradation (Barberon et al., 2011).
Mono-ubiquitination of various lysine residues on IRT1 marks
the protein for vacuole sorting; mutation of these residues ren-
ders the protein unable to transport, stabilizing it at the plasma
membrane (Barberon et al., 2011). This suggests that IRT1 con-
trols iron uptake at the transcriptional level (Vert, 2002) and also
post-transcriptionally via Ub. Recently a gene has been isolated
that encodes an E3-ligase which facilitates IRT1 degradation. The
IRT1 DEGRADATION FACTOR 1 (IDF1) is a RING-type E3-ligase
which interacts with IRT1 and when mutated, results in reduced
IRT1 degradation and hence increased iron accumulation (Shin
et al., 2013).

Phosphorus is a major element essential to plant life. When
active, it is crucial in both dark and light reactions of photosyn-
thesis, as well as playing a vital role in energy metabolism and
carbon assimilation. Organic phosphate is abundant in soil but
inaccessible to plants. Inorganic phosphate (Pi) is generally of
low availability in soils, and because of this, plants have evolved
mechanisms to cope with the lack of Pi. In Pi-limited conditions
plants have been shown to undergo changes in the distribution and
morphology of roots, increased Pi uptake, and secretion of phos-
phatases and nucleases which enable the mobilization of organic
phosphate (Ticconi and Abel, 2004). A major response to phos-
phorus deprivation is the up-regulation of a microRNA; miR399
(Chiou et al., 2006). In phosphorus poor environments miR399
regulates expression of an E2 enzyme (Fujii et al., 2005). miR399
is found at six loci in the Arabidopsis genome, all six transcripts
are up-regulated significantly when Pi levels are low. The miR399
nucleotide sequence shows strong similarity to regions of the 5′

UTR of E2 ubiquitin-conjugation enzyme (UBC24), making the
UBC24 transcript a likely target for decay by miR399 interaction
(Allen et al., 2005). This is evident as the up-regulation of miR399
results in cleavage of the UBC24 transcript causing down regula-
tion or even silencing of the UBC24 protein. When overexpressing
miR399 in plants, accumulation of phosphate is observed and
results in both increased uptake and increased translocation from
the roots to the shoots (Chiou et al., 2006). Therefore given that
there is interaction between miR399 and the UBC24 transcript,
miR399 is most likely controlling phosphorus homeostasis by reg-
ulating both the uptake and trafficking of phosphorus, via control
of the UBC24 protein level. The only suggested target of UBC24 is
PHOSPHATE1 (PHO1), which is involved in the loading of phos-
phate to the xylem (Liu et al., 2012). Interestingly, the mammalian
homolog of UBC24 is Apollon (Bartke et al., 2004) which acts as
an inhibitor of cell death localized to the tGN and vesicles. Apollon
has been shown to monoubiquitinate substrates in the presence of
an E1 enzyme alone. Taken together, it is likely that the UBC24
also functions as an E2 with specific targets found in the tGN and
vesicles.

Boron is another essential nutrient for plant life but is highly
toxic in large quantities (Shorrocks, 1997). Plants depend on
Borate to form a crosslinking dimer for proper formation of the
cell wall component pectic polysaccharide rhamnogalacturonan
II, without which plants do not develop normally and are largely
non-viable (O’Neill et al., 2001). The uptake of boron depends on
the transporter protein BORONTRANSPORTER1 (BOR1), and
the boric acid channel protein NIP5;1. NIP5;1 is found on the soil
facing surface of root cells and is essential for boric acid uptake in
boron limited conditions (Takano et al., 2006). BOR1 is an efflux
channel and is responsible for boron transport in low boron condi-
tions (Takano et al., 2002, 2010). The BOR1 transporter utilizes the
endocytic degradation pathway in high boron conditions where
the excess is trafficked to the vacuole. This sorting of the loaded
BOR1 transporter is made possible by its mono-ubiquitination or
di-ubiquitination at lysine 590 and this is induced by high boron
conditions. Mutation of BOR1 at lysine 590 abolishes both the
ubiquitination and the degradation via the endocytic pathway
(Takano et al., 2010). However, although ubiquitination is nec-
essary for the sorting into multivesicular bodies, it is not required
for BOR1 endocytosis, this process is very similar to the sort-
ing of epidermal growth factor receptors (EGFR) in mammals
(Huang et al., 2007). The E3 ligase responsible for targeting BOR1
is not yet known (Kasai et al., 2011). However, the EGFR undergoes
ubiquitination by a WW (has two highly conserved tryptophans)
containing domain E3 ligase which is homologous to HECT-type
E3 ligase in Arabidopsis (Kraft et al., 2005).

There are similarities in the way BOR1 and IRT1 exploit the
endocytic pathway for regulating their respective minerals, how-
ever, there is no current examples of plasma membrane transport
proteins that involve processing by HECT-type E3 ligases (Mulet
et al., 2013). However, it is probable, given the example of the
Apollon, that there may be E2 enzymes involved in processing
these membrane transporters without the need for a separate E3.

Plants need nitrogen in high abundance, as it is a building
block for proteins and nucleic acids. Nitrogen limiting conditions
are widespread and as such plants have evolved a range of adaptive
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responses to cope with the low availability. Amino acids are the
major source of nitrogen transported in the xylem and phloem
and they provide an important link between the nitrogen status
of the roots and the rest of the plant (Paungfoo-Lonhienne et al.,
2008). Amino acids can impede nitrogen uptake by roots and may
play a major role in the regulation of transporters, providing part
of a feedback system in sensing nitrogen (Miller et al., 2007). The
import and export of amino acids in and out of the plant cells
involve various membrane proteins and proton-gradient depen-
dant transporters. The importing mechanisms are well-studied
but little insight to the export processes exists (for review see Oku-
moto and Pilot, 2011). Despite the lack of understanding of the
export mechanisms however, GLUTAMINE DUMPER1 (GUD1)
overexpression in Arabidopsis leads to excess amino acid export. It
is not understood exactly how this functions but mutant screens
revealed it is the essential component for secretion of amino acids.
Yeast-two-hybrid screens and glutathione S-transferase pull-down
experiments shows that GUD1 interacts with a RING-type Ub E3
ligase; LOSSOFGUD2 (LOG2). LOG2 is required for the export of
amino acids induced by GUD1 (Pratelli et al., 2012). This interac-
tion does not appear to be negatively regulating GUD1 by Ub based
degradation but instead may serve as an activation step or perhaps
GUD1 and LOG2 form part of a complex for another Ub target
which could then act as a repressor or activator of that substrate
(Léon and Haguenauer-Tsapis, 2009; Pratelli et al., 2012). Either
way this work highlights a significant role for ubiquitination in the
homeostasis of nitrogen, via amino acid regulation/secretion.

NITROGEN LIMITATION ADAPTION (NLA) mutants in Ara-
bidopsis are unable to respond at a transcriptional level to nitrogen
limiting conditions. NLA is the only identified component of the
plants response to nitrogen limitation and is another RING-type
E3 Ub ligase. Mutations within the RING motif of NLA, are unable
to initiate a response to low nitrogen conditions and they show the
same phenotype as low nitrogen grown plants and induce early
senescence. NLA is a positive regulator of the plants adaptability
to nitrogen limiting conditions (Kant et al., 2011a). This identifies
a major role for ubiquitination in the plants response to limited
nitrogen and perhaps hints at a universal role for Ub in other areas
of metabolism. This claim is reinforced by the fact that two E3 lig-
ases have been shown to play a role in the carbon/nitrogen response
(Sato et al., 2009). In addition to this, phosphate homeostasis is
in part controlled by NLA in a nitrate dependant manner, and Pi
shows an antagonistic cross-talk with nitrate in terms of both their
accumulation and influence on the onset of flowering (Kant et al.,
2011b). The PHOSPHATE TRANSPORTER1 (PHT1) group of
proteins are crucial for Pi homeostasis and these are also regulated
by NLA. PHOSPHATE2 (PHO2 also called UBC24), works in har-
mony with NLA at the plasma membrane, however, data suggest
they act independently and both become targets of microRNAs
(miR827 and miR399, respectively) under Pi deprivation (Huang
et al., 2013). Interestingly PHO2 also induces PHT1 degradation
under high Pi (Lin et al., 2013).

The Ub ligases ATL31 and ATL6 have been identified as crucial
components of the proper recognition of the balance between
carbon and nitrogen during germinative growth. The ratio of
carbon to nitrogen is sensed and responded to by Arabidopsis
and if the peripheral ratio is too high growth is arrested. The

atl31 mutant was found to be insensitive to carbon/nitrogen
stress, while the overexpression of ATL31 resulted in the stress
response but under normal conditions (Sato et al., 2009). ATL31
is therefore likely to negatively regulate proteins which detect the
ratio of carbon to nitrogen under stress conditions. This under-
lines the importance ubiquitination has on the various stages
of growth and development and again suggests that ubiquitina-
tion has a role in a plethora of functions in relation to nutrient
homeostasis.

UBIQUITIN-LIKE PROTEINS AND NUTRIENT STARVATION
In addition to ubiquitination there are other small protein mod-
ifiers categorized as Ub-like proteins (Ubls) that can also be
conjugated to target proteins. An example of this is the small Ub-
related modifier (SUMO). The addition of SUMO to its target
can have an effect on its targets ability to bind with the substrate.
There are examples of SUMO preventing linkage between the tar-
get protein and its binding partner, and also examples of where
the SUMOylation enables the binding of the target and its bind-
ing partner (for review see Geiss-Fridelander and Melchior, 2007;
Miura and Hasegawa, 2010). These mechanisms allow the process
of SUMOylation to regulate some of the cells systems by acting as
on and/or off switches for rapid responses to various changes in
the cell and the environment. SUMOylation has also been linked
to the area of nutrient regulation. Phosphate starvation dependant
responses have been shown to be under the control of a SUMO
E3 ligase; SIZ1 (Miura et al., 2005). SIZ1 controls the activation of
the transcription factor PHOSPHATE STARVATION RESPONSE
1(PHR1), which has been shown to bind to the promoter region
of the majority of genes which are either up-regulated or down-
regulated in response to phosphate starvation (Bustos et al., 2010).
Mutant plants with altered SIZ1 show typical phosphate starva-
tion responses when grown on normal conditions, this includes;
discontinued primary root development, exaggerated lateral root
growth, increased root hair development and excess anthocyanin
accumulation, despite the internal phosphate levels being normal
(Miura et al., 2005). Further to this deubiquitination has also been
shown to play part in the plants response to limited Pi. UBP14 is
an Ub-specific protease that acts by modifying root morphology
in Pi limited conditions (Li et al., 2010).

Copper is needed by plants in small amounts but is essential
for normal development. It is heavily involved in many aspects
of growth and development including electron transport, redox
reactions and as a cofactor for many metalloproteins. Copper is
also toxic is surplus quantities, with excess build-up leading to
chlorosis, root growth cessation, and even reduced iron uptake
(Burkhead et al., 2009). In high copper conditions, SUMOylation
is induced and SIZ1 mutant plants grown in excess copper con-
ditions tend to show underdeveloped shoot growth compared to
wild-type. SIZ1 mutants also accumulate more copper than any
other metal relative to normal amounts. Further to this, there is
a stark difference in the shoot-to-root ratio of copper in mutant
plants compared to wild-type in high copper conditions and accu-
mulation of SUMO1 conjugates is not observed in SIZ1 plants
whereas it is stimulated by copper in the wild-type (Chen et al.,
2011). SIZ1 also regulates nitrogen levels by its E3 SUMO lig-
ase activity. A reduction of nitrate reductase activity is observed
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in siz1-2 plants. Data show this is due to SIZ1 targeting nitrate
reductases (NIA1 and NIA2), which become highly active when
SUMOylated (Park et al., 2011).

TOOLS FOR TARGETING UBIQUITIN AND UBIQUITIN-LIKE
PROTEINS AND COMPONENTS
Its clear that target identification is key to revealing the influence
of UbS in nutrient use efficiency in plants. More sensitive mass
spectrometry methods are now available to identify targets for
ubiquitination and SUMOylation in planta (Elrouby and Cou-
pland, 2010; Miller et al., 2010). Refined pull-down assays and
in vitro ubiquitination assays now make finding targets of the pro-
cess much more straight forward. One method uses detection of
thioester bonds between either the E2 and a subclass of E3, or E3
and its substrate (Zhao et al., 2012). This allows for identifying the
target protein and the residue to which the thioester bond forms
enabling the generation of dominant forms of acute signaling
molecules. It can also be used to work back toward identification
of the E3 and E2 if the target is already known.

CONCLUSION
From the evidence here, it is clear that ubiquitination and Ubls play
essential roles in uptake, trafficking and maintenance of many of
the essential nutrients for plants. However, it is also clear that this
area of research in ripe for new discoveries. It is highly likely that
understanding the role of Ub in nutrient uptake and processing
will provide much needed insight for the development of crops
better suited to nutrient deprived land.
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Rice is a staple food for at least 50% of
the world’s population. Therefore, it is
one of the most important crop plants
on Earth (Lucca et al., 2002). However,
milled rice is a poor source of essen-
tial micronutrients such as Fe and Zn
(Bouis and Welch, 2010), whose defi-
ciencies affect over three billion people
worldwide, mostly in developing coun-
tries (Welch and Graham, 2004). Fe and
Zn malnutrition are leading risk factors
for disability and death, especially to chil-
dren eating cereal-based diets, resulting
in impaired functions of the brain, the
immune and reproductive systems and
energy metabolism (Graham et al., 2001).
The development of new cultivars with
elevated concentrations of Fe and Zn
would be extremely relevant to alleviate
malnutrition, but the lack of knowledge
about how nutrients are translocated from
vegetative tissues to the seeds is one of the
barriers to rice biofortification (Colangelo
and Guerinot, 2006; Sperotto et al., 2012a).

There are evidences in literature
demonstrating that foliar applied Zn
and Fe can be absorbed by leaf epider-
mis, remobilized, and transferred into
the rice grains through the phloem (Wu
et al., 2010; Wei et al., 2012; Yuan et al.,
2012), presumably using several Zn- and
Fe-regulated transporters (Schaaf et al.,
2005; Bashir et al., 2012; Zhang et al.,
2012). However, restrictions to the mobil-
ity of Zn and Fe supplied as cations can
be expected due to the abundance of
negative charges in the apoplastic space,
which may limit their translocation to
other plant compartments and/or organs
(Fernández and Brown, 2013). Meanwhile,
the translocation and redistribution of
these minerals after its root uptake and

passage to the transpiration stream have
been extensively studied in the last years
(for a comprehensive review see Ishimaru
et al., 2011). Distribution of Fe and Zn
within rice plants largely occurs through
transport in the xylem, transfer from
the xylem to the phloem, and retranslo-
cation in the phloem (Ishimaru et al.,
2011). Xylem transport is simply directed
from roots to shoots in the transpiration
stream, whereas phloem transport from
old to new leaves is more selective, and is
largely dependent on the phloem mobil-
ity of each element. In relation to their
phloem mobility, Zn and Fe are consid-
ered intermediate or conditionally mobile
(Fernández and Brown, 2013).

Remobilization of reserves to sup-
ply rice seeds with minerals has been
emphasized in previous studies, but the
contribution of stored minerals to total
seed mineral content is unclear. During
rice grain filling, Zn remobilization from
leaves is not as important as Zn uptake by
roots (Jiang et al., 2007). At the same time,
increased root uptake does not necessar-
ily result in enhanced Zn accumulation
in rice grains (Jiang et al., 2008). None
of the Zn foliar application treatments
in rice showed that the main portion of
Zn loaded in grain was remobilized from
leaves (Jiang et al., 2008; Stomph et al.,
2009). Wu et al. (2010) showed that large
amounts of the Zn in rice seeds at matu-
rity had been retranslocated from other
plant parts and not directly acquired by
the roots. Recently, Yoneyama et al. (2010)
reported that Zn (and Fe) in the rice grains
may be actively supplied via the phloem
after mobilization from the leaf blades.

Iron stored in the flag and upper leaves
may also be transported to the grains

via the phloem. However, probably due
to its limited mobility in the phloem, it
seems difficult to improve the Fe nutri-
tion of rice grain by Fe spray. Fang et al.
(2008) were able to increase Fe content
of rice grains by foliar application of Zn
and Selenium. According to Yuan et al.
(2012), after being taken up by the leaves,
low-molecular-weight amino acids might
chelate with Fe, which would increase the
mobility of Fe and enhance its translo-
cation to the sink during the develop-
ment of rice grains. Grain Fe and Zn may
share similar protein-dependent mecha-
nisms for translocation to or storage in
the grain, and several reports indicate a
positive correlation between Fe and Zn
grain concentrations (for a comprehensive
review see Sperotto et al., 2012a). Such
similarities between Fe and Zn raise the
possibility of simultaneously biofortifying
crops with more than one micronutrient,
as previously found through the increase
of nicotianamine concentration, a chelator
of transition metals that plays important
roles in long- and short-distance transport
of metal cations (Johnson et al., 2011).

Flag leaf plays important roles in rice
plants. It is already known that removal
of the rice flag leaf at any stage after pani-
cle emergence can cause significant reduc-
tion in grain yield (Abou-Khalifa et al.,
2008), being the major component for
yield losses due to the impaired synthesis
and translocation of photoassimilates. On
the other hand, it seems that minerals do
not have the same behavior of photoassim-
ilates, since no single report has pointed
flag leaves as the major source of Fe and
Zn to the rice developing seeds. As it is
hypothesized that flag leaves could have a
role in Fe and Zn remobilization to rice
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seeds, several reports tried to find a rela-
tionship between gene expression in flag
leaves with concentration of mineral nutri-
ents in rice seeds (Narayanan et al., 2007;
Sperotto et al., 2009, 2010; Zhang et al.,
2012).

To address this question, Sperotto et al.
(2013) conducted field experiments to
evaluate the effect of flag leaf removal
(at anthesis) on seed Fe and Zn concen-
tration and content. Seed Fe and Zn accu-
mulation were not affected by flag leaf
removal, suggesting that the flag leaf is
not absolutely required for metal remobi-
lization to the seeds of rice plants grow-
ing in field conditions. These authors also
removed the second upper leaf and found
similar results. Probably, the lack of flag
leaves is compensated by other leaves and
stem/sheath remobilization and/or con-
tinuous uptake by roots. In Arabidopsis,
continuous uptake and translocation of
minerals to source tissues during seed fill
is as important, if not more important,
than remobilization of previously stored
minerals (Waters and Grusak, 2008).

In another experiment, Sperotto et al.
(2012b) showed that mineral remobiliza-
tion from green tissues can be severely
affected by Fe status. Rice plants watered
with a high Fe concentration showed no
Fe remobilization from flag leaves, non-
flag leaves and stems/sheaths. On the other
hand, plants watered with low Fe con-
centration showed the highest Fe remobi-
lization from stems/sheaths, probably due
to reduced uptake from the roots during
seed fill. Plants watered with a sufficient
Fe concentration showed high levels of
mineral remobilization (including Fe and
Zn) mostly from flag leaves but also from
stems/sheaths. However, as the flag leaves
mineral content is much lower than the
stems/sheaths content, the maximum pos-
sible contribution to seed mineral content
is, in general, higher from stems/sheaths
than from flag leaves (Sperotto et al.,
2012b). It seems that abundant Fe sup-
ply at the root level promotes continued
uptake during seed fill, which may have
reduced the need for remobilization to
serve as a source of Fe for seeds. A similar
pattern was observed for Zn (Jiang et al.,
2007, 2008; Impa et al., 2013). According
to Jiang et al. (2007), in rice plants grown
under sufficient or surplus Zn supply,
most of the Zn accumulated in the grain

originates from uptake by roots after flow-
ering and not from Zn remobilization
from leaves. It was also shown that, at
lower Zn supply levels, the Zn taken up by
the roots after flowering seems to accumu-
late mostly in the grain, which is accom-
panied by net Zn remobilization from the
leaves and transport to the grain. However,
at higher Zn supply levels, Zn content in
all non-grain organs remained constant
(roots, leaves and sheaths) or continued
to increase after flowering, and grain Zn
accumulation could be fully accounted for
by Zn uptake during grain filling (Jiang
et al., 2008).

Evidences show that Zn and Fe remobi-
lization from vegetative tissues can occur
in rice plants; however, remobilization is
not required for seeds to acquire minerals.
Contrasting results may be due to different
rice genotypes behaving differently. Thus,
there may not be only one way for rice
to load Zn/Fe into grain, but genotype-
specific variations. Such useful variations
should be used as targets for biofortifi-
cation breeding strategies. Probably, the
xylem discontinuity at the base of the
rice grain (Stomph et al., 2009) can con-
tribute to the fact that continued uptake
and translocation of minerals to source

FIGURE 1 | Proposed model for Zn and Fe allocation to the rice seeds under different Zn and

Fe supplies (A, Zn-sufficient condition; B, Zn-deficient condition; C, High Fe condition; D,

Fe-sufficient condition; E, Fe-deficient condition), through the xylem (continued root uptake,

black lines) and through the phloem (mineral remobilization, white lines). The thicknesses of
the lines represent more or less active processes.

tissues during seed fill is as or more
important than remobilization of pre-
viously stored minerals from vegetative
tissues. Remobilization results found for
Arabidopsis plants by Waters and Grusak
(2008) were not exactly consistent between
experiments, as differences were found
in elements and in amounts remobilized.
Also, mineral remobilization from vegeta-
tive tissues in rice seems to be modified by
plant Zn and Fe nutrition, because differ-
ent Zn/Fe supplies alter the remobilization
levels. Probably, rice genotypes with dif-
ferent efficiencies in the use of Zn and Fe
and also with different levels of Zn and
Fe in the seeds can show different remo-
bilization patterns, since mineral transport
can be influenced by minimal changes in
source-sink communication (Jiang et al.,
2008; Wu et al., 2010; Impa et al., 2013).

Based on the findings of different stud-
ies (Jiang et al., 2007, 2008; Wu et al.,
2010; Yoneyama et al., 2010; Sperotto et al.,
2012b; Impa et al., 2013), a proposed
model for Zn and Fe allocation to the
rice grains is shown in Figure 1. Under
Zn-sufficient conditions (Figure 1A), Zn
in the rice grain is mostly supplied by
continued root uptake during grain-filling
stage. To a lesser extent, Zn from stems
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and flag/upper leaves can be remobilized.
Under low Zn supply (Figure 1B), both
continued root uptake and also remobi-
lization from roots, stems, and leaves can
occur. It is important to note that high
Zn availability is rarely found in field
conditions, even with adequate fertilizer
application, being most common in artifi-
cial growth, under laboratory conditions.
Under high Fe conditions (Figure 1C),
continued root uptake can fully account
for seed Fe allocation. Under control (or
sufficient) Fe supply (Figure 1D), contin-
ued root uptake and also remobilization
from stems/sheaths and flag/upper leaves
contribute to total seed Fe. Under Fe-
deficient conditions (Figure 1E), seed Fe
can be fully addressed by remobilization
from stems/sheaths and continued root
uptake. It is important to highlight that
this model only summarize previous stud-
ies, and cannot be used per se to help rice
researchers to increase seed mineral con-
centrations. For this purpose, we would
have to discover how to “trick” rice plants
through manipulation of transport and
accumulation processes, in order to effi-
ciently increase Zn and Fe concentrations
into grains.

Loading and bioavailability of minerals
in the rice grains, mainly in milled rice,
not only follows the transport and remo-
bilization pathway. It also depends on the
mechanism of entry from grain aleurone
layer to the inner endosperm. Several bar-
riers to Fe entry (and probably to Zn) were
identified, as transport proteins which
only internalize Fe during germination,
chelating molecules such as nicotianamine
and deoximugineic acid, low levels of fer-
ritin protein in the endosperm tissue and
mostly high levels of phytic acid (Paul
et al., 2013), which is a potent inhibitor
of Fe absorption (also called anti-nutrient
factor). Phytic acid localizes almost exclu-
sively to the bran of brown rice (Prom-
u-thai et al., 2008), acting as a barrier
to endosperm internalization. As biofor-
tification efforts should focus primarily
on increasing endosperm Zn/Fe bioavail-
ability, reductions of phytic acid content
would be important for rice biofortifica-
tion, and several promising biotechnologi-
cal approaches have been studied. Anyway,
understanding the mechanisms of Zn and
Fe remobilization from vegetative tissues
and seed loading and bioavailability in rice

is crucial to the enrichment of rice with
Zn and Fe, which is a way to generate
major health benefits for a large number
of susceptible people.
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One of the important factors that influences Zn deficiency tolerance and grain Zn
loading in crops is the within-plant allocation of Zn. Three independent experiments were
carried out to understand the internal Zn distribution patterns in rice genotypes grown in
Zn-sufficient and Zn-deficient agar nutrient solution (ANS). In one of the experiments, two
rice genotypes (IR55179 and KP) contrasting in Zn deficiency tolerance were leaf-labeled
with 65Zn. In the other two experiments, two Zn biofortification breeding lines (IR69428
and SWHOO) were either root- or leaf-labeled with 65Zn. Rice genotype IR55179 showed
significantly higher Zn deficiency tolerance than KP at 21 and 42 days after planting. When
KP was Zn-deficient, it failed to translocate 65Zn from the labeled leaf to newly emerging
leaves. Similarly, the root-to-shoot translocation of unlabeled Zn was lower in KP than
in IR55179. These results suggest that some Zn-efficient rice genotypes have greater
ability to translocate Zn from older to actively growing tissues than genotypes sensitive
to Zn deficiency. Among the two Zn biofortication breeding lines that were leaf-labeled
with 65Zn at 10 days before panicle initiation stage, 65Zn distribution in the grains at
maturity was similar between both genotypes in Zn-sufficient conditions. However, under
Zn-deficient conditions, SWHOO accumulated significantly higher 65Zn in grains than
IR69428, indicating that SWHOO is a better remobilizer than IR69428. When the roots
of these two Zn biofortication breeding lines were exposed to 65Zn solution at 10 days
after flowering, IR69428 showed higher root uptake of 65Zn than SWHOO in Zn-sufficient
conditions, but 65Zn allocation in the aerial parts of the plant was similar between both
genotypes.

Keywords: rice, continued root uptake, grain Zn, grain Zn loading, Zn biofortification, Zn deficiency tolerance,

Zn remobilization

INTRODUCTION
Enriching brown rice Zn concentration to the target of 30 mg
kg−1 set by the HarvestPlus program would provide 40% of
the estimated average requirement for preschool children and
non-pregnant and non-lactating women (Saltzman et al., 2013).
Achieving the target grain Zn concentration can be particularly
challenging under conditions of low available soil Zn, which often
occur with reduced conditions developed after flooding in paddy
fields (Johnson-Beebout et al., 2009). Therefore, understanding
the plant uptake, translocation, and loading of Zn to rice grains
is crucial, as this influences not only grain Zn but also the abil-
ity of a plant to grow and yield in Zn-deficient soil. Zn deficiency
tolerance (Zn-efficiency) of a rice genotype is known to be influ-
enced by several root- and shoot-related processes such as higher
root uptake of Zn, high root-to-shoot translocation of Zn, bio-
chemical use of Zn, subcellular compartmentation and enhanced
translocation of Zn from older to new tissues under Zn-deficient
conditions (Hacisalihoglu and Kochian, 2003; Impa and Johnson-
Beebout, 2012). Higher Zn uptake is often strongly related to Zn
deficiency tolerance and is known to be influenced by several root

related processes, such as efflux of phytosiderophores and low
molecular weight organic acids, proton exudation, mycorhizal
colonization, and formation of iron plaques on roots (Graham
and Rengel, 1993; Rose et al., 2013). The effectiveness of each of
these mechanisms is likely to vary depending on the soil envi-
ronment, genotype, and Zn status (Impa and Johnson-Beebout,
2012).

Accumulation of Zn in rice grains can occur through con-
tinued root uptake during grain filling stage and/or through
remobilization of earlier taken up and stored Zn from sources tis-
sues to grain. Unlike wheat, in rice the presence of continuous
xylem stream implies that remobilization of Zn may not con-
tribute significantly to grain Zn accumulation, provided there is
sufficient Zn supply to roots (Stomph et al., 2009). Jiang et al.
(2007) found that in aerobic rice genotypes grown in Zn sufficient
nutrient solution continued root uptake was the predominant
source of grain Zn accumulation. Contrastingly, according to
Wu et al. (2010) in a high grain Zn rice genotype most of
the Zn accumulated in grain was through remobilization from
sources tissues rather than continued root uptake during grain
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filling. Moreover, in rice Zn was found to be supplied directly
via phloem to grains and husks (Yoneyama et al., 2010). Our
previous results using a set of rice genotypes contrasting for
grain Zn, indicated that under sufficient Zn supply at the grain-
filling stage, plants predominantly take up Zn through roots and
transport it toward grain (Impa et al., 2013). Remobilization
of Zn from source tissues to grain usually occurs under either
Zn-deficient conditions or in plants with an accelerated rate
of senescence or high phloem mobility for Zn (Bukovac and
Wittwer, 1957; Kochian, 1991; Sperotto et al., 2009; Impa et al.,
2013). Moreover several transporters involved in enhancing grain
Zn accumulation in rice through either of these sources have
been identified (Sperotto et al., 2009, 2010; Johnson et al., 2011;
Lee et al., 2011; Bashir et al., 2012). Recently, Sperotto (2013),
proposed a model for grain Zn loading according to which
under Zn sufficient condition, grain Zn accumulation in rice
occurs mainly through continued root uptake during grain fill-
ing stage with very little contribution from remobilization of
Zn from stem and flag/upper leaf reserves. Whereas, under Zn
deficient condition both continued root uptake and remobi-
lization of Zn from source tissues contribute equally to grain
Zn loading.

The identification of the predominant modes of grain Zn
loading in rice genotypes would help breeders not only to iden-
tify donors for targeted Zn biofortification breeding but also to
optimize the time and method of Zn fertilizer application. If a
genotype predominantly depends on continued root uptake for
grain Zn loading, it would be important to make soil Zn more
available at later growth stages through Zn fertilization combined
with terminal drying prior to harvest in flooded paddy fields. If
a genotype has remobilization of Zn from source tissues as the
main source of grain Zn loading, it would be important to get
sufficient Zn into the plant early in the season through either soil
Zn fertilization during the vegetative stage or foliar Zn application
at heading or the early grain-filling stage (Boonchuay et al., 2013;
Mabesa et al., 2013). Genotypes with both efficient root uptake
of Zn during grain filling and remobilization of Zn from source
tissues would be the most preferred ones for enriching grain Zn,
because they would be expected to perform better across a vari-
ety of environments in which soil Zn can be available at different
times of the season.

From our previous study, it was predicted through mass bal-
ance calculations that under Zn-sufficient conditions continued
root uptake during grain filling was the predominant source of
grain Zn loading in most rice genotypes, whereas, in Zn-deficient

conditions, genotypes varied in their predominant source of grain
Zn loading, with some genotypes showing continued root uptake
as the predominant source while in others remobilization was
predominant (Impa et al., 2013). One of the major limitations
in predicting the predominant grain Zn loading sources through
mass balance calculation is the difficulty in tracking the actual
movement of Zn within different plant tissues. So, in the present
study, two Zn biofortification breeding lines with high grain-
Zn, namely, SWHOO and IR69428, contrasting in their sources
of grain Zn loading as predicted from mass balance data, were
selected for tracking the actual movement of Zn using 65Zn label-
ing to either leaves or roots. In addition, two other genotypes
contrasting in Zn deficiency tolerance, namely, KP and IR55179,
were selected to assess the movement of Zn from older leaves to
new leaves at the vegetative stage.

The two specific objectives investigated in the present study
were (1) to evaluate the effect of remobilization of Zn from old
to new leaves on Zn deficiency tolerance and (2) to determine
the predominant source of grain Zn loading (remobilization vs.
continued root uptake) in high-grain-Zn genotypes. In particu-
lar, the following hypotheses were tested: (H1) Remobilization of
Zn from old to new leaves would be higher in a Zn-deficiency-
tolerant genotype (IR55179) than in a Zn-deficiency-sensitive
genotype (KP) in Zn-deficient conditions. (H2.1) In some high-
grain-Zn genotypes, remobilization of Zn from leaves could be
the major source of Zn to grains whether in Zn-deficient or Zn-
sufficient conditions. (H2.2) Less Zn remobilization from leaves
to grain during grain filling in some of the high-grain-Zn geno-
types is associated with continued Zn uptake through roots under
Zn-sufficient conditions.

MATERIALS AND METHODS
PLANT MATERIAL
The seeds were obtained from the Plant Breeding, Genetics,
and Biotechnology (PBGB) Division of the International Rice
Research Institute (IRRI), Philippines. The full names of the
genotypes, their designations and their descriptions are given in
Table 1.

PLANT GROWTH
The experiments were carried out in the Eidgenössische
Technische Hochschule (ETH) growth chamber facility, at
Eschikon, near Zürich, Switzerland. The plants were grown in an
11 h/13 h day/night cycle at a temperature of 30 and 23◦C and rel-
ative humidity of 60 and 70% during day and night, respectively.

Table 1 | Initial seed Zn concentration (mg kg−1) and descriptions of the rice genotypes used in the experiments.

Genotype name Designation Seed Zn concentration Description

before sowing (mg kg−1)

SWHOO SWHOO 30 Zn biofortification donor

IR69428-6-1-1-3-3 (IR68150 × IR65600-1-3-2) IR69428 23 Zn biofortification breeding line

IR55179-3B-11-3 (IR4630-22-2-5-1-3 × Nona Bokra) IR55179 18 Tolerant of Zn deficiency

Kinandang Patong KP 20 Sensitive to Zn deficiency

Seed includes hull and brown rice. Parents of breeding lines are given in parentheses.
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All the plasticware and glassware were thoroughly washed with
soap solution in a dishwasher, soaked in 10% HNO3 for 2 h
and then rinsed twice with deionized water to make them Zn-
free prior to the experiment. Initially, the seeds were kept for
germination on a moist filter paper in petri dishes kept in the
dark at 23 ± 1◦C for 5 days. The sprouted seeds were floated
on 0.5 mM CaCl2 solution with 10 μM iron sodium ethylene-
diamine-tetra-acetate (FeNaEDTA) for 1 week. The seedlings
were then transferred to pots filled with half-strength modified
Yoshida nutrient solution (YNS) without Zn for 1 week and
later on transferred to half-strength YNS with the respective Zn
treatments for a week. The composition of modified YNS at full
strength is as follows: 1.77 mM NH4NO3, 0.32 mM NaH2PO4 ·
2H2O, 0.5 mM K2SO4, 1 mM CaCl2 · 2H2O, 1 mM MgSO4 ·
7H2O, 9 μM MnCl2 · 4H2O, 0.5 μM (NH4)6Mo7O24 · 4H2O,
18.5 μM H3BO3, 0.16 μM CuSO4 · 5H2O, 36 μM FeNaEDTA
(Impa et al., 2013). Zn was supplied at 0.005 μM and 1.5 μM
ZnSO4 · 7H2O to establish Zn-deficient and Zn-sufficient con-
ditions, respectively. The pots were replenished with fresh YNS
once every 3 or 4 days. Further, the seedlings were transferred to
agar nutrient solution (ANS) containing 0.1% agar in modified
full-strength YNS with Zn supplied to establish Zn-deficient and
Zn-sufficient conditions. The day when the plants were first trans-
ferred to ANS medium is considered as day 0 (0 days after planting
in ANS) for all the reported data. The pH of the ANS was adjusted
to 8 with NaOH. The pots were arranged in a randomized com-
plete block design and ANS in these pots was replenished once
every 14 days. The lids of the 10-L-capacity plastic pots used in
the experiment had eight openings to fit the plants.

EXPERIMENT-1
Two rice genotypes, IR55179 (Zn-deficiency-tolerant) and KP
(Zn-deficiency-sensitive), were grown in ANS with sufficient and
deficient Zn as described above. Before leaf labeling with 65Zn,
10 plants or replications from each genotype were destructively
sampled to estimate the total biomass and Zn concentrations in
different plant tissues. Leaf labeling was done at 21 days after
growing the plants in ANS (DAP), wherein the top fully expanded
leaf on main tiller was dipped in 5 mL of 600 kBq 65Zn solution in
an Eppendorf tube for 10 s. The 65Zn solution contained around
13.5 μCi 65Zn taken in an eppendorf tube, along with 10% Tween
80 and volume made up to 5 mL using sterile water. The same
procedure was repeated the next day for 20 s. Leaf labeling was
done in three plants or replications for each treatment and geno-
type. The plants were harvested at 3 weeks after labeling. Another
set of plants with three replications each in Zn-sufficient and Zn-
deficient conditions was maintained unlabeled and harvested at
42 DAP. After harvest, the unlabeled plants were oven-dried at
80◦C until constant weight was obtained. The dry plant tissue
samples were digested in HNO3, followed by H2O2 to extract
Zn (Huang and Schulte, 1985), and the digests were analyzed for
Zn by inductively coupled plasma-optical emission spectrometry
analysis (VISTA-MPX, CCD, and Simultaneous ICP-OES). For
the wet digestion of plant tissues, around 200 mg of dry pow-
der of unlabeled plant tissues was weighed in digestion tubes, to
which 15 mL of 65% HNO3 was added, and the tubes were kept in
heating blocks with a temperature of 120◦C for 90 min. After this,

the digestion tubes were allowed to cool for 30 min under a fume
hood and around 3 mL of 30% H2O2 was added to the digestion
tubes. After another cycle of heating for 90 min at 120◦C and cool-
ing for 30 min, the digests were analyzed as the acid digests for Zn
by ICP-OES. The labeled plants after harvest were oven-dried at
50◦C for 3 days, weighed and analyzed for 65Zn in roots, stems
and leaves using γ-spectrometry (high purity germanium detec-
tors, ORTEC, USA, with adjusted calibration for the geometry for
the plant samples).

EXPERIMENT-2
Two high-grain-Zn genotypes (IR69428 and SWHOO) were
grown in ANS with sufficient Zn until 30 DAP. Before leaf
labeling, initial destructive biomass sampling of 10 plants or repli-
cations each from both genotypes was done to estimate the total
biomass and Zn concentration in different plant tissues. Leaf
labeling was done at 30 DAP (which is approximately 2 weeks
before panicle initiation) by dipping the top fully expanded leaf
on main tiller for 10 s into an Eppendorf tube filled with 5 mL of
600 kBq 65Zn solution. The same procedure was repeated the next
day for 20 s. After labeling, a set of plants (three replications for
each genotype) was grown in Zn-deficient ANS and another set
(three replications for each genotype) in Zn-sufficient ANS until
maturity. In addition, three replicate plants per genotype were
also maintained unlabeled in each Zn treatment. All the plants
were harvested at physiological maturity (around 122 and 143
DAP for SWHOO and IR69428, respectively). The processing of
harvested plants for dry weight, Zn concentration, and 65Zn dis-
tribution was similar to Experiment-1 except that the harvested
plants were separated into roots, stems, leaves, rachis, and grains.

EXPERIMENT-3
Two high-grain-Zn genotypes (IR69428 and SWHOO) were
grown in ANS with sufficient Zn until the early grain filling
stage. Before initiating root labeling with 65Zn, initial destruc-
tive biomass sampling of five plants or replications each from
both genotypes was done to estimate the total biomass and ini-
tial Zn concentration in different plant tissues. Three plants or
replications from both the genotypes were root labeled with 65Zn
at the early grain-filling stage, i.e., 10 days after 50% flowering
(93 and 123 DAP for SWHOO and IR69428, respectively), during
which the plant roots were exposed to 185 kBq 65Zn in 500 mL
of YNS with 1.5 μM ZnSO4 · 7H2O for 24 h. After exposure to
65Zn for 24 h, the labeled roots were washed with deionized water
for 1 min, followed by washing in ice-cold desorption solution
containing 100 μM ZnSO4 · 7H2O for 15 min. The roots were
again washed with deionized water for 1 min before putting the
plants back in ANS with sufficient Zn until maturity. The plants
were always (before and after labeling) maintained under Zn-
sufficient conditions so that there was enough Zn for root uptake
and to make sure that the contribution of remobilization to grain
Zn loading was minimal. In addition, three replicate plants per
genotype were also maintained unlabeled until maturity. The
plants were harvested at physiological maturity. The processing of
harvested plants for dry weight, Zn concentration, and 65Zn dis-
tribution was similar to Experiment-1 except that the harvested
plants were separated into roots, stems, leaves, rachis, and grains.
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The grains of unlabeled plants were manually dehulled and the Zn
concentration in both brown rice and hull was quantified through
ICP-OES.

STATISTICAL ANALYSIS
Analysis of variance (ANOVA) was performed using R/aov [R
version 2.11.0 (2010-04-22)]. Within a data set, means were
compared by the least significant difference (LSD) method.
Zn efficiency was calculated by the ratio of shoot dry weight
under Zn-deficient conditions to shoot dry weight under Zn-
sufficient conditions and was expressed in percentages (Rengel
and Graham, 1996). Total Zn content in a specific plant tissue
was calculated as the product of the tissue’s Zn concentration and
its dry weight. Root-to-shoot Zn translocation index was calcu-
lated as the ratio of total shoot Zn content to total Zn content
per plant (Rengel and Graham, 1996). The percent distribution
of 65Zn accumulated among different plant parts was calculated
excluding the labeled part of the leaf (the part of the leaf that was
dipped in 5 mL of 600 kBq 65Zn solution) as it retained 80–90%
of the total 65Zn in plants.

RESULTS
EXPERIMENT-1
The relative distribution of accumulated 65Zn in new leaves
was similar in both genotypes under Zn-sufficient conditions,
whereas, under Zn-deficient conditions, IR55179 showed signif-
icantly higher accumulation of 65Zn than KP (Figure 1). There
was no significant difference between the genotypes for per-
cent distribution of accumulated 65Zn in the remainder of the
labeled tiller in both Zn-sufficient and Zn-deficient conditions
(Figure 1). In labeled plants, 65Zn activity was seen in new leaves
that emerged on the same tiller after labeling and also in the
remainder of the labeled tiller but not in other shoots and roots.

Genotypes differed significantly in their Zn efficiency (indi-
cator of Zn deficiency tolerance) at 21 and 42 DAP in ANS
(Figure 2), with IR55179 showing significantly higher Zn effi-
ciency than KP at both growth stages. Zn efficiencies of IR55179
and KP at 21DAP was around 65 ± 2.7 and 50 ± 2.4 respec-
tively and at 41 DAP was around 60 ± 2.3 and 20 ± 2.2
respectively. At 21 DAP, both genotypes showed significantly
lower root and shoot Zn concentration and root-to-shoot Zn

translocation index in Zn-deficient conditions than in Zn-
sufficient conditions (Table 2). At this growth stage, both geno-
types showed similar tissue Zn concentration in Zn-deficient
conditions, whereas, in Zn-sufficient conditions, IR55179 showed
higher root and shoot Zn concentration than KP. At 42
DAP, root Zn concentration in IR55179 did not vary between
the Zn treatments, whereas KP showed a significantly lower
root Zn concentration in Zn-deficient conditions than in Zn-
sufficient conditions (Table 2). Significant treatment differences
were noticed for shoot Zn concentration in both genotypes at
42 DAP. In Zn-deficient conditions, IR55179 showed signifi-
cantly higher root-to-shoot Zn translocation index than KP at
42 DAP.

EXPERIMENT-2
Stem + leaves of labeled tillers showed significantly higher
percentages of 65Zn accumulation than the other plant parts,

FIGURE 2 | Zn efficiency (%) of unlabeled rice genotypes at different

growth stages in Experiment-1. Note: “∗” indicates significant difference
between the genotypes within a growth stage at p ≤ 0.05. Error bars
indicate ± SE (n = 10 at 21 DAP and n = 3 at 42 DAP). Zn efficiency was
calculated by the ratio of shoot dry weight under Zn-deficient conditions to
shoot dry weight under Zn-sufficient conditions and is expressed in
percentages.

FIGURE 1 | Distribution of 65Zn at 3 weeks after vegetative-stage

leaf labeling in different plant parts of rice genotypes grown

under Zn-sufficient and Zn-deficient conditions in Experiment-1.

Bars with different letters are significantly different between the two
genotypes for a given plant tissue at 5% LSD. Error bars indicate ±
SE (n = 3).
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Table 2 | Zn concentrations of different plant parts and root-to-shoot Zn translocation of unlabeled rice genotypes at 21 and 42 days after

planting (DAP) under Zn-sufficient and Zn-deficient ANS in Experiment-1.

Growth stage Genotype Zn treatment Root Zn concentration Shoot Zn concentration Root-to-shoot Zn

(mg kg−1) (mg kg−1) translocation index (%)

21 DAP IR55179 Zn-sufficient 52a ± 4.0 76a ± 7.5 77.7a ± 2
Zn-deficient 26c ± 0.4 11c± 0.4 52.4b ± 1

KP Zn-sufficient 40b ± 2.0 54b ± 1.7 78.9a ± 1
Zn-deficient 26c ± 0.5 12c ± 0.4 54.0b ± 1

Genotype p = 0.01 p = 0.03 NS
Treatment p < 0.001 p < 0.001 p < 0.001

Genotype × treatment p = 0.015 p = 0.003 NS
5% LSD (Zn × G) 6 10 4.5

42 DAP IR55179 Zn-sufficient 24.3a ± 1.3 23.1a ± 1 65.8b,c ± 3
Zn-deficient 23.4a ± 3.4 16.0b,c ± 3 89.0a ± 1

KP Zn-sufficient 22.0a ± 1.0 22.0a,b ± 3 73.4b ± 2
Zn-deficient 17.0b ± 0.3 9.4c ± 1 57.2c ± 4

Genotype p = 0.009 NS p = 0.03
Treatment p = 0.03 p = 0.002 NS

Genotype × treatment NS NS p = 0.001
5% LSD (Zn × G) 3.9 6.7 11.5

Zn × G, Zn treatments × genotype. Values with different letters in a column within a growth stage are significantly different at 5% LSD. Shoot includes leaf blade,

sheath and stem. The values given are means ± SE (n = 10 for 21 DAP and n = 3 for 42 DAP).

followed by grains of labeled tillers (Figure 3). The rachis and
grains of other tillers showed significantly lower percentages of
65Zn accumulation than other plant parts. In both Zn treat-
ments, SWHOO showed higher 65Zn accumulation in grains of
labeled tillers than IR69428 (Figure 3). SWHOO also showed
significantly lower 65Zn distribution in shoots of labeled tillers.
Percent 65Zn accumulation in grains did not differ between the
two Zn treatments in IR69428, whereas SWHOO exhibited sig-
nificantly higher 65Zn accumulation in grains under Zn-sufficient
conditions than in Zn-deficient conditions. Apart from the leaves,
stems, grains, and rachis of labeled tillers, 65Zn activity was found
in the grains of unlabeled tillers but not in the roots, leaves, and
stems of unlabeled tillers. The labeled part of the leaf retained
80–90% of the total 65Zn in plants, so it was excluded while cal-
culating the percent 65Zn distribution in different parts of the
plant.

At 30 DAP, there was no significant difference between the
genotypes in root, stem + sheath, and leaf blade Zn concen-
tration in Zn-sufficient conditions (Table 3). At maturity, both
genotypes showed significantly lower root, stem + sheath, and
leaf blade Zn concentration in Zn-deficient conditions than in
Zn-sufficient conditions. Leaf blade Zn concentration at matu-
rity differed significantly between the genotypes in Zn-sufficient
conditions, but not in Zn-deficient conditions. IR69428 showed
a significantly lower brown rice Zn concentration in Zn-deficient
conditions than in Zn-sufficient conditions, whereas brown rice
Zn concentration in SWHOO did not differ significantly between
the Zn treatments (Table 3). The rachis and hull showed lower
Zn concentration than brown rice in both genotypes in both Zn
treatments.

FIGURE 3 | Distribution of leaf-labeled 65Zn among different plant

parts measured at maturity in Experiment-2. Bars with different
letters represent significant differences between genotypes for each
trait at 5% LSD. The values above the horizontal lines represent the
average of relative 65Zn accumulation by different plant parts and
different letters indicate significant difference at 5% LSD. Grains include
brown rice and hull.
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Table 3 | Zn concentration in different plant parts of unlabeled rice genotypes at different growth stages under Zn-sufficient and Zn-deficient

ANS in Experiment-2.

Zn concentration in individual plant parts (mg kg−1)

Growth stage Genotype Zn treatment Root Stem + sheath Leaf blade Rachis Hull Brown rice

30 DAP IR69428 Zn-sufficient 20.8a ± 1 26.7a ± 2 21.5a ± 1.0 – – –
SWHOO 20.7a ± 1 21.9a± 2 21.5a ± 0.4 – – –

Genotype NS NS NS
5% LSD (G) 2.4 4.9 3.4

Maturity IR69428 Zn-sufficient 66.2a ± 9 19.5a ± 3 19.0a ± 0.5 11a 12a 31a± 1
Zn-deficient 33.5b ± 6 10.5b ± 0.7 14.5c ± 1 17a 8a 18b ± 1

SWHOO Zn-sufficient 52.4a,b ± 10 19.4a ± 2 13.0b ± 1 17a± 5 15a ± 3 35a ± 5
Zn-deficient 31.6b ± 3 10.0b ± 1 12.0c ± 1 8a ± 0.4 7a ± 0.4 28a,b ± 1

Genotype NS NS p < 0.001 NS NS p = 0.029
Treatment p = 0.01 NS p = 0.006 NS NS p = 0.02

Genotype × treatment NS p = 0.001 NS NS NS NS
5% LSD (G × Zn) 26.5 6 2.3 13 13 10

DAP, days after planting in ANS. Values given are averages of 10 replications at 30 DAP and three replications at maturity. Values with different letters are significantly

different between genotypes within a growth stage for each trait at 5% LSD (G × Zn, genotype × Zn treatment).

EXPERIMENT-3
The roots of IR69428 accumulated significantly higher amounts
of 65Zn than those of SWHOO, but both genotypes accumu-
lated similar amounts of 65Zn in the aerial parts, including grains
(Figure 4). Dry leaves did not have any 65Zn, whereas the green
leaves and rachis had very little 65Zn in both genotypes (Figure 4).
There was no significant difference between the 65Zn content
of distal and apical grains. In unlabeled plants, both genotypes
showed similar root Zn concentration at 10 days after 50% flow-
ering (Table 4). IR69428 showed higher Zn concentration and %
Zn allocation in the leaf blade than SWHOO, while the opposite
was found in the panicles (Table 4). At maturity, IR69428 showed
lower root Zn concentration than SWHOO, which is contrast-
ing to the root Zn concentration between these two genotypes in
Experiment-2, but % Zn allocation in roots was similar between
both genotypes (Table 4). SWHOO showed lower Zn concentra-
tion and % Zn allocation in green leaf blades than IR69428, while
the Zn concentration and % Zn allocation in brown rice were
higher in SWHOO than in IR69428 at maturity. There was no
difference between distal and apical brown rice Zn concentration
and % Zn allocation in either of the genotypes (Table 4).

DISCUSSION
Zn DEFICIENCY TOLERANCE
KP showed significantly lower Zn efficiency than IR55179 at the
vegetative stage, which is consistent with the results of our previ-
ous study (Impa et al., 2013). The higher root and shoot Zn con-
centration of IR55179 than of KP in Zn-sufficient conditions and
a similar root and shoot Zn concentration between these geno-
types under Zn-deficient conditions at 21 DAP (Table 2) could
be due to the overall higher biomass accumulation in KP (2.1
and 9.3 g plant−1 at 21 and 42 DAP respectively) than in IR55179
(1.6 and 7.2 g plant−1 at 21 and 42 DAP respectively) under Zn-
sufficient conditions and a greater reduction in biomass of KP

FIGURE 4 | Distribution of root-labeled 65Zn among different plant

parts at maturity in Experiment-3. Note: “∗” indicates significant
difference between the genotypes for a tissue at 5% LSD.

under Zn-deficient conditions than in Zn-sufficient conditions
(Table A1), resulting in lower Zn efficiency of KP than of
IR55179. Wide variation among rice genotypes in their Zn defi-
ciency tolerance has been noticed in several studies (Quijano-
Guerta et al., 2002; Wissuwa et al., 2006; Impa et al., 2013). The
higher distribution of 65Zn in new leaves of IR55179 than of
KP under Zn-deficient conditions indicates a higher remobiliza-
tion of Zn from labeled leaves to new leaves in IR55179 than
in KP (Figure 1), although both genotypes had a similar shoot
Zn concentration within a treatment at the time of leaf labeling,
i.e., 21 DAP (Table 2). Moreover, KP showed lower remobiliza-
tion of 65Zn from labeled leaves to new emerging leaves under
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Table 4 | Zn concentration and percent Zn allocation in different plant parts of unlabeled plants at different growth stages in Experiment-3.

Growth stage Plant parts Zn concentration (mg kg−1) % Zn allocation in different plant parts

IR69428 SWHOO IR69428 SWHOO

Ten days after 50% flowering Root 50.3 ± 8 48.8 ± 6 30.6 25.9

Stem + sheath 20.0 ± 2 26.7 ± 4 45.5 45.9

Leaf balde 22.5 ± 1 16.6 ± 2 17.2 9.0

Panicle 30.6 ± 2 41.4 ± 3 6.7 19.0

Maturity Root 16.6 ± 3.0 30.2 ± 4 12.6 14.0

Stem + sheath 14.9 ± 0.3 19.6 ± 4 50.7 46.2

Dry leaves (blade) 19.2 ± 0.5 22.8 ± 3 14.3 4.8

Green leaves (blade) 30.0 ± 6.0 13.8 ± 1 6.8 3.6

Rachis 15.4 ± 2.3 19.0 ± 6 0.8 1.0

Hull 17.5 ± 2.5 14.0 ± 2 1.4 2.7

Distal brown rice 23.8 ± 1.0 28.3 ± 5 6.2 14.6

Apical brown rice 23.8 ± 0.5 30.2 ± 5 7.0 13.0

Values are averages of five replications at 10 days after 50% flowering and three replications at maturity.

Zn-deficient conditions than in Zn-sufficient conditions. This
could be due to the very low Zn in labeled leaves in Zn-deficient
conditions and most of the absorbed 65Zn is probably strongly
bound to cell constituents that could not be remobilized, and sim-
ilar results were also noticed in wheat by Kutman et al. (2011).
Such differences in remobilization of Zn from old leaves to new
leaves between the genotypes was not noticed under Zn-sufficient
conditions, as there was enough unlabeled Zn in the growth
medium for plant uptake and translocation. The inability of KP
to remobilize 65Zn from labeled leaves to newly emerging leaves
could be one of the reasons for its higher sensitivity to Zn defi-
ciency. In IR55179, in addition to higher remobilization of Zn
from older to new leaves (H1), a higher root-to-shoot translo-
cation of Zn than in KP (Table 2) resulted in higher tolerance of
Zn deficiency.

GRAIN Zn LOADING
Remobilization of Zn from source tissues to grain during grain filling
The lower 65Zn distribution in shoots and higher distribution in
grains of labeled tillers upon leaf labeling with 65Zn in SWHOO
than in IR69428 (Figure 3) indicates greater remobilization of
Zn from stems or leaves to grains in SWHOO than in IR69428
in both Zn treatments. Remobilization of Zn from source tis-
sue to grains was also found to be the predominant source of
grain Zn loading in high grain Zn rice genotype IR68144 (Wu
et al., 2010). In this experiment, the plants were grown under
Zn-sufficient conditions until 30 DAP in ANS and then trans-
ferred to Zn-sufficient or Zn-deficient treatments. The similar
brown rice Zn concentration between SWHOO and IR69428 in
Zn-sufficient conditions and a lower brown rice Zn concentra-
tion in IR69428 than in SWHOO under Zn-deficient conditions
(Table 3) indicates that, in Zn-deficient conditions, SWHOO was
able to remobilize Zn taken up and stored earlier in leaves or tillers
when the plants were grown in Zn-sufficient conditions until 2
weeks before panicle initiation. Moreover, SWHOO maintained
a similar brown rice Zn concentration between Zn-sufficient

and Zn-deficient conditions, unlike IR69428, which showed sig-
nificantly lower brown rice Zn concentration in Zn-deficient
conditions, indicating that IR69428 was unable to efficiently
remobilize Zn taken up earlier and stored in source tissues, even
when the plants were grown in Zn-deficient conditions. These
results suggest that, in SWHOO, remobilization is the predom-
inant source of grain Zn loading (H2.1), but that IR69428 has
only limited ability to remobilize Zn from leaves to grains. On
the contrary, Jiang et al. (2007) found that in aerobic rice geno-
types continued root uptake contributed significantly to grain Zn
accumulation and remobilization of Zn from leaves was not that
important.

Continued root uptake of Zn during grain filling
Both genotypes accumulated 65Zn when roots were exposed to
65Zn at 10 days after 50% flowering, indicating that the roots con-
tinued to take up Zn even after flowering (Figure 4). Similarly,
continued root uptake of Zn even after flowering stage has been
observed in aerobic rice genotypes irrespective of Zn status of
plants (Jiang et al., 2007). Even though both genotypes had sim-
ilar root dry weight and root length at the time of root labeling
(Table A2), IR69428 roots absorbed around 5-fold higher 65Zn
than SWHOO, indicating a higher root uptake of Zn during the
grain-filling period in IR69428 than in SWHOO (H2.2). Most
of the Zn taken up by IR69428 accumulated in roots rather
than being transported to aerial parts, indicating that, in spite of
increased root Zn uptake in IR69428 during grain filling, it did
not readily translocate it from roots to shoots. In Experiment-
3, we observed contradictory results for root Zn concentration
between labeled and unlabeled Zn at maturity. Unlabeled root Zn
concentration in IR69428 was lower than in SWHOO (Table 4),
whereas 65Zn concentration in roots was significantly higher in
IR69428 than in SWHOO. And, this difference could be due to
the fact that 65Zn uptake began only at the grain-filling stage but
unlabeled Zn uptake started from the seedling stage. The geno-
types were apparently similar in their root Zn uptake at the earlier
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stage, with the genotype difference appearing only at later growth
stages.

In conclusion, Zn-efficient line IR55179 showed significantly
higher remobilization of 65Zn from older to new leaves and
root-to-shoot Zn translocation than KP, suggesting that Zn dis-
tribution to active growing parts enhanced Zn efficiency. High-
grain-Zn line SWHOO exhibited higher remobilization of Zn
from source tissue to grain than IR69428 in both Zn-deficient and
Zn-sufficient conditions. This indicates that rice genotypes vary
in their phloem mobility of Zn from leaves to grain. There was
a higher root uptake of Zn in IR69428 than in SWHOO at the
grain-filling stage, but the Zn taken up by IR69428 accumulated
in roots rather than being transported to grains. The findings of
this paper would help in identifying donors for location specific
breeding for Zn deficiency tolerance and Zn biofortication and
thereby further crop improvement.
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APPENDIX

Table A1 | Growth parameters of unlabeled rice genotypes at different growth stages and Zn treatments in experiment-1.

Growth Genotype Treatment Plant height Root length Shoot dry Root dry Total dry

stages (cm) (cm) weight (g plant−1) (g plant−1) matter (g plant−1)

21 DAP IR55179 Zn-sufficient 50b ± 1.6 22b ± 0.7 1.1b ± 0.14 0.5b ± 0.05 1.6b ± 0.18

Zn-deficient 40c ± 0.6 18c ± 0.6 0.7c ± 0.05 0.3c ± 0.03 1.0c ± 0.07

KP Zn-sufficient 68a ± 1.2 26a ± 0.5 1.6a ± 0.09 0.6a ± 0.04 2.1a ± 0.12

Zn-deficient 52b ± 1.0 23b ± 0.7 0.8c ± 0.04 0.3c ± 0.02 1.0c ± 0.06

Genotype p < 0.001 p < 0.001 p = 0.002 p = 0.05 p = 0.005

Treatment p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

Genotype × treatment p = 0.01 NS NS NS NS

5% LSD (Zn × G) 3 2 0.2 0.1 0.3

42 DAP IR55179 Zn-sufficient 54b ± 0.3 34a ± 0.6 4.8b ± 0.2 2.4a ± 0.06 7.2b ± 0.2

Zn-deficient 39c ± 1.2 17b ± 1.2 2.7c ± 0.1 0.2c ± 0.02 2.9c ± 0.1

KP Zn-sufficient 72a ± 2.0 43a ± 5.2 6.9a ± 0.2 2.4a ± 0.08 9.3a ± 0.2

Zn-deficient 54b ± 2.5 40a ± 0.7 1.3d ± 0.2 0.6b ± 0.08 1.9d ± 0.2

Genotype p < 0.001 p = 0.001 p = 0.04 p = 0.02 p = 0.008

Treatment p < 0.001 p = 0.009 p < 0.001 p < 0.001 p < 0.001

Genotype × treatment NS p = 0.05 p < 0.001 NS p < 0.001

5% LSD (Zn × G) 6 10 0.5 0.3 0.5

DAP, days after planting in ANS. Zn × G, Zn treatment × genotype. Values with different letters in a column within a growth stage are significantly different at 5%

LSD. Shoot = leaf lamina + sheath + stem. The values given are means ± SE (n = 10 for 21 DAP and n = 3 for 42 DAP).

Table A2 | Growth parameters of unlabeled rice genotypes in Zn-sufficient conditions in experiment-3.

Trait Ten days after 50% flowering Maturity

SWHOO IR69428 SWHOO IR69428

Plant height (cm) 77 ± 3 78 ± 6 80 ± 3 79 ± 3

Root length (cm) 43 ± 2 48 ± 2 41 ± 0.9 54 ± 5

Tiller number (plant−1) 8 ± 0.7 4 ± 0.4 6 ± 1 5 ± 0.6

Root dry weight (g plant−1) 4 ± 1 4 ± 0.8 5 ± 1 4 ± 1.6

Stem dry weight (g plant−1) 12 ± 0.6 16.4 ± 2 13 ± 1 19 ± 0.4

Dry leaf dry weight (g plant−1) – – 1 ± 0.3 4 ± 0.2

Green leaf dry weight (g plant−1) 4 ± 0.4 6 ± 0.7 2 ± 0.5 2 ± 0.8

Panicle dry weight (g plant−1) 3 ± 0.7 2 ± 0.1 – –

Rachis dry weight (g plant−1) – – 0.3 ± 0.03 0.3 ± 0.06

Hull dry wieght (g plant−1) – – 1 ± 0.2 0.5 ± 0.09

Apical grain weight (g plant−1) – – 3 ± 0.5 2 ± 0.2

Distal grain weight (g plant−1) – – 3 ± 0.4 2 ± 0.04
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Switchgrass (Panicum virgatum L) is perennial, C4 grass with great potential as a
biofuel crop. An in-depth understanding of the mechanisms that control mineral uptake,
distribution and remobilization will benefit sustainable production. Nutrients are mobilized
from aerial portions to below-ground crowns and rhizomes as a natural accompaniment to
above-ground senescence post seed-set. Mineral uptake and remobilization is dependent
on transporters, however, little if any information is available about the specific transporters
that are needed and how their relative expression changes over a growing season. Using
well-defined classes of mineral transporters, we identified 520 genes belonging to 40
different transporter classes in the tetraploid switchgrass genome. Expression patterns
were determined for many of these genes using publically available transcriptomic
datasets obtained from both greenhouse and field grown plants. Certain transporters
showed strong temporal patterns of expression in distinct developmental stages of the
plant. Gene-expression was verified for selected transporters using qRT-PCR. By and
large these analyses confirmed the developmental stage-specific expression of these
genes. Mineral analyses indicated that K, Fe, Mg, Co, and As had a similar pattern of
accumulation with apparent limited remobilization at the end of the growing season. These
initial analyses will serve as a foundation for more detailed examination of the nutrient
biology of switchgrass.

Keywords: bioenergy, crowns and rhizomes, growing-season, mineral transporters, nutrients, Panicum virgatum,

switchgrass, qPCR

INTRODUCTION
Plant mineral composition depends on uptake and translocation
of minerals from the rhizosphere, through the root-shoot junc-
tion (crown), and into the aboveground tissues. These processes
are influenced by both environmental and genotypic factors. In
the perennial plant growth cycle, certain minerals can be recy-
cled or remobilized from senescing tissues in the autumn, stored
in perennial tissues during winter dormancy, and then remo-
bilized and translocated to growing tissues in the spring. In
switchgrass (Panicum virgatum L.), the stems and leaves sur-
vive for 1 year, while perennial tissues including the crowns,
rhizomes, and older roots survive for much longer periods of
time. The crown and rhizome tissues connect the root system
to the shoot system, thus, minerals that are remobilized from
annual or perennial tissues must pass through the crown tissue.
These tissues can also serve as repository for remobilized nutri-
ents at the end of the growing season. Thus, mineral uptake
and recycling are cornerstones for the sustainable production
of biomass from switchgrass and other perennial herbaceous
bioenergy crops.

In Arabidopsis thaliana, concentrations of several minerals
were highest in young tissues (Waters and Grusak, 2008), suggest-
ing that stage of harvest may be important for mineral concentra-
tion in plant tissues. In switchgrass, harvests during late vegetative
stage or during summer had substantially higher P, Cl, K, and S
than at post-senescence stage (Reynolds et al., 2000; Vogel et al.,
2002; Dien et al., 2006; Lemus et al., 2009; Yang et al., 2009),
demonstrating that these compounds are remobilized from leaf
and stem tissue. Genotypic differences in remobilization were
shown to be present (Reynolds et al., 2000; El-Nashaar et al., 2009;
Yang et al., 2009).

The most abundant minerals in above ground switchgrass tis-
sues are Si, K, Cl, Ca, and P (Monti et al., 2008; El-Nashaar et al.,
2009). While several minerals are remobilized from aboveground
biomass during senescence in switchgrass, some abundant miner-
als are not, such as Si, Ca, and Mg (Dien et al., 2006; Lemus et al.,
2009; Yang et al., 2009). Feedstock quality requirements depend
on the conversion platform (Sarath et al., 2008; Vogel et al., 2011)
and pyrolysis and other thermochemical platforms will bene-
fit from feedstocks that contain high lignin and low levels of N
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and alkali metals (Patwardhan et al., 2010). Reducing minerals
such as Si will lower ash content as well. A number of genes
that contribute to root uptake of Ca and Mg (Karley and White,
2009; Waters, 2011), and transporters for Si uptake and distribu-
tion (Ma et al., 2006; Yamaji et al., 2008; Yamaji and Ma, 2009)
have been identified in grasses. Currently, no whole genome-
scale annotation and transcriptomic information for mineral and
related transporter genes are available in switchgrass, however,
this data would be useful to correlate specific genes with mineral
accumulation.

Increased understanding of genes that impact mineral acqui-
sition, transport and recycling in switchgrass can be used to
improve both the genetics and management of switchgrass as
a high-yielding biomass crop. Mineral transporters will be key
players in these processes, as transport into and out of cells and
organelles are the molecular events that underlie cellular storage
and whole-plant translocation or recycling of minerals. Mineral
transporter families have been studied extensively in species such
as Arabidopsis and rice, providing gene sequence data to pre-
dict identity and function of unknown transcripts from other
species. In switchgrass, no molecular studies of transporter genes
have been conducted. Understanding of the interactions in uptake
and remobilization between different minerals over the course of
a growing season is limited for switchgrass. The release of the
switchgrass genome (PviDraft0.0) by the Joint Genomes Institute
(www.phytozome.org) (Goodstein et al., 2012) has greatly facili-
tated the discovery and annotation of genes and gene families in
switchgrass (Saathoff et al., 2013).

The long-term goal of our research is to develop and uti-
lize genotyping and phenotyping tools that can significantly
enhance the breeding of switchgrass (Panicum virgatum L.) as
a sustainable bioenergy crop for marginal crop lands (Vogel
et al., 2011). Our objectives in this study were to use next-
generation sequencing data to discover, annotate and quantify
expression of switchgrass genes that are potentially involved with
mineral transport in switchgrass. Here, we have combined bioin-
formatics and real-time qRT-PCR to classify transporter gene
families in switchgrass and to identify specific genes that show
altered expression over the growing season. We also used min-
eral analysis to quantify seasonal concentration changes in crown
tissues.

MATERIALS AND METHODS
GENE DISCOVERY
Known mineral and nutrient transporters in Arabidopsis thaliana
were used to identify putative homologs in Panicum virgatum,
Sorghum bicolor, and Setaria italica based on protein similarity
using BLASTp (Altschul et al., 1990, 1997) and the respective ref-
erence genomes for each plant (www.phytozome.org) (Paterson
et al., 2009; Bennetzen et al., 2012; Goodstein et al., 2012). A max-
imum e-value of 1 × 10−25 and minimum alignment of 50% were
used as thresholds in filtering the BLASTp results for putative
homolog identification.

PHYLOGENETIC ANALYSES
Cladograms were generated for genes of selected Arabidopsis
and putative switchgrass transporter families. Sequences were

analyzed for phylogenetic relationships using Phylogeny.fr
(Dereeper et al., 2008).

Publically available 454 transcriptome sequencing datasets
were used to generate expression profiles for identified putative
mineral and nutrient transporters in switchgrass as described
previously (Saathoff et al., 2013). 454 sequence reads were
aligned to the draft switchgrass transcriptome using Bowtie2
(Langmead and Salzberg, 2012) and gene counts calculated
using HTSeq-Count version 0.5.1p2 (https://pypi.python.org/
pypi/HTSeq). Expression counts were normalized through con-
version from raw counts to RPKM (reads per kilo base exon per
million mapped reads).

HEAT MAPS AND CLUSTERING
Heat maps were generated using estimated 454 expression data
and two-way hierarchical clustering with JMP 9.0 (SAS Institute
Inc., Cary, NC). RPKM expression values were converted to
standardized values (z-scores) for each gene, and hierarchical
clustering using Ward’s method was performed to yield heat maps
and clusters of coexpressing transporters.

PLANT MATERIAL
Crowns and rhizomes were collected, cleaned and flash-frozen
from field-established plants of cv Summer, as described earlier
(Palmer et al., 2012). At each harvest date tissues were obtained
from three individual plants. Flash-frozen tissues were stored at
−80◦C until needed. Tissues were ground in a cryogenic grinder
(Palmer et al., 2012). Aliquots (0.1 g) of ground materials were
used for isolating RNA as previously described (Chomczynski
and Sacchi, 1987). RNA samples were subsequently purified using
RNeasy columns (Qiagen; Valencia, CA, USA) according to man-
ufacturer’s instructions.

qRT-PCR AND PRIMERS
DNase treated RNA samples were used to synthesize first strand
cDNA by using SuperScript III reverse transcriptase (Invitrogen;
Carlsbad, CA, USA) and random primers according to the man-
ufacturer’s protocol. qRT-PCR reactions were set up in a total
volume of 15 uL using 7.5 uL master mix (Bio-Rad), 0.2 uL cDNA
template, 0.75 uL primers, and 6.55 uL 18 M� water and con-
ducted on a BioRAD CFX Connect Real Time PCR instrument.
Each reaction was performed in quadruplicate and the experi-
mental design blocked plate with amplicon (a single amplicon
per plate). Primers were designed using Primer3Plus (Untergasser
et al., 2012). Data was efficiency corrected using LinRegPCR
(Ramakers et al., 2003; Ruijter et al., 2009), and geNORM was
used to screen for effective normalization genes and calculate rel-
ative quantities for each gene of interest (Hellemans et al., 2007).
Primers used are shown in Table A1.

MINERAL ANALYSES
Tissues were dried at 60◦C for at least 72 h and weighed.
Samples (typically 25–50 mg) were digested as described previ-
ously (Waters et al., 2012). In brief, samples were digested with
3 ml of concentrated HNO3 (VWR, West Chester, PA, USA, Trace
metal grade) at room temperature overnight, then at 100◦C for
1.5 h, followed by addition of 2 ml of 30% H2O2 (Fisher Scientific,
Fair Lawn, NJ, USA) and digestion for 1 h each at steps of 125◦C,
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150◦C, 165◦C, and finally were heated to dryness at 180◦C. Dried
samples were then resuspended in 5 ml of 1% HNO3, and min-
erals were quantified by inductively coupled plasma mass spec-
trometry (ICP-MS) at the University of Nebraska Redox Biology
Center Spectroscopy and Biophysics Core Facility.

STATISTICAL ANALYSES
Transcript levels were investigated by utilizing cDNA that orig-
inated from three individual genotypes (biological replicates) at
each time point with four technical replicates per genotype. The
cDNA was not pooled prior to qRT-PCR analysis. Thus, for
any given harvest date, there were 12 total reactions that were
conducted which included both true biological as well as tech-
nical replicates. The GeNORM program (Hellemans et al., 2007)
within the qbase+ software package was used to analyze refer-
ence genes in order to find suitably stable ones with a M-value
below 1.5. In this way, Pavirv00026367m (a ubiquitin protein lig-
ase) was selected as the stable reference gene for generation of
relative quantities. The relative quantities were then statistically
analyzed using PROC GLM in SAS (SAS Institute, Cary, NC) and
Tukey’s multiple comparison procedure was utilized to conduct
pairwise comparisons of different harvest dates. Familywise error
rate was controlled at α = 0.05.

Data for the mineral analyses were subjected to single-factor
ANOVA analysis of each mineral, error bars are standard devia-
tions are from 3 biological replicates, with 2 technical replicates
each. Of the 16 minerals analyzed, the 10 minerals showed statis-
tically significant variation for at least two time points. P-values
for the mineral analysis were calculated by Single Factor ANOVAs
(in Excel).

RESULTS AND DISCUSSION
Little is known about the identities of specific genes that con-
tribute to remobilization of minerals from senescing tissues.
Some genes are known to be important for remobilization
and/or translocation of minerals from source to sink tissues in
Arabidopsis, for example YSL1, YSL3, and OPT3 for iron, zinc,
and copper (Waters et al., 2006; Stacey et al., 2008; Waters and
Grusak, 2008), NRT1.7 for nitrate (Fan et al., 2009), Sultr1;3
for sulfate (Yoshimoto et al., 2003), and Pht1;5 for phosphate
(Nagarajan et al., 2011). These genes have usually been dis-
covered by analysis of mutants. A transcriptomic approach can
reveal new insights to help understand nutrient deficiency signal-
ing pathways (Maruyama-Nakashita et al., 2003; Hermans et al.,
2010; Waters et al., 2012). Likewise, transcriptomic studies in
Arabidopsis during senescence have identified many transporters,
transcription factors, and other senescence associated genes that
are up or down regulated (Buchanan-Wollaston et al., 2003, 2005;
Van Der Graaff et al., 2006; Balazadeh et al., 2008). However, their
correlation with specific changes in minerals or N remobilization
is still incomplete. Our overall goal in this study was to iden-
tify and classify switchgrass transcripts into mineral transporter
gene families and quantify their expression over the life cycle in
different tissues as a first step to finding correlations between
gene expression and mineral translocation through tissues. This
will allow focused future studies to pinpoint the specific roles of
individual genes during plant development.

DISCOVERY OF POTENTIAL SWITCHGRASS TRANSPORTERS
In mining the switchgrass genome for mineral transporter gene
family members we found a total of 520 genes belonging to
40 different classes in the current annotation of the switchgrass
genome. The number of switchgrass genes was approximately
twice as many as identified in the annotated genomes of Sorghum
bicolor (274) and Setaria italica (281) (Table 1). Our results indi-
cate that for the most part, the switchgrass genome (tetraploid,
A and B genomes) contained about twice as many genes in
each class (Table 1), although some exceptions were noticed. For
example, four putative copper transporters (COPT) (Pilon et al.,
2009) were identified in the switchgrass genome, as compared
to 1 each in sorghum and Setaria. Likewise, 7 potassium trans-
porters (HAKs) (Grabov, 2007) were found in Sorghum and
Setaria, whereas 9 putative HAKs were identified in the switch-
grass genome. As anticipated, the switchgrass genome contained
large numbers (>10 genes per genome) for many classes of trans-
porters including those for nitrate, phosphate, S, K, Mg, and
putative peptide/nitrate transporters.

DIFFERENTIAL REGULATION OF TRANSPORTER GENES IN
SWITCHGRASS TISSUES OVER DEVELOPMENT
Both tissue and temporal specificity in the expression of putative
transporter genes in switchgrass was observed. Transcriptome
datasets generated for greenhouse grown switchgrass cv Alamo
(Figure 1) were mined for the relative abundance of transcripts
for transporters shown in Table 1. There appeared to be both tis-
sue and stage specific expression for many transporter genes at
the three stages of harvest, early vegetative, shoot elongation and
reproductive (Figure 1). Most transporter transcripts had differ-
ent apparent abundances over plant developmental stages for the
roots and shoots, and in flowers at reproductive stage (Figure 1).
In roots, a cluster of transporters with high transcript counts
were observed at the early vegetative stage of harvest (cluster A1).
Several genes associated with this cluster were downregulated at
the shoot elongation stage, and a larger cluster of transcripts were
upregulated in roots at the shoot elongation stage (Figure 1; clus-
ter A2). At the reproductive stage of plant growth, a new set of
transporter genes was more abundant in the roots (cluster A6),
and there was an apparent downregulation of many of the genes
present in greater abundance at the early vegetative and shoot
elongation stages of plant growth. A few genes appeared to be
upregulated at the early vegetative stage in shoots as compared to
roots. At the shoot elongation stage of plant development, most
transporter genes were less abundant in shoots as compared to
roots, and also less abundant than in shoots at the early vegetative
stage (Figure 1). Interestingly, transcripts for a cluster of trans-
porter genes had higher abundance in reproductive stage shoots
(cluster A5). These included genes that appeared to be primar-
ily expressed in shoots and some that overlapped with roots and
reproductive structures. Reproductive tissues contained greater
levels of transcripts for a cluster of transporter genes that were
less abundant in roots or shoots (Figure 1, cluster A4).

We next evaluated expression profiles of several transporter
gene families in field grown crown and rhizome tissues from
cv Summer plants at different stages during a growing season.
Of the 520 total mineral transporter genes identified in the
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Table 1 | Bioinformatic analysis of switchgrass genome for mineral

transporter classes.

Identifed transporters from genome mining

Class Descriptions In ref Pvi0 Sb Si

ACA Ca2+-transporting ATPase 8 22 13 13

AKT/KAT Shaker family K+ ion channel 9 18 12 11

AMT Ammonium transporter 6 13 8 8

CAX Cation/proton exchanger 7 16 7 8

CHX Cation/H(+) antiporter 28 26 17 18

COPT Copper transporter 5 4 1 1

FRO Ferric reduction oxidase 8 1 1 1

FRU ER-like iron deficiency-induced TF 1 2 1 2

HKT Sodium transporter 1 5 3 4

HMA Heavy metal ATPase 8 18 8 8

IREG Iron regulated protein 3 6 3 3

IRT Fe(2+) transport protein 3 1 0 0

KEA K(+) efflux antiporter 6 9 4 4

KUP Potassium transporter 13 33 22 21

LSI Silicon transporter (from Hv) 2 5 2 2

MHX Magnesium/proton exchanger 1 4 1 1

MOT Molybdate transporter 2 5 1 2

MRS Magnesium transporter 11 20 10 9

MTP Metal tolerance protein 1 2 1 1

NAS Nicotianamine synthase 1 4 4 3 3

NAXT Nitrate excretion transporter 1 3 1 3

NHX Sodium/hydrogen exchanger 8 15 7 7

NRAMP Metal transporter 6 16 6 6

NRT Nitrate transporter 16 35 18 19

NTRm Misc NTR-class (major facilitator) 16 32 15 17

OPT Oligopeptide transporter 9 15 9 8

PHO Phosphate transporter 11 9 4 4

PHT Inorganic phosphate transporter 19 45 22 24

PNT Putative peptide/nitrate transporters 23 48 25 23

PTR Peptide transporter 5 11 8 9

SULTR Sulfate transporter 12 23 11 11

TPC Two pore calcium channel protein 1 1 1 1

TPK Ca-activated outward-rectifying K
channel

1 7 2 3

VIT Vacuolar iron transporter 1 4 2 2

YSL Metal-nicotianamine transporter 8 15 11 13

ZIP Zinc transporter 13 27 14 11

Total 277 520 274 281

In ref, Genes annotated as having mineral transporter function in the Arabidopsis

thaliana genome; Pvi0, Draft 0.0 switchgrass genome; Sb, Sorghum bicolor; Si,

Setaria italica.

switchgrass genome, transcripts for 401 mineral transporter genes
were detected in the crown and rhizome datasets (see Table 1).
As observed for the greenhouse grown cv Alamo datasets, some
gene clusters were up- or downregulated at certain harvest dates
(Figure 2). Some transcripts that were abundant early in the
growing season (spring green up; May cluster C5) were less abun-
dant later, suggesting that these genes are important for rapid
growth in the spring. Enrichment of specific transporter classes

FIGURE 1 | Two-Way clustered expression profile map of genes of

switchgrass nutrient transporters present in different tissues of cv

Alamo plants grown in a greenhouse. Stages of plant development are
early vegetative (EV), stem elongation (SE), and reproductive (RP) are as
described in these datasets. Yellow indicates high abundance, gray is
intermediate and black is low or negligible abundance. The clusters are
labeled as A1 through A7. The numbers in parentheses under each cluster
indicate the total number of transporter identified within each cluster. The
appropriate SRA identification numbers for these individual NGS files are
SRX057826, SRX057827, SRX057828, SRX057829, SRX057830,
SRX057831, and SRX057834.

(GO-terms) was not observed in these clusters. Other subsets
of transporter genes were strongly upregulated during the peri-
ods of active shoot and rhizome growth (June and July, clusters
C2 and C3), suggesting that genes in this cluster are important
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FIGURE 2 | Two-Way clustered expression profile map of genes of

switchgrass nutrient transporters present in crown and rhizome

tissues of field grown cv Summer plants harvested at different times

during the growing season. Yellow indicates high abundance, gray is
intermediate and black is low or negligible abundance. The clusters are
labeled as C1 through C5. The numbers in parentheses under each cluster
indicate the total number of transporter identified within each cluster. The
appropriate SRA identification numbers for these individual NGS files are
SRX257007, SRX257030, SRX257031, SRX102934, and SRX257032.

as plants continue to grow and progress to the reproductive
development stage. At the July harvest plants were heading, with
inflorescences visible at the top of the shoots. Although some of
these genes were apparently being transcribed at continued high
rates, a new cluster of transporter genes was upregulated at the
August harvest date (Figure 2, cluster C1), when the plants were

nearing physiological maturity, suggesting that these genes could
be important for moving minerals to developing seeds. In crowns
and rhizomes obtained from plants after a leaf killing frost in
October, many of the transporter genes that were upregulated
at the earlier harvest dates had decreased, whereas a new cluster
of genes had increased transcript counts (cluster C4). This is a
particularly interesting pattern, as these transporters are likely to
be important for mineral storage or translocation of minerals to
perennial storage tissues such as roots and rhizomes.

Comparison of the gene members for each cluster in
the two 454 transporter datasets showed significant overlap.
Approximately 40% of the genes expressed early in the grow-
ing season in crown and rhizomes (clusters C5 and C3) are also
found expressed in roots during the early vegetative and shoot
elongation stages in Alamo (clusters A1, A2, and A3). Similarly,
approximately 30% of the genes expressed during the reproduc-
tive period in crowns and rhizomes (clusters C2 and C1) are
expressed in Alamo roots during the reproductive stage (clus-
ters A6 and A7). These metadata analyses from both greenhouse
grown cv Alamo and field grown cv Summer plants indicated
that nutrient transporters were transcriptionally controlled at the
tissue level and expression was influenced by the developmental
stage of the plant. It will be interesting and useful to compare the
gene expression data to changes in mineral concentrations over
the seasonal growth and senescence of switchgrass.

EXPRESSION PROFILES OF SELECTED MINERAL TRANSPORTER GENE
FAMILIES
Phylogenetic relationships and expression levels for different
classes of transporter genes were analyzed in crown and rhi-
zome datasets. HAK/KUP/KT genes encode K+/H+ symporters
(Szczerba et al., 2009) and are associated with the uptake of
K+ into roots and efflux from vacuoles (Rodriguez-Navarro and
Rubio, 2006). KUP genes are involved with a number of differ-
ent aspects of plant development (Grabov, 2007), and expression
of KUP genes throughout the plant (Szczerba et al., 2009) indi-
cates roles in many tissue and cell types. A total of 33 KUP genes
were found in our scan of the switchgrass genome, and transcripts
ascribable to 29 of these genes were expressed in the crowns
and rhizomes of field grown cv Summer plants (Figure 3A).
Switchgrass and Arabidopsis thaliana annotated KUP sequences
were separated into six clades. Two genes that share similari-
ties to AtKUP4, Pavirv00030241 and Pavirv00010539, were most
highly expressed in the August harvest. Transcripts for switchgrass
KUPs falling in the clade with AtKUP2 were all overrepresented
at the onset of spring growth. For the other KUPs, gene expres-
sion within clades was variable, although patterns associated
with specific harvest dates were evident. For example, all the
switchgrass KUPs with sequence similarities to AtKUP7/13 pro-
teins were overrepresented in the August or November harvests,
whereas transcript abundances for the larger clade of switchgrass
KUPs with protein sequence similarities to AtKUP5/10 were more
variable (Figure 3A).

Magnesium is transported by members of the MRS2/MGT
family, with expression in Arabidopsis noted in roots, leaves
and senescing leaves, flowers, and pollen (Waters, 2011),
and subcellular localizations in plasma membrane, tonoplast,
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FIGURE 3 | Cladogram of the phylogentic relationships between

switchgrass transporter genes to Arabidopsis thaliana orthologs and

their expression profiles in crowns and rhizomes of field grown cv

Summer plants. (A) Potassium transporters (KUP) (B) Magnesium
transporters (MRS). Other details are as described for Figure 2.

mitochondria, ER and chloroplast. Most of the Mg in leaves is
associated with ribosomes involved in protein synthesis, with
the majority of the remaining fraction associated with chloro-
phyll (Karley and White, 2009). As such, it is not surprising
that transcripts of several MRS2 magnesium transporters were
most abundant during the active shoot growth phase (May–July)
(Figure 3B). However, four and two genes were highly expressed
in the August and October harvests, respectively, suggesting that
Mg or related mineral transport was active in the crowns and rhi-
zomes at a time when the above ground parts of the plants were
senescing (August) or fully senescent (October). These changes
could arise potentially from Mg transported from roots and/or
sequestration of Mg into different cellular compartments of the
rhizome. It is conceivable that tiller buds and other meristem-
atic tissues present on these rhizomes are metabolic sinks, and
transport processes are associated with the continued delivery of
nutrients to these critical organs.

Recycling of N in switchgrass is a major factor in sustainability
and environmental impacts of production, and a number of stud-
ies have addressed this issue from production and genetic per-
spectives (reviewed by Schwartz and Amasino, 2013). Nitrate is a
major source of N for plant roots, which is taken up by in part by
nitrate transporters of the NRT family. Once nitrate is inside the
plant, NRT transporters are also involved in xylem loading and
unloading, phloem loading, and storage in vacuoles (Dechorgnat
et al., 2011; Wang et al., 2012) and are essential for the transloca-
tion of plant defense compounds to the seeds (Nour-Eldin et al.,
2012). Transcripts were detected for 22 putative switchgrass nitro-
gen transporters from a total of 35 identified in the switchgrass
genome (see Table 1). The Arabidopsis NRT2.4 gene is expressed
in both the shoots and roots of nitrogen-starved plants (Kiba
et al., 2012) and functions as a high affinity N transporter. Five
switchgrass proteins with strong homology (e-values of 0 to 6 ×
10−170) to Arabidopsis NRT2.4 were identified. Of these, tran-
scripts for Pavirv00019393 (Figure 4A) were most abundant in
the July harvest when the plants had reached anthesis, whereas
Pavirv00068021 was overexpressed at the August harvest, when
seeds were nearing physiological maturity. A majority of the other
switchgrass NRTs (14) were most abundantly expressed during
the active phase of shoot and rhizome growth (May–July harvests;
Figure 4A). The other 6 NRTs were overexpressed in the August
and October harvests. Pavirv00010339 had higher expression in
crowns and rhizomes of cv Summer plants at the October harvest
date, and appears to be orthologous to the Arabidopsis NRT1.6
and 1.7 proteins. NRT1.7 is a low-affinity nitrate transporter
involved in source to sink mobilization of nitrate via the phloem
(Fan et al., 2009). In a similar manner, Pavirv00039672, with
homology to the Arabidopsis NRT1.5/NRT1.8 transporters, is
also upregulated in the October harvest (Figure 4A). Arabidopsis
NRT1.5 modulates the allocation of nitrate to the roots to mediate
stress responses in concert with NRT1.8 and other proteins (Chen
et al., 2012).

Ammonium is an additional source of N for plant growth.
Ammonium is taken into roots by AMT1 or AMT2 fam-
ily transporters (Ludewig et al., 2007). Ammonium is also
generated in tissues by reduction of nitrite or breakdown of
amino compounds, some of which are remobilized during leaf
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FIGURE 4 | Cladogram of the phylogentic relationships between

switchgrass transporter genes to Arabidopsis thaliana orthologs

and their expression profiles in crowns and rhizomes of field

grown cv Summer plants. (A) Nitrate transporters (NRT) (B)

Ammonium transporters (AMT). Other details are as described for
Figure 2.

senescence, and may need to be transported into chloroplasts for
reassimilation. In Arabidopsis (Ludewig et al., 2007) and poplar
(Couturier et al., 2007) AMT genes are expressed in roots, shoots,
and flower structures. Switchgrass ammonium transporters were
separable into four clades based on Arabidopsis (AtAMT) pro-
tein sequences (Figure 4B). Of the 13 AMT sequences in the
switchgrass genome, transcripts for 7 genes were identified in the
crown and rhizome. Five were more abundantly expressed during
the active growing phases (May-July). Two genes overexpressed
in crowns and rhizomes at the October harvest, Pavirv00064059
and Pavirv00023098 were orthologs of AtAMT2, which is a
high affinity ammonium transporter in both shoots and roots
(Sohlenkamp et al., 2002).

In Arabidopsis, phosphate transporters of the PHT family are
classified into 4 subfamilies (Liu et al., 2011) all of which had
homologs in switchgrass. PHT1 genes are primarily expressed in
roots, where they are thought to take up phosphate from soil or
mycorrhizal fungi, but are also expressed in leaves and pollen.
PHT2;1 is expressed primarily in the leaves and is thought to
transport phosphate into leaves (Daram et al., 1998). PHT3 pro-
teins are found in a variety of cellular membranes including
mitochondria (Zhu et al., 2012). PHT4 genes are mainly targeted
to the plastids or Golgi (Guo et al., 2008) and are expressed in
both roots and leaves. In rice (Liu et al., 2011) and Arabidopsis
(Nussaume et al., 2011) PHT genes were expressed in numer-
ous tissue types during the life cycle. Transcripts for ∼71%
of the total PHT genes in the switchgrass genome were found in
the crown and rhizome of field grown switchgrass. Expression of
the PHTs predominantly tracked with active growth phases of the
plant (May–July harvests), although a smaller subset was upreg-
ulated in tissues harvested near physiological maturity (August,
Figure 5A). Many of these genes clustered with Arabidopsis pro-
tein sequences belonging to the PHT3-2, 4-1, and 4-4 genes.
These phosphate transporters are thought to be involved in a
number of plant processes involving the shuttling of Pi across
plant compartments. In crowns and rhizomes, this could involve
both the acquisition and transport of phosphate from the soil
to the developing shoots during the growing season as well as
potentially in the redistribution of Pi at the end of the growing
season. Notably, transcripts for Pavirv00062983 (orthologous to
AtPHT4-4) were upregulated in tissues obtained after a killing
frost (October; Figure 5A). AtPHT4 has been implicated in the
movement of Pi between the cytosol and plastids (Guo et al.,
2008).

Silicon is important for resistance to abiotic and biotic stress in
grasses (Ma et al., 2011; Nabity et al., 2012). About 90% of Si taken
up by roots is transported into shoots (Ma and Takahashi, 2002).
Lsi1 and Lsi2 are required for uptake (Ma et al., 2006, 2007), and
Lsi6 is required for Si transport throughout leaves (Yamaji et al.,
2008) and through stem nodes (Yamaji and Ma, 2009). To move
from roots to leaves, Si would have to pass through crown tissue.
Five genes putatively code for silicon transporters in switchgrass,
and transcripts were detected for all five genes in the crown and
rhizome tissues (Figure 5B). In contrast to other transporters,
silicon transporters genes were essentially downregulated as the
growing season progressed. Expression patterns of these putative
switchgrass Si transporters are consistent with the movement of
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FIGURE 5 | Cladogram of the phylogentic relationships between

switchgrass transporter genes to Arabidopsis thaliana (PHT) and

barley (Hordeum vulgare; LSi) orthologs and their expression profiles

in crowns and rhizomes of field grown cv Summer plants.

(A) Phosphate transporters (PHT) (B) Silicon transporters (LSi). Other
details are as described for Figure 2.

Si from the soil to the shoots. The downregulation of all of these
Si-transporter genes possibly resulted from death of the shoots
(October harvest, Figure 5B).

We also analyzed the expression patterns of YSL and ZIP fam-
ilies of metal micronutrient transporters (Figures 6A,B). Yellow
stripe-like (YSL) genes are related to the Yellow Stripe gene that
encodes an Fe(III)-phytosiderophore uptake protein in maize
roots (Curie et al., 2001). However, instead of functioning in
uptake, YSL proteins carry out transport of nicotianamine-metal
complexes within the plant, including Cu, Fe, Zn, and Mn (Waters
et al., 2006; Curie et al., 2009; Ishimaru et al., 2010). Transcripts
for all but two of 15 putative YSLs were found in the total crown
and rhizome transcriptome dataset (Figure 6A). The expression
patterns of these genes were similar to those for the NRTs and
PHTs, in that certain genes were upregulated at different har-
vest dates, suggesting both developmental and tissue regulation.
Notably, four of the YSL genes were at higher levels at the August
harvests when minerals were being remobilized from shoots.
Two Arabidopsis YSL genes have been implicated in remobi-
lization of Cu, Fe, and Zn (Waters et al., 2006; Waters and
Grusak, 2008). The Pavirv00003688 transcript that is most closely
related to Arabidopsis YSL2 appeared to be strongly upregulated
in the crown and rhizomes harvested in October (Figure 6A).
Arabidopsis YSL2 probably functions in the lateral movement of
Fe, Cu, and Zn in tissues (Didonato et al., 2004; Schaaf et al.,
2005). Some of the switchgrass YSL paralogs showed a bimodal
expression pattern, with higher transcript abundance in May
and August harvests. The orthologous Arabidopsis genes AtYSL4
and YSL6 are key for iron homeostasis during plastid ontogeny,
thereby modulating plant responses to iron availability (Divol
et al., 2013).

Plant zinc/divalent metal transporters (ZIPs) are members of
a relatively large group of related genes that participate in metal
transport and homeostasis (Sinclair and Kramer, 2012), including
Fe (Eide et al., 1996; Vert et al., 2009), Zn (Lin et al., 2009; Milner
et al., 2013), and Mn (Milner et al., 2013), with transport across
plasma or vacuolar membranes (Waters and Sankaran, 2011;
Milner et al., 2013). Transcripts were detected for 19 of 27 switch-
grass ZIPs in the crown and rhizome transcriptomes (Figure 6B).
Two ZIP genes that are orthologous to Arabidopsis ZIP2 and ZIP7
were overexpressed in the July harvests. AtZIP2 is localized on the
root plasma membrane and is thought to aid in the loading of Mn
and Zn into the xylem (Milner et al., 2013). Since above ground
growth in plants is active in July, it is possible that the switch-
grass orthologs fill a similar role. Transcripts for nine ZIPs were
more abundant in the early (predominately May) harvest. Among
these were three genes orthologous to the Arabidopsis ZIPs 4, 9,
and 12, which are induced by Zn deprivation (Jain et al., 2013). A
related switchgrass gene (Pavirv00015988), however, was overex-
pressed in crowns and rhizomes at the end of the growing season
(October; Figure 6B). Four switchgrass zinc transporter (ZTP)
genes with homology to the Arabidopsis ZTP29 were upregulated
in crown and rhizome tissues later in the growing season (August
and October). AtZTP29 is localized to the ER and induced in
roots in response to salt stress, and is thought to play a role in
the unfolded protein response (Wang et al., 2010).
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The distinct temporal changes in transcript abundances in
the 454 dataset were validated using qRT-PCR for arbitrarily
selected genes that in the 454 datasets (See Figures 3–6) were at
higher abundance at a specific harvest date. Six transporter genes
and one reference gene were analyzed by qRT-PCR using RNA

FIGURE 6 | Cladogram of the phylogentic relationships between

switchgrass transporter genes to Arabidopsis thaliana orthologs and

their expression profiles in crowns and rhizomes of field grown cv

Summer plants. (A) Yellow stripe-like transporters (YSL) (B) Zinc
transporters (ZIP). Other details are as described for Figure 2.

from field grown plants (Figure 7). In 5 out of 6 genes, tran-
script abundance by qRT-PCR agreed with the 454 expression
datasets. Transcript abundance determined by the two methods
corresponded closely for four genes (Figures 7B,D,E,F), where
a simple regression of transcript counts at each harvest date to
the relative quantities of abundance by qRT-PCR yielded R2-
values between 0.69 and 0.97. For two others (Figures 7A,C),
the R2-values were 0.37 (A) and 0.21 (C). In the case of the
YSL gene (Figure 7A), the highest abundance for both datasets
was in May, but the abundances observed in the August and
November harvest dates were different, resulting in the lower cor-
relation coefficient. The PHT gene Pavirv00039095 (Figure 7C)
had a weak correlation coefficient between the 454 dataset
(highest in July) and the qRT-PCR dataset (highest in November).
Taken together, these data support the findings presented in
Figures 3–6.

FIGURE 7 | Correspondence between expression profiles observed in

NGS datasets to qRT-PCR data for six select switchgrass transporter

genes. (A) YSL; (B) HKT; (C) PHT; (D) TPK; (E) KUP; (F) MRS. Colored bar at
the top of each panel is the expression profile for each gene observed in
the 454 NGS dataset (see Figure 2). Yellow is high expression and black is
low or negligible expression. Gray bars in each panel show the relative
expression (±SD) for each individual gene as determined by qRT-PCR.
Different letters above each bar was significantly different expression at
P < 0.05. See text for more details.
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MINERAL DYNAMICS IN CROWN AND RHIZOME
Mineral concentrations were analyzed in crown and rhizome tis-
sues. Of the 16 minerals analyzed, As, Fe, Na, Ni, S, and Se levels
did not change significantly across harvests. The remaining 10
minerals with significant difference between any two harvest dates
are shown in Figure 8. Excluding P and Ca, all the other minerals
had lowest concentrations in crowns and rhizomes harvested in
November. For K, Mg, Mn, Zn, Cu, Cd, and Co, maximal lev-
els were detected at the August harvest, when the shoots were
at an advanced stage of senescence. Highest levels of Mo were
found in rhizomes harvested in June. A bimodal pattern of min-
eral concentrations was seen for K, Ca, P, Mg, and Mn. For K,
Mg, and Mn, maximal concentrations were observed in tissues
harvested in May (Mn) and June (period of active growth) and
in August (shoot senescence). For Ca and P maximal amounts
were observed for the June and November harvests, respectively
(Figure 8). These fluctuating concentrations may reflect the pas-
sage of minerals through the crowns seasonally. Cu, K, and Zn
are minerals known to be remobilized, and were lowest during
shoot dormancy when recycled minerals would be stored in roots.
Alternatively, since large fluctuations were not observed, mineral
concentrations may reflect demands of the tissues themselves for
growth and metabolism.

CONCLUSIONS AND FUTURE DIRECTIONS
This research represents a first step in the characterization of
mineral transporter genes and associating their expression in a
perennial grass. As more data for mineral dynamics becomes
available, a clear picture of the genes needed for translocation
to shoots in spring and to storage tissues in the fall will emerge.
We have identified a number of mineral transporter genes with
seasonal expression patterns that give clues to the biology of
crown and rhizome tissues as a gateway between shoot growth
and mineral storage and uptake. Likewise, this tissue is also a
recipient of nutrients remobilized from senescing shoots. We
anticipate that as additional transcriptomic and mineral datasets
from other switchgrass tissues become available, these resources
will be a valuable tool for plant breeders to improve production
and sustainability of switchgrass.
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FIGURE 8 | Mineral concentrations in crowns and rhizomes of field

grown cv Summer plants across harvest dates. Each panel shows the
change in mineral concentration for a specific mineral. Analysis for each
time point consisted of two technical replicates from each of three
biological replicates (n = 6). Average abundances with standard deviation
error bars are shown in this figure. P-values were calculated for each
mineral using Single-Factor ANOVA. (A) Potassium; (B) Calcium; (C)

Phosphorus; (D) Magnesium; (E) Manganese; (F) Zinc; (G) Copper; (H)

Cadmium; (I) Cobalt; (J) Molybdenum.
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Iron (Fe) is one of the most abundant elements on earth, but its limited bioavailability poses
a major constraint for agriculture and constitutes a serious problem in human health. Due
to an improved understanding of the mechanisms that control Fe homeostasis in plants,
major advances toward engineering biofortified crops have been made during the past
decade. Examples of successful biofortification strategies are, however, still scarce and the
process of Fe loading into seeds is far from being well understood in most crop species. In
particular in grains where the embryo represents the main storage compartment such as
legumes, increasing the seed Fe content remains a challenging task. This review aims at
placing the recently identified actors in Fe transport into the unsolved puzzle of grain filling,
taking the differences of Fe distribution between various species into consideration. We
summarize the current knowledge on Fe transport between symplasmic and apoplasmic
compartments, and provide models for Fe trafficking and localization in different seed types
that may help to develop high seed Fe germplasms.

Keywords: biofortification, grain filling, Fe transport, Fe storage, Fe in seeds

INTRODUCTION
Iron (Fe) is involved in the transport of electrons in many
ubiquitous metabolic processes such as respiration and photo-
synthesis, and is required as a co-factor of numerous enzymes.
Although highly abundant in the earth’s crust, the low solubil-
ity of Fe often limits plant growth. This is largely due to the
high reactivity of Fe toward oxygen: in soils, Fe tends to form
highly insoluble ferric hydroxides, dramatically restricting the
bioavailability of Fe. Undernourishment for Fe decreases produc-
tivity and yield, posing a major constraint for both agriculture
and human health. Among the essential micronutrients, Fe is
considered as the most deleterious when present in insufficient
amounts (Stoltzfus, 2003; Zimmermann and Hurrell, 2007). In
plant-based diets, Fe is provided as non-heme Fe that is less well
absorbed than heme-bound Fe in meat, causing Fe deficiency-
induced anemia (FDA) in areas where monotonous, plant-based
diets are dominating (USA National Institute of Health, Office
of Dietary Supplements, http://ods.od.nih.gov/factsheets/Iron-
HealthProfessional/). Combating FDA requires strategies to
increase the Fe content in crops and, as a prerequisite for the
development of such strategies, a better understanding of the
mechanisms that control transport of Fe to and storage of Fe in
edible plant tissues, as well as the chemical forms in which Fe is
present in these tissues.

Efforts toward understanding Fe uptake have been mainly
focused on roots (Eide et al., 1996; Robinson et al., 1999; Curie
et al., 2001; Nozoye et al., 2011). Plants are traditionally separated
into two strategies by which they acquire Fe from the soil (Römheld
and Marschner, 1983). Strategy I plants, which include all plants
except grasses, acquire Fe after reduction of FeIII chelates by a
plasma membrane (PM)-bound ferric chelate reductase (FRO2

in Arabidopsis; Robinson et al., 1999); the resulting FeII is then
taken up by a transporter of the ZIP family (Iron-Regulated Trans-
porter1, IRT1, in Arabidopsis; Eide et al., 1996; Vert et al., 2002).
The solubility of Fe is increased by the P-type ATPase-mediated
proton excretion (AHA2 in Arabidopsis; Santi and Schmidt, 2009),
which decreases the rhizosphere pH and increases pFe in the soil
solution. Graminaceous plants take up Fe by secreting plant-
borne chelators (phytosiderophores) of the mugineic acid family
with high affinity to FeIII via TOM1 (Nozoye et al., 2011), and
the FeIII-phytosiderophore complex is taken up by a YELLOW
STRIPE/YELLOW STRIPE1-like (YSL) family transporter without
prior reduction (Curie et al., 2001). Recent findings have faded the
border between the two strategies. Iron binding compounds of
the coumarin and flavin families have been identified in root exu-
dates of Arabidopsis and Medicago truncatula (Fourcroy et al., 2013;
Rodriguez-Celma et al., 2013). Similar to phytosiderophores, these
compounds mobilize non-bioavailable Fe. Secretion of phenolic
compounds was also observed in the strategy II plant rice (Bashir
et al., 2011; Ishimaru et al., 2011). Another deviation from the ini-
tial strategy I/strategy II concept is the presence of a functional
Fe2+ transporter (OsIRT1) in rice roots (Ishimaru et al., 2006).

The flow of Fe through the plant involves the Fe chelators
nicotianamine (NA), citrate, and deoxymugineic acid (DMA),
which act as chaperones to avoid precipitation and cellular dam-
age by the formation of harmful reactive oxygen species through
Fenton chemistry, as well as proteins capable of transporting
either these molecules as such or their Fe chelates (Le Jean et al.,
2005; Waters et al., 2006; Durrett et al., 2007; Inoue et al., 2009;
Rogers et al., 2009; Yokosho et al., 2009; Nishiyama et al., 2011).
Ultimately, Fe has to be transported to the places of highest
demand, the photosynthetic electron transport chains in leaves,
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the reproductive organs (Roschzttardtz et al., 2013), and to the
seeds where Fe is stored to support embryogenesis. Despite the
importance for human nutrition, the latter process is poorly
understood. In this review, we are aiming at providing an update
on the mechanisms that transports Fe from roots to the seed and
to emphasize the current knowledge gaps in the framework of Fe
transport to the seeds. We will focus on the proteins involved in
this process as well as on the chemical forms of Fe they trans-
port. Finally, we will also discuss the differences in Fe localization
between seeds of various plant species and their consequences in
terms of chemical speciation and nutritional properties.

IRON TRANSPORT IN THE SHOOT AND UPTAKE OF Fe INTO
AERIAL PLANT PARTS
In contrast to the abundant data on root Fe uptake and its reg-
ulation (for reviews see Palmer and Guerinot, 2009; Hindt and
Guerinot, 2012; Thomine and Vert, 2013), relatively little is known
regarding Fe transport in shoots. Before reaching the chloro-
plasts and mitochondria where it is highly required, Fe has to
be unloaded from the xylem, distributed to the different tissues,
and transported across the PM of the sink cells. None of these
mechanisms has yet been deciphered, possibly due to difficulties
derived from functional redundancy of transporters involved and
possible feedback loops to recalibrate Fe homeostasis in these tis-
sues. In dicots, Fe circulates in the xylem as ferric-citrate complexes
(Durrett et al., 2007; Rellan-Alvarez et al., 2010). It has been sug-
gested that Fe uptake by shoot cells is achieved through an IRT-like
transporter after reduction of Fe in FeIII chelates to FeII (Jeong and
Connolly, 2009; Palmer and Guerinot, 2009). A candidate for the
uptake of Fe into leaf cells is the PM-localized transporter AtIRT3.
The protein is highly produced in the xylem and in mesophyll cells
(Lin et al., 2009), and was shown to mediate Fe uptake in Arabidop-
sis (Shanmugam et al., 2011). The FeIII reduction system that is
likely to co-operate with an IRT-type transporter is a ferric-chelate
reductase of the FRO family (Figure 1). In Arabidopsis, the most
highly expressed member of this gene family in shoots is AtFRO6
(Wu et al., 2005; Mukherjee et al., 2006), encoding a protein located
on the PM (Jeong et al., 2008). However, fro6 knock-out lines do
not display any phenotype (Jeong and Connolly, 2009), arguing
against an essential function of FRO6 in leaf Fe uptake. Other
members of the FRO family are either not expressed in shoots or
localized to intracellular compartments, suggesting other, FRO-
independent reduction mechanisms. Although in aerial plant parts
photoreduction of FeIII is likely to occur, the extent to which this
process contributes to the overall reduction of Fe in leaves remains
to be elucidated. Iron in ferric-citrate complexes is particularly
sensitive to this process (Bienfait and Scheffers, 1992), resulting in
a fast and complete reduction of FeIII accompanied by degrada-
tion of citrate and a rise in pH. As FeIII-citrate is the predominant
form of Fe in the xylem, photoreduction may represent an impor-
tant component of xylem unloading. Alternatively, FeIII could also
be reduced by direct reaction with molecules such as ascorbate
(Figure 1). Ascorbic acid is present in millimolar concentrations
in most tissues and in all cellular compartments including cell
walls of both dicots and grasses (Rautenkranz et al., 1994; Foyer
and Lelandais, 1996; Conklin et al., 2000). Ascorbic acid is able
to reduce FeIII-chelates in vitro (Grinstead, 1960; Römheld and

Marschner, 1983), and its properties to facilitate Fe transport in
mammalians are well described (Sayers et al., 1973; Hallberg et al.,
1989; Lane and Lawen, 2008). Several studies show a strong nega-
tive correlation between Fe and ascorbic acid (AsA) concentration;
therefore, FeIII reduction by ascorbic acid is likely crucial for Fe
transport in shoots (Zaharieva and Abadía, 2003; Urzica et al.,
2012).

REMOBILIZATION AND DISTRIBUTION OF Fe
Contrary to the uptake of Fe into leaf cells, its distribution within
the plants is relatively well documented. A key role in this process
is played by the Fe chelator NA. Despite high Fe concentrations
in leaves, the NA-deficient tomato mutant chloronerva develops
Fe-dependent interveinal chlorosis that can be corrected by exoge-
nous application of NA (the “normalizing factor”; Procházka and
Scholz, 1984). The phenotype of chloronerva plants is caused by
defective expression of the gene encoding NA synthase, NAS (Ling
et al., 1999). In Arabidopsis, a similar phenotype was observed
in the nas4x quadruple mutant, which harbors mutations in all
four Arabidopsis NAS genes (Klatte et al., 2009). In nas4x plants,
the flower, and seed Fe content were also affected, indicating a
function of NA in intercellular Fe distribution (Klatte et al., 2009;
Schuler et al., 2012). NA is a non-proteinogenic amino acid, struc-
turally analogous to and a precursor for phytosiderophores of the
DMA family (Noma et al., 1971). Implication of NA in Fe distribu-
tion was further demonstrated by functional characterization of
the Fe-NA transporter YELLOW STRIPE1 in maize (Schaaf et al.,
2004) and other members of this gene family in several species
including rice and Arabidopsis (Le Jean et al., 2005; Waters et al.,
2006; Gendre et al., 2007; Inoue et al., 2009; Ishimaru et al., 2010).
In Arabidopsis, AtYSL1, and AtYSL3 were shown to be involved
in the shoot to seed translocation of Fe; loss-of-function mutants
displayed a decrease of both Fe and NA in seeds (Le Jean et al.,
2005; Waters et al., 2006). A similar function has been attributed
to OsYSL2 in rice (Ishimaru et al., 2010). To date, there are only
two reports on Fe speciation in the phloem sap. The first study was
conducted on Ricinus communis, revealing the presence of an Fe
transport protein (RcITP; Krüger et al., 2002). A later work con-
ducted in rice showed that DMA is the major Fe chelator in the
phloem of this species, whereas NA was in fact mainly bound to
zinc (Nishiyama et al., 2011).

PHLOEM LOADING AND UNLOADING OF Fe
In the current view of phloem loading, Fe is bound to NA and
transported into the sieve tubes by YSL proteins (Koike et al., 2004;
reviewed in Curie et al., 2009). It is, however, unclear whether the
Fe transported by YSLs is localized in the cytosol or in the apoplast.
The exchange of solutes between the phloem and surrounding tis-
sues occurs either through plasmodesmata, or across the PMs of
adjacent companion or vascular parenchyma cells (Lalonde et al.,
2003). The later path requires Fe to be present in the cell wall.
Fe-NA is unstable at the slightly acidic pH of the cell wall and
Fe-citrate is the predominant form of Fe in apoplasmic environ-
ment (von Wiren et al., 1999; Rellan-Alvarez et al., 2008). In such
a context, formation of the Fe-NA complex would be rate limit-
ing for phloem loading and unloading (Figure 1). A major caveat
to this scenario is the absence of any characterized PM-bound
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FIGURE 1 | Exchange of Fe between apoplasmic and symplasmic

compartments in Arabidopsis. Root Fe is translocated to shoots through
the xylem as FeIII-citrate complexes by bulk flow. FeIII can be reduced by
light, extracellular AsA, and PM-bound ferric reductases of the FRO family.
AtFRO6 and AtIRT3 are likely candidates to mediate Fe reduction and
uptake in Arabidopsis shoots in both sink and source cells. In the
cytoplasm, highly reactive FeII is complexed by NA. In the apoplasm, FeII is
oxidized to FeIII and chelated by citrate. The formation of Fe-NA complexes
in the apoplasm may occur to some extent. Apoplasmic Fe-NA can be
taken up by PM-localized YSL transporters. In the cytoplasm, the prevalent
Fe form is Fe-NA, which can readily circulate through the symplasmic path.
Fe-NA moves from cell-to-cell through plasmodesmata passively by bulk

flow. In the phloem, Fe is presumably mainly present as Fe-NA. In sink
organs, Fe-NA can exit the phloem via plasmodesmata, or diffuse out of
sieve elements into the apoplasm. In the latter scenario, Fe is retrieved by
YSLs or by AtOPT3. Iron derived both from the apoplasm and from the
symplasmic pathway constitutes the intracellular Fe pool. Plants possess
yet unknown sensing and signaling mechanisms to regulate the size of this
pool. AtOPT3 has been also suggested to transport signaling molecules
that could circulate from the shoot to the root through the phloem, thereby
negatively regulating root Fe uptake. AsA, ascorbic acid; Cit, citrate; FRO,
Ferric Reductase Oxidase; IRT, Iron-Regulated Transporter; NA,
nicotianamine; OPT, OligoPeptide Transporter; YSL, Yellow Stripe-Like; PM,
plasma membrane.

Fe efflux transporters in plants. In Arabidopsis, a homolog of the
mammalian Fe exporter ferroportin (FPN), FPN1, was suggested
to perform such a function (Morrissey et al., 2009).

Plasmodesmata function is complex and the mechanisms that
determine the selectivity of the transported solutes are not clearly
defined. So far, no plasmodesma-localized YSL transporter has
been identified. Interestingly, such a location was demonstrated
for AtOPT3 (Fernandez-Calvino et al., 2011), a member of the
oligopeptide transporters (OPT) protein family with Fe trans-
port activity in yeast (Wintz et al., 2003). Disruption of this gene
severely affects cellular Fe homeostasis (Stacey et al., 2008); opt3
knock-down lines (i.e., opt3-2) display constitutive overexpression
of IRT1 and FRO2 in roots, despite of accumulation of high Fe

levels in leaves. Members of the OPT family were shown to trans-
port peptides (Lubkowitz et al., 1997; Lubkowitz et al., 1998) and
AtOPT3 is thus an unlikely candidate for the transport of free Fe.
Potential transport of a Fe-ligand conjugate has not been tested
yet. It was hypothesized that AtOPT3 might transport signaling
molecules involved in phloem loading and/or Fe sensing (Stacey
et al., 2008; García et al., 2013). Iron accumulation in the distal
ends of siliques, in the funiculus and in vascular tissues of the seed
coat of opt3-2 plants suggests an impairment of the unloading of
Fe from the phloem rather than compromised loading. Whether
AtOPT3 functions in the transport of Fe or plays other roles in Fe
homeostasis, for example by transporting a signal molecule or a
ligand, remains to be elucidated (Figure 1).
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The existence of mutants with similar phenotypes in other
species, such as the pea mutant degenerative leaves (dgl), which
shows a constitutively activated Fe deficiency response in roots
despite high Fe concentrations in leaves (Grusak and Pezeshgi,
1996), points to a conserved regulation mechanism of root Fe
uptake through shoot-to-root communication. Phloem Fe is likely
to be essential in this process (García et al., 2013). Thus, unraveling
the loading and unloading processes would provide a comprehen-
sive picture of plant Fe homeostasis which may reveal new targets
for breeding biofortified crops.

CONTRIBUTIONS OF THE XYLEM AND THE PHLOEM TO SEED
LOADING OF Fe
Iron loaded into seeds arrives either via xylem vessels or via the
sieve tubes of the phloem. Both paths circulate around the seed
coat. Nutrients are not directly unloaded into the endosperm
(Van Dongen et al., 2003; Stadler et al., 2005), implying the need
for an active and selective transport from the integument to the
endosperm. The passage from the funiculus to the embryo requires
at least two shifts between the symplasmic and apoplasmic path:
unloading of Fe from the phloem into the endosperm and trans-
port from the endosperm to the embryo (Patrick and Offler, 2001).
Iron delivered via the xylem derives from the uptake of Fe from
the rhizosphere; hence, its concentration depends directly on the
expression of IRT1 and FRO2 (Brown and Chaney, 1971; Blair
et al., 2010). This pool of Fe is readily transported as FeIII chelate
to the aerial parts (Durrett et al., 2007), where it is taken up by
leaf cells and ultimately reaches the seed coat. Thus, xylem Fe con-
tributes directly to both shoot Fe and seed Fe levels. Phloem Fe
derives from remobilization of Fe in senescing leaves, likely present
as Fe-NA complex. Therefore, the size of the phloem Fe pool is
determined on one hand by remobilization mechanisms, i.e., by
NA synthesis and by Fe-NA transport via YSL proteins, and on the
other hand by the shoot Fe concentration, that was established by
the root uptake system during the plant’s life. With this in mind,
it is not surprising that xylem Fe was considered as a more impor-
tant contributor to seed Fe concentration, even though the ratio
may greatly vary among species (Hocking and Pate, 1977). In Ara-
bidopsis, it was concluded that the xylem provides 60–70% of the
total seed Fe content, whereas the remaining 30–40% originates
from senescing leaves, most likely via the phloem stream (Waters
and Grusak, 2008). Differences between species are likely to exist,
as discussed in (Stomph et al., 2009) for the case of xylem discon-
tinuity at the base of cereal seeds. This discontinuity is absent in
rice and therefore allows solutes in the xylem to flow through the
seed without symplasmic unloading.

STORAGE OF Fe IN Seeds
Inside seeds, Fe is essential for embryo development (Stacey
et al., 2002; Stacey et al., 2008) but might also become toxic at
high concentration. Thus, Fe must be transported into embryos
and stored in a stable form that can be remobilized during
germination. Embryo Fe transport has rarely been addressed
experimentally, although this process is highly relevant for both
increasing the seed Fe content and to preserve the fitness of the
embryo. Only few genes encoding proteins with functions in Fe
transport within seeds have been identified. OsYSL2 encodes a

PM Fe-NA transporter and is expressed in various parts of the
seed throughout its development (Koike et al., 2004). The role of
OsYSL2 in the transport of Fe to the seed was further confirmed
using a RNAi line (Ishimaru et al., 2010). Disruption of AtOPT3
leads to embryo lethality and decreased expression of the gene
(as observed in the opt3-2 mutant) resulted in reduced Fe content
of the embryo (Stacey et al., 2008). The substrate of AtOPT3 is
unknown. The citrate efflux transporter FRD3 is expressed in the
aleurone layer and in the embryo protodermis, and is known to
promote Fe nutrition between symplastically disconnected tissues
(Roschzttardtz et al., 2011b). For both AtOPT3 and AtFRD3 the
precise function in embryo Fe uptake remains to be elucidated.

Development of elemental imaging techniques allowed accu-
rate localization of Fe in seeds of Arabidopsis, rice, and pea (Kim
et al., 2006; Roschzttardtz et al., 2009, 2011a; Takahashi et al., 2009;
Iwai et al., 2012). The results of these studies highlighted major
differences between species. In rice seeds, the highest Fe con-
centration was observed in aleurone layers, integument, and in
the scutellum (Figure 2A). These tissues are discarded during
processing; hence in this species, breeding focused on increas-
ing endosperm Fe content (Goto et al., 1999; Lee et al., 2009) in
order to enhance Fe bioavailability (Bashir et al., 2010). In dicots,
the endosperm represents a minor portion of mature seeds, and Fe
is mainly stored within the embryo. Raising the Fe content in such
seeds may therefore be associated with a possible damage of the
embryo by toxic Fe concentrations. To prevent such damage, plants
possess two mechanisms. Iron can be stored in plastids within fer-
ritins, which assemble as large spherical 24-mer protein complexes
able to store up to 4500 Fe atoms in their internal cavities. The
second mechanism consists in vacuolar sequestration.

In Arabidopsis, during maturation of the embryo Fe is
sequestered in vacuoles of the endodermal cell layer (Figure 2B)
through the VACUOLAR IRON TRANSPORTER1 (AtVIT1; (Kim
et al., 2006), and then remobilized during germination by the NAT-
URAL RESISTANCE ASSOCIATED MACROPHAGE PROTEIN3
and 4 (AtNRAMP3 and AtNRAMP4; Lanquar et al.,2005; Roschzt-
tardtz et al., 2009). Quantitatively, it has recently been shown that
this particular Fe pool represents around 50% of the total Fe accu-
mulated in Arabidopsis embryos (Schnell Ramos et al., 2013). The
scenario is quite different in pea embryos where Fe concentration
is highest in the epidermis and gradually decreases throughout
the inner layers (Figure 2C). At the subcellular level, high Fe con-
centrations have been observed in nuclei and nucleoli although a
quantitatively important fraction of Fe is stored in plastids, bound
to ferritins (Lobréaux and Briat, 1991). This localization pattern
is similar to that observed in leaves of other species (Roschzttardtz
et al., 2011a) and young Arabidopsis embryos (Roschzttardtz et al.,
2009). The diversity in Fe localization reflects different storage
forms of Fe. Because of pronounced differences in bioavailability
between different forms of Fe, knowledge regarding the Fe ligands
is critical for an effective biofortification strategy. Iron-phytate
(inositol hexakisphosphate) is an example of non-available Fe
(Hallberg et al., 1989). Phytic acids bind tightly to various cations
that are not readily released during digestion by mammalians.
Phytates are preferentially stored in vacuolar globoids (Wada and
Lott, 1997) and constitute the main Fe storage pool of Arabidopsis
embryos (Lanquar et al., 2005). Recent research has shown that
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FIGURE 2 | Iron localization in seeds. (A) In rice, the concentration of
Fe is highest in the aleurone layer, the integument, and the scutellum.
Iron levels are also high in the hull. In the starchy endosperm the Fe
content is low. (B) In Arabidopsis, Fe is mainly localized in vacuoles of
endodermal cells that surround provascular tissues, whereas in other

cells the Fe concentration is homogenously low. (C) In pea seeds,
embryos constitute the main Fe storage pool, but unlike in Arabidopsis,
Fe is localized in nuclei and plastids. The iron concentration is highest
in the outer cell layers, progressively decreasing toward the inner
layers.

phytate represents also the main Fe storage in the rice aleurone
layer (Persson et al., 2009; Iwai et al., 2012). In legume seeds, by
contrast, highly bioavailable plastidic ferritin constitutes the main
storage form of Fe (Lott et al., 1984; Lobréaux and Briat, 1991;
Murray-Kolb et al., 2003; Davila-Hicks et al., 2004). Ferritin was
successfully used to engineer rice lines with high seed Fe (Goto
et al., 1999; Wirth et al., 2009), indicating that ferritin is a good
candidate for biofortification purposes. Although not considered
as a natural storage form of Fe, NA was also employed to breed Fe-
enriched rice varieties, and manipulating NA content represents
so far the most successful attempts regarding to both content and
bioavailability of Fe. The first attempt (Masuda et al., 2009) con-
sisted in the expression of the gene encoding barley NA synthase,
HvNAS1, in rice. Grains of lines overexpressing the NA synthase
OsNAS3 contained around 3-fold more Fe than wild-type plants
and were successfully used to heal anemic mice (Lee et al., 2009).
Similar results were obtained by overexpressing OsNAS2 (Lee et al.,
2012) and OsNAS1, specifically in the endosperm (Zheng et al.,
2010). In fact, constitutive expression of OsNAS genes was shown
to increase the Fe content of polished grains by 2.1- to 4.2-fold
(Johnson et al., 2011). Multiple transgene approaches expressing
both the ferritin gene from Phaseolus vulgaris (PvFERRITIN), the
Arabidopsis NA synthase AtNAS1, and the phytase from Aspergillus
fumigatus Afphytase were successful as well, with a report of a six-
fold increase in rice seed Fe content (Wirth et al., 2009). Using
a different combination of transgenes (HvNAS1, OsYSL2, and
GmFERRITIN), Masuda et al. (2012) were able to produce field-
grown plants with a 4.4-fold increase in Fe content in polished
seeds without yield loss. The authors concluded that for efficient
biofortification introduction of multiple Fe homeostasis genes is
more effective than introduction of single genes.

CONCLUSION
In the last two decades, understanding of Fe homeostasis in
plants has leapt forward dramatically; molecular biology progress
led to the identification and functional characterization of many
genes and regulatory nodes involved in Fe transport, evolution
of analytical techniques has allowed accurate determination of

labile Fe species, and, more recently, elemental imaging tech-
niques such as X-ray fluorescence provided new insights into the
distribution and trafficking of Fe. Data provided by this array of
techniques set the stage for producing Fe-fortified plant varieties,
illustrated by the recent achievements in rice (reviewed in Sperotto
et al., 2012). Critical gaps in knowledge exist regarding the mech-
anisms controlling Fe homeostasis in green plant parts, loading
and unloading of xylem and phloem, Fe transport within seeds,
and, last but not least, regarding the shoot-to-root signal adjusting
root Fe uptake to the shoot demand. These questions are pending
for decades, complicated by the difficulty to sample phloem sap
and intracellular fluids (Kehr and Rep, 2007). Further progress
in deciphering the function of several unknown Fe-responsive
genes in combination with further technical progress, providing
a better resolution of Fe speciation and concentration, will lead
to improved strategies to generate Fe-efficient germplasms and to
combat FDA.

NOTES
Since this paper was completed and accepted for publication, the
role of ascorbate in iron transport by pea and Arabidopsis embryos
was unambiguously demonstrated by Grillet et al. (2013).
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Seed formation is an important step of plant development which depends on nutrient
allocation. Uptake from soil is an obvious source of nutrients which mainly occurs during
vegetative stage. Because seed filling and leaf senescence are synchronized, subsequent
mobilization of nutrients from vegetative organs also play an essential role in nutrient use
efficiency, providing source-sink relationships. However, nutrient accumulation during the
formation of seeds may be limited by their availability in source tissues. While several
mechanisms contributing to make leaf macronutrients available were already described,
little is known regarding micronutrients such as metals. Autophagy, which is involved
in nutrient recycling, was already shown to play a critical role in nitrogen remobilization
to seeds during leaf senescence. Because it is a non-specific mechanism, it could also
control remobilization of metals.This article reviews actors and processes involved in metal
remobilization with emphasis on autophagy and methodology to study metal fluxes inside
the plant. A better understanding of metal remobilization is needed to improve metal use
efficiency in the context of biofortification.

Keywords: transition metal, isotopic labeling, nutrient use efficiency, leaf senescence, nutrient fluxes, atg, Fe, Zn

INTRODUCTION
Micronutrients, such as metals, are essentials for cell functions.
Zinc (Zn), which exists only as divalent cation, plays an impor-
tant role in protein structure and function thank to its Lewis acids
properties. Transition metals such as iron (Fe), copper (Cu), or
manganese (Mn), which have unpaired electrons that promote
their involvement in oxido-reduction reactions, are used in a
wealth of biological processes (Pierre and Fontecave, 1999). A
third of the proteins characterized at the structural level are met-
alloproteins, highlighting the need of metals for cell functions
(Finney and O’Halloran, 2003).

In plants, transition metal functions are mainly associated to
energy production mechanisms, thereby about 80% of Fe in mes-
ophyll cell is localized in chloroplasts (Nouet et al., 2011). Fe is
essential for chlorophyll synthesis, nitrogen fixation, DNA repli-
cation, reactive oxygen species (ROS) detoxification, and electron
transport chain in both mitochondria and chloroplasts (Nouet
et al., 2011; Yruela, 2013). Mn plays a central role in the pho-
tosystem II (PS II) where it catalyzes water oxidation (Tommos
et al., 1998). This element is also involved in sugar metabolism,
Mn-superoxide dismutase (SOD), and chloroplastic enzymes such
as decarboxylases and dehydrogenases (Luk and Culotta, 2001;
Horsburgh et al., 2002; Aggarwal et al., 2012). Cu is integrated
into plastocyanines involved in electron transfer of chloroplasts
(Yruela, 2013). It plays also an essential role in the cytochrome
oxidase of mitochondria (Bleackley and Macgillivray, 2011). Zn
is required for carbon fixation through the carbonic anhydrase
(Badger and Price, 1994). It is also needed for the Cu/Zn-SOD,
transcriptional regulation by zinc-finger DNA binding proteins

and for the turnover of PSII in chloroplasts (Kurepa et al., 1997;
Bleackley and Macgillivray, 2011; Lu et al., 2011). Therefore, plants
need metals to achieve vital functions in all their organs.

Among all plant organs, seed is a special one because it has to
store metals required for germination and during the first days of
seedling development. Hence in annual plants, seed formation
is a crucial step in which plant sacrifices itself to store nutri-
ents for its offspring. Seed filling depends on nutrient originating
from de novo uptake by roots or remobilization from senescent
organs.

Here, we review genes and processes involved in metal remo-
bilization during seed filling. We will discuss methodologies that
can be used to study metal fluxes in plants and thereby determine
the relative contribution of uptake and remobilization pathways.
Autophagy is a ubiquitous process involved in cellular nutrient
recycling. Because it was recently shown to play a critical role
in nitrogen remobilization (Htwe et al., 2011; Guiboileau et al.,
2012), this review focuses on autophagy as a potential mecha-
nism to make metal available for subsequent remobilization during
senescence.

ORIGIN OF SEED METALS: UPTAKE FROM SOIL VS
REMOBILIZATION FROM SENESCENT TISSUES
CIRCULATION OF METALS INTO THE PLANT AND MICRONUTRIENT USE
EFFICIENCY
Understanding metal seed filling requires knowledge on the gen-
eral micronutrient pathways which was already summarized in
several recent reviews (Pittman, 2005; Palmgren et al., 2008; Mor-
rissey and Guerinot, 2009; Puig and Peñarrubia, 2009; Yruela,
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2009; Pilon, 2011; Waters and Sankaran, 2011; Thomine and Vert,
2013).

On the whole, both uptake from soil and remobilization
from senescent organs may participate in metal loading in seeds
(Figure 1). To date, little is known about the contribution of metal
remobilization from senescent organs to seed filling. In contrast,
this topic is well documented regarding nitrogen. It was shown
that uptake and fixation of nitrogen dramatically decrease at the
onset of reproductive stage in cereals, oilseed rape and legumes
(Salon et al., 2011). Accordingly, 50 to 90% of nitrogen grain of
rice, wheat, or maize originate from leaf remobilization (Masclaux
et al., 2001). This highlights that the importance of nitrogen remo-
bilization for seed filling is conserved in most plants. However,
some species, such as oilseed rape, have a low nitrogen remobiliza-
tion capacity resulting in low nitrogen use efficiency (Schjoerring
et al., 1995; Etienne et al., 2007).

As for nitrogen, it is necessary to better understand metal remo-
bilization from senescent organs during seed filling with the aim
to increase micronutrient use efficiency in the context of inten-
sive agriculture, fertilization limitations, and biofortification. This
is especially important as metal availability may become limiting

FIGURE 1 | Uptake and remobilization pathways involved in seed

filling with emphasis on source-sink relationships. Micronutrients from
the rhizosphere (brown arrow) are taken up into roots and transported to
the xylem vessels (shown in blue). After xylem loading, micronutrients are
translocated into shoots for subsequent unloading. Micronutrients located
in the xylem can also be unloaded into the xylem parenchyma of nodes to
be transferred to phloem vessels (shown in red) by specific transporters
(Sondergaard et al., 2004; Tanaka et al., 2008; Yamaji and Ma, 2009). This is
essential for seed filling which is only achieved by the phloem sap (Patrick
and Offler, 2001). Phloem micronutrients are unloaded to fill seeds.
Because seed filling is also achieved by nutrient remobilized from
senescent tissues (green arrow), seed formation requires close
synchronization between sink formation and source organ senescence.
Age, biotic and abiotic stresses contribute to orchestrate nutrient
mobilization during leaf senescence with the formation of reproductive
organs and seed filling (black arrows). Light and photoperiod act indirectly
on leaf senescence by stimulating the development of the reproductive
organs.

under certain environmental conditions (drought, low tempera-
ture) and soil characteristics (low metal content, high salt content,
ionic unbalance, low pH, high bicarbonate concentration; Chen
and Barak, 1982; Karamanos et al., 1986; Graham, 1988; Alloway,
2009).

METHODOLOGIES TO DETERMINE NUTRIENT FLUX
The most common way to study nutrient fluxes within the
plant is to determine the “apparent remobilization” which con-
sists in the measurement of the total amount of element of
interest present in different plant organs at different times
(Masclaux-Daubresse et al., 2010). However, this approach does
not provide sufficient resolution and does not allow distinguish-
ing nutrients coming from different pathways, such as nutrient
uptake from soil and nutrient remobilization from senescent
leaves.

The most appropriate approach to study short-term accumu-
lation, uptake from soil and fluxes between tissues is the use of
isotopes as tracers. Isotopic labeling can be implemented with dif-
ferent protocols (Grusak, 1994; Wu et al., 2010; Erenoglu et al.,
2011; Hegelund et al., 2012).

Metal fluxes may be monitored by pulse-chase labeling using
radioactive or stable isotopes. The 59Fe, 65Zn, and 68Zn radioiso-
topes have been used for pulse labeling on specific organs followed
by a chase period to facilitate the identification of source organs
contributing to seed filling in peas, wheat and rice (Grusak, 1994;
Wu et al., 2010; Erenoglu et al., 2011; Zheng et al., 2012). Following
this approach, it was demonstrated that nutrient supply can affect
Zn remobilization in wheat (Erenoglu et al., 2011). In rice, dif-
ferences in Zn remobilization efficiency between genotypes were
observed using isotopic pulse-chase on specific organs (Wu et al.,
2010).

Recently, pulse labeling using very short life ß+ radioiso-
tope like 52Fe, 52Mn, and 62Zn has been used to image metal
fluxes within a plant via a real-time and non-destructive tech-
nique called Positron-Emitting Tracer Imaging System (Kume
et al., 1997; Tsukamoto et al., 2006; Tsukamoto et al., 2009).

Non-radioactive isotope is also used for pulse labeling on spe-
cific organs. Application of 65Cu to one individual leaf of rice
allowed to study Cu redistribution between the different leaves
during vegetative stage (Zheng et al., 2012). Non-radioactive iso-
topes can be also added in the nutrient solution for labeling plants
early during development in order to monitor nutrient movement
during vegetative stages or later at reproductive stage to study
remobilization and seed filling. Using Zn isotopes, this pulse-chase
approach has been used to quantify the effect of nutrient limita-
tion on Zn fluxes between organs in rice and wheat (Wu et al.,
2010; Erenoglu et al., 2011). Moreover, 70Zn pulse-chase labeling
combined with laser ablation-inductively coupled plasma-mass
spectrometry has provided a spatial distribution of Zn within
wheat seeds revealing zinc transport barriers during grain filling
in wheat (Wang et al., 2010).

Long term labeling in nutrient solution may be performed to
address the contribution of uptake from soil to organs during
a specific developmental stage, with respect to the contribution
of endogenous remobilization. Continuous application of 68Zn
provided evidence that Zn uptake before anthesis contributes to
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more than 50% to the total Zn grain content in rice (Wu et al.,
2010). Shorter continuous labeling can also be used to deter-
mine the uptake capacity by measuring isotope accumulation in
roots (Hegelund et al., 2012) or isotope depletion in the nutritive
solution (Erenoglu et al., 2011).

Isotopic labeling is an essential tool to study metal fluxes within
the plant but require the availability of enriched isotopes and
adequate analytical tools. Initially, isotopic labeling was mainly
performed using radioactive isotope despite the risk for humans.
Nowadays, enriched stable isotopes are more and more accessible
at least for Fe, Ni, Cu, Zn, and Mo. They represent a healthier
and less restrictive alternative but their analysis requires the use
of mass spectrometry, such as inductively coupled plasma-mass
spectrometry.

THE COUPLING BETWEEN SENESCENCE AND
MICRONUTRIENT REMOBILIZATION
CONTROL OF SENESCENCE AND REMOBILIZATION AT THE WHOLE
PLANT LEVEL
Senescence is an active process controlled by age whereby sink
tissues performing photosynthesis and anabolism become source
tissues undergoing catabolism (Figure 2). Senescence makes nutri-
ents available for further plant organs (Hörtensteiner and Feller,
2002), contributing to nutrient use efficiency. Optimal remobi-
lization requires close synchronization between sink formation
and source organ senescence (Figure 1). It was observed that
the removal of sink tissues delays senescence in oilseed rape, soy-
bean and wheat and decrease nitrogen remobilization in oilseed
rape and soybean (Patterson and Brun, 1980; Crafts-Brandner
and Egli, 1987; Noquet et al., 2004; Htwe et al., 2011). How-
ever, senescence and remobilization are also controlled by other

parameters such as nutrient availability (Figure 1). In Arabidopsis,
nitrogen limitation triggers leaf senescence (Lemaître et al., 2008).
In wheat, remobilization of Fe and Zn from flag leaves to seeds
is increased under nutrient-limiting conditions (Waters et al.,
2009; Wu et al., 2010; Sperotto et al., 2012b). Conversely con-
tinuous nutrient uptake during seed formation may account for
low nutrient remobilization in some species (Masclaux-Daubresse
and Chardon, 2011; Waters and Sankaran, 2011). However, an
opposite behavior was observed in barley plants for which remo-
bilization increased upon high Zn supply. This illustrates the
diversity of Zn management at the whole plant level (Hegelund
et al., 2012). Moreover, other abiotic and biotic stresses such as
pathogen attack, high salinity, drought, low temperature, modi-
fications of light intensity, and quality can also cause premature
senescence and remobilization (Nooden et al., 1996; Buchanan-
Wollaston, 1997; Gan and Amasino, 1997). Because they are
sessile, plants developed high plasticity to respond to environ-
ment conditions, triggering cell death and remobilization in
order to save nutrients and produce more adapted organs and
tissues.

CONTROL OF SENESCENCE AND REMOBILIZATION AT THE MOLECULAR
LEVEL
Transcript analysis, comparing green and senescing leaves, led to
the identification of senescence-associated genes (SAG) in dif-
ferent species (Hensel et al., 1993; Buchanan-Wollaston, 1994;
Smart et al., 1995; Guo et al., 2004; Buchanan-Wollaston et al.,
2005; van der Graaff et al., 2006; Breeze et al., 2011). Irrevo-
cably, the expression of genes encoding cysteine proteases is
strongly induced in senescent leaves (Hensel et al., 1993; Smart
et al., 1995; Bhalerao et al., 2003; Andersson et al., 2004; Guo

FIGURE 2 | Sink/source transition at the cellular level. Active
photosynthetic cells perform carbon fixation, energy production and
anabolism and require micronutrients for these functions. Senescence
modifies these sink cells into a source cells undergoing catabolism. Intense
catabolism activities and nutrient recycling occurs in chloroplasts, cytosol,
and vacuole allowing nutrient remobilization. Chloroplasts, which
concentrate a large part of metals, are first affected (Zavaleta-Mancera
et al., 1999). Pigment degradation directly takes place in chloroplasts
(Hörtensteiner et al., 1995; Park et al., 2007). However, stromal proteins are
degradated into the central vacuole through rubisco containing body (RCB:
autophagosome) or into senescence associated vacuoles (SAV) through an

ATG-independent route which is not well understand yet (Hörtensteiner and
Feller, 2002; Ishida et al., 2008; Ishida et al., 2013). These dismantling
mechanisms decrease chloroplast seize enabling whole chloroplast
degradation via chlorophagy (Ishida et al., 2013). Peroxisomes are modified
to glyoxysomes, which produce energy and soluble sugars from lipid
catabolism (Buchanan-Wollaston, 1997; del Rìo et al., 1998). Mitochondria
that remain intact until late after senescence onset, are in turn degraded
when the energy demand decreases (Yoshida, 2003). Finally, membrane
permeabilization causes loss of cytoplasm that finally leads to death. ROS,
reactive oxygen species; SAV, senescence-associated vacuoles; RCB,
rubisco containing body; N, nucleus.
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et al., 2004; Breeze et al., 2011). As expected, these analyses
confirmed induction of genes involved in hormonal pathways
(Andersson et al., 2004; van der Graaff et al., 2006; Breeze et al.,
2011). Indeed, senescence is regulated by the balance between
senescence promoting hormones, namely jasmonic acid, abscisic
acid, salicylic acid, and ethylene, and senescence repressing hor-
mones such as cytokinins, auxins, and gibberellins (van der
Graaff et al., 2006). As hormones, sugars are known to act as
signaling molecules and several lines of evidence indicate that
they also contribute to senescence regulation. Sugar concen-
trations rise in senescent leaves. Moreover, overexpression of
hexokinase, a sugar sensor, accelerates senescence whereas anti-
sense expression delays senescence in Arabidopsis (Nooden et al.,
1997; Masclaux et al., 2000; Xiao et al., 2000; Watanabe et al.,
2013).

Genes coding metal ion binding proteins such as metalloth-
ioneins, ferritins, zinc-finger proteins, metalloproteases (Ftsh)
and metal transporters were also frequently found to be upreg-
ulated in senescent leaves (Buchanan-Wollaston, 1994; Bhalerao
et al., 2003; Andersson et al., 2004; Guo et al., 2004; Zelisko et al.,
2005). This may illustrate the involvement of metals in degrada-
tion mechanisms and/or the importance of their remobilization
(Breeze et al., 2011). Furthermore, these transcriptomic analy-
ses highlighted the significant induction of autophagy related
genes (ATG genes) and genes encoding NAC and WRKY tran-
scription factors (Andersson et al., 2004; Guo et al., 2004; van der
Graaff et al., 2006; Breeze et al., 2011). Whereas NAC have already
been demonstrated to be involved in micronutrient remobiliza-
tion during senescence (Olmos et al., 2003; Guo and Gan, 2006;
Uauy et al., 2006; Sperotto et al., 2009, 2010; Waters et al., 2009),
nothing is known about the implication of ATG genes in this
process.

ROLE OF AUTOPHAGY IN NUTRIENT RECYCLING AND
REMOBILIZATION
INVOLVEMENT OF AUTOPHAGY IN NUTRIENT RECYCLING
Autophagy catabolizes cytoplasmic components that are no longer
useful. It eliminates aberrant proteins and damaged organelles
for the maintenance of essential cellular function by vacuole
internalization mediated by double membrane vesicles called
autophagosomes (Yoshimoto, 2012). Genes involved in autophagy
(ATG) were first defined by a genetic screen in yeast (Mat-
suura et al., 1997), thereby molecular mechanisms have been well
described on this organism (for reviews see Thompson and Vier-
stra, 2005; Bassham, 2007; Li and Vierstra, 2012; Yoshimoto, 2012).
Most of these genes turned out to have conserved functions in all
eukaryotic cells. They encode proteins involved in the induction
of autophagy, membrane delivery for autophagosome forma-
tion, nucleation, expansion, and enclosure of autophagosomes
(Thompson and Vierstra, 2005).

Autophagy can be triggered upon nutrient starvation and stress
leading to intracellular remodeling, which allows plants to respond
to environmental constraints (Yoshimoto, 2012). Accordingly,
mutants impaired in ATG genes exhibit decreased growth associ-
ated with premature senescence when they develop under carbon
or nitrogen starvation (Doelling et al., 2002; Hanaoka et al., 2002;
Yoshimoto et al., 2004; Phillips et al., 2008; Chung et al., 2010;

Suttangkakul et al., 2011). Plants defective in autophagy are thus
unable to cope with nutrient starvation suggesting that autophagy
is an important mechanism for nutrient use efficiency and cellular
homeostasis.

AUTOPHAGY CONTROLS NUTRIENT REMOBILIZATION DURING
SENESCENCE
During senescence, cytoplasmic components such as organelles
are gradually dismantled and degraded. Autophagy is an essen-
tial degradation process for nutrient recycling and remobilization.
Accordingly, up-regulation of ATG genes is observed during
leaf senescence in Arabidopsis (Doelling et al., 2002; van der
Graaff et al., 2006; Chung et al., 2010; Breeze et al., 2011) and
the decrease of chloroplast number and chloroplast size during
senescence is affected in Arabidopsis atg4a4b-1 mutant (Wada et al.,
2009).

Because of its key role in the degradation of cellular compo-
nents during nutrient recycling and its up-regulation and involve-
ment during senescence, it was hypothesized that autophagy
could play a role in nutrient remobilization. During senescence,
autophagy was shown to be involved in the degradation of chloro-
plasts and specifically of RuBisCO which is the most abundant leaf
protein containing about 80% of the cellular nitrogen (Figure 2;
Chiba et al., 2003; Ishida et al., 2008; Wada et al., 2009; Gui-
boileau et al., 2012; Ishida et al., 2013). In addition, pulse-chase
experiments in which 15N labeling was applied in nutrient solu-
tion during vegetative stage revealed a significant decrease of
nitrogen remobilization from vegetative tissues to seeds in atg
mutants. These results demonstrated that autophagy is required
for nitrogen remobilization and seed filling (Guiboileau et al.,
2012).

Chloroplast is the organelle where metals are most intensively
used. Thereby about 80% of the cellular Fe is localized in chloro-
plasts (Nouet et al., 2011). Because autophagy is involved in the
degradation of organelles, including chloroplasts, the role of
autophagy in metal recycling in source tissues for remobilization
to the seeds has to be considered. In plants, autophagy leads to the
degradation of autophagosome cargo within the vacuole. Hence,
tonoplastic metal efflux transporters are needed to retrieve met-
als from the vacuole. Interestingly, transcriptomic analyses that
highlight autophagy induction during senescence in Arabidopsis
leaf also show specific up-regulation of NRAMP3, a gene encod-
ing a transporter involved in metal mobilization from vacuoles
(Thomine et al., 2003; Lanquar et al., 2005, 2010; Breeze et al.,
2011). Availability of metals in source tissues may therefore also
be dependent on autophagy and subsequent mobilization from
vacuole during senescence.

REMOBILIZATION AND AUTOPHAGY IN THE CONTEXT OF
BIOFORTIFICATION
BIOFORTIFICATION TO IMPROVE HUMAN DIET
Key micronutrients are often not sufficiently available in human
diet (Kennedy et al., 2003). Over 60% of the world popula-
tion are Fe deficient and over 30% are Zn deficient (White
and Broadley, 2009). Staple food crops such as cereal grains
are poor sources of some mineral nutrients, including Fe and
Zn. Thus, the importance of cereals in human diet accounts
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in large part for micronutrients deficiencies (Gomez-Galera et al.,
2010).

Biofortification aims at increasing the availability of key
micronutrients such as Fe and Zn in crops (White and Broadley,
2009). For this purpose, conventional breeding and genetic engi-
neering are performed in rice, which is the major staple crop in
most countries affected by Fe-deficiency (Juliano, 1993; WHO,
2002; Sperotto et al., 2012a). Single or multiple metal homeostasis
genes were already introduced in rice through genetic engineering
to improve grain Fe content (Sperotto et al., 2012a). By pyramid-
ing transgenes conferring strong sink strength in seeds, high metal
translocation and enhancing phloem unloading during seed mat-
uration, it was possible to increase Fe concentration by 4.4 in rice
seeds (Masuda et al., 2012).

ENGINEERING AUTOPHAGY AS A NEW WAY FOR BIOFORTIFICATION
Another option to increase seed micronutrient content could be to
improve their availability in source tissues for remobilization dur-
ing seed formation. Himelblau and Amasino (2001) showed that
senescence of Arabidopsis leaves only leads to a decrease by 40%
of leaf concentrations of metals such as Mo, Fe, Cu, and Zn. Thus,
about 60% of these micronutrients are not remobilized and can
therefore not participate to seed filling. Up-regulating autophagy
in source tissues specifically during seed formation could improve
intracellular nutrient recycling and thereby increase the nutrient
pool available for reallocation. However, because autophagy is not
specific, this approach may increase seed yield without increasing
Zn or Fe concentrations. To improve seed quality, up-regulation
of autophagy should be combined with a strategy that specifically
targets a metal, such as the expression of ferritin under the control
of a seed endosperm promoter in the case of Fe (Sperotto et al.,
2012a).

More than thirty genes are involved in autophagy (Yoshi-
moto, 2012). It might therefore not be straightforward to increase
autophagy by overexpressing autophagy related genes during
seed formation. However, autophagy is regulated at the post-
transcriptional level by the target of rapamycin (TOR) kinase
complex (Noda and Ohsumi, 1998; Kamada et al., 2000). Because
TOR is a negative regulator of autophagy, its specific inhibi-
tion in vegetative tissues during seed formation may be the best
approach to stimulate autophagy and nutrient recycling. On
the other hand, TOR kinase complex is not a specific regula-
tor of autophagy. It controls many others aspect of metabolism
(Diaz-Troya et al., 2008). Besides, autophagy itself is not only
involved in nutrient recycling. It also controls the hypersensitive
response (Yoshimoto et al., 2009). Therefore, further investigations
are necessary to determine if TOR inactivation during senes-
cence is efficient for biofortification and to identify more specific
regulators.
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Aims: Agronomy and breeding actively search for options to enhance cereal grain Zn
density. Quantifying internal (re-)allocation of Zn as affected by soil and crop management
or genotype is crucial. We present experiments supporting the development of a
conceptual model of whole plant Zn allocation and re-allocation in rice.

Methods: Two solution culture experiments using 70Zn applications at different times
during crop development and an experiment on within-grain distribution of Zn are
reported. In addition, results from two earlier published experiments are re-analyzed and
re-interpreted.

Results: A budget analysis showed that plant zinc accumulation during grain filling was
larger than zinc allocation to the grains. Isotope data showed that zinc taken up during grain
filling was only partly transported directly to the grains and partly allocated to the leaves.
Zinc taken up during grain filling and allocated to the leaves replaced zinc re-allocated from
leaves to grains. Within the grains, no major transport barrier was observed between
vascular tissue and endosperm. At low tissue Zn concentrations, rice plants maintained
concentrations of about 20 mg Zn kg−1 dry matter in leaf blades and reproductive tissues,
but let Zn concentrations in stems, sheath, and roots drop below this level. When plant
zinc concentrations increased, Zn levels in leaf blades and reproductive tissues only
showed a moderate increase while Zn levels in stems, roots, and sheaths increased much
more and in that order.

Conclusions: In rice, the major barrier to enhanced zinc allocation towards grains is
between stem and reproductive tissues. Enhancing root to shoot transfer will not
contribute proportionally to grain zinc enhancement.

Keywords: 70Zn, zinc allocation, rice, Oryza sativa, stable isotope, re-allocation

INTRODUCTION
Until recently, crop research on micronutrients largely focussed
on alleviating limitations to crop production under deficiency or
toxicity conditions (Marschner, 1995; Welch, 1995; Rengel, 1999;
Fageria et al., 2002). To this zinc (Zn) was no exception. The
interest in plant research on micronutrients changed when it was
realized that human mineral deficiencies might be alleviated—at
least partly—through improved mineral concentrations in edi-
ble parts of major food crops (Graham and Welch, 1996; Welch
and Graham, 1999, 2004). This shift from a purely plant produc-
tion focus to a food chain (Slingerland et al., 2006, 2009) or food
systems (Graham et al., 2007) focus also shifted the attention in
cereal crops from mainly uptake during early crop development,
when Zn deficiency problems tend to be severest, to research on
Zn husbandry during all stages of the crop’s life cycle.

Such research on Zn husbandry included an analysis of Zn
allocation to the grains and the relative role of Zn taken up at
different crop development stages. Early research had established
there is a strong potential for re-allocation of Zn from vegeta-
tive tissues to filling grains in wheat (Triticum aestivum L.) when
post-flowering uptake was absent (Pearson and Rengel, 1994),
despite a partial sequestration of Zn in vegetative organs. Later

studies on wheat showed that when post-flowering uptake was
made possible also substantial proportions of grain Zn could be
accounted for by post-flowering uptake (Garnett and Graham,
2005; Kutman et al., 2011). In nutrient solution experiments with
rice (Oryza sativa L.), post-flowering Zn uptake equaled or sur-
passed grain Zn content at maturity over a wide range of applied
Zn levels (Jiang et al., 2008a) and over a range of genotypes
(Jiang et al., 2008b). Also Mabesa et al. (2013) observed that post-
flowering uptake was larger than total grain zinc content over a
range of tested rice genotypes.

In the above-mentioned studies, the potential contribution of
post-flowering uptake to grain Zn was assessed on the basis of
budget analyses. Such Zn budget analyses, however, do not pro-
vide full insight into the relative role of re-allocation vs. the role
of direct allocation, or into the role of different plant tissues in
providing Zn to the grain through re-allocation. Theoretically all
Zn taken up after flowering could be allocated to the major tran-
spiring organs (i.e., the leaves and glumes) replacing there the
earlier accumulated Zn which could in turn be re-allocated to
the grains. This putative role of transpiration in directing alloca-
tion of xylem transported Zn has been postulated before (Pearson
et al., 1995; Wolswinkel, 1999), but to the best of our knowledge
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direct evidence is still lacking in literature. Zn is mobile, both in
phloem and xylem (Marschner, 1995; Wolswinkel, 1999; Rengel,
2001). Further insight into whether direct allocation implies
xylem to phloem transfer in the stem, rachis or grains, or rather
in leaves and glumes, and into whether newly acquired Zn in fact
substitutes re-allocated zinc will help in identifying most rate-
limiting, underlying physiological processes and thus processes to
target in breeding for improved Zn content in harvestable parts.

The aim of the current paper is to contribute to our insight
into the most rate-limiting steps at organ level throughout crop
development. In a next step it would then be possible to couple
the insights in and models of the respective membrane trans-
fer, xylem or phloem transport and cell level processes (Grusak
et al., 1999; Palmgren et al., 2008; Waters and Sankaran, 2010)
to the tissues where and developmental phases when rate limita-
tions seem most important. In addition, Zn re-allocation implies
that once allocated to and incorporated into a tissue some Zn
can be released again. However, dead leaf tissue contains some
Zn, even under severe plant Zn deficiency (Reuter et al., 1997);
therefore, part of the Zn, once allocated to an organ, can be
considered as sequestered, while additional Zn that is taken up
above this minimum level can still be re-allocated. A quantifica-
tion of Zn sequestration is essential to understand allocation and
re-allocation dynamics throughout crop development.

Targeted studies on (re-)allocation that go beyond budget
analyses, have been carried out in rice using labeled zinc, either
radio-active (Jiang et al., 2007) or stable (Wu et al., 2010, 2011)
isotope forms. Jiang et al. (2007) found that most of the Zn taken
up by roots after flowering accumulated in grains while only a
small portion of leaf-applied Zn was re-allocated from leaves to
grains. Recent work of Mabesa et al. (2013) seems to hint into the
same direction although there might be genetic variation worth
pursuing. These data do not provide information on the contri-
bution of re-allocation from leaves of Zn that had been taken up
through the roots at different stages. The study by Wu et al. (2010)
focussed on re-allocation under Zn deprivation during a 3-week
period directly following a 30-day application of stable isotope
Zn providing valuable insights in the way Zn recently taken up is
allocated and subsequently re-allocated at different growth stages.
However, these data do not provide insight into the long-term re-
allocation of Zn taken up during the vegetative stage or during
panicle formation to the filling grains after flowering.

In the current paper we report on two experiments with 70Zn
to study long-term re-allocation of Zn and to distinguish alloca-
tion and re-allocation during grain filling of Zn applied during
different growth stages. We also report on an experiment car-
ried out to assess whether the observed bottleneck for endosperm
loading of Zn in wheat (Stomph et al., 2011) is also present in rice.
Moreover, we re-analyse and re-interpret earlier published data
on Zn allocation with the aim to identify possible bottlenecks in
Zn transfer between tissues.

MATERIALS AND METHODS
EXPERIMENT 1
A greenhouse experiment was carried out in the UNIFARM facil-
ities of Wageningen University, Wageningen, the Netherlands, in
2009. Seeds of rice (Oryza sativa L.) cv. Qinai-3-hun were surface

sterilized with 1% sodium hypochlorite for 5 min followed by
70% ethanol for 1 min, after which they were rinsed with deion-
ized water. Sterilized seeds were sown in quartz sand with
standing water. Eight days after sowing visibly viable seedlings
were rinsed with deionized water to wash off sand and fixed
in polyethylene foam discs that fitted in lids of 20 L con-
tainers. Per container 20 plants were grown in a 7 × 7 cm
grid. The containers were filled with a half strength Hoagland
solution without Zn and Fe. This nutrient solution contained
2.5 mM KNO3, 2.5 mM Ca(NO3)2.4H2O, 1 mM MgSO4.7H2O,
0.5 mM KH2PO4, 46.3 µM H3BO3, 9.1 µM MnCl2.4H2O,
0.6 µM CuSO4.5H2O, 0.03 µM (NH4)6Mo7O24.4H2O. To this
2.5 ml Fe-EDDHMA per L nutrient solution was added. This
chelate is a stable Fe source between pH 3.5 and pH 12. The
stable isotope zinc was obtained as ZnO (99.5% 70Zn), this was
acidified with H2SO4 (0.01 M ZnO + 0.0195 M H2SO4) to form
70ZnSO4. Per 20-L container 1.54 ml ZnSO4 0.01 M (0.05 mg Zn
L−1) or 1.43 ml 70ZnSO4 0.01 M (0.05 mg Zn L−1) was added
to account for differences in molecular weight of isotopes. The
nutrient solution was replaced only at intermediate harvests, i.e.,
7 days after panicle initiation (36 days after transplanting) and at
flowering (54 days after transplanting). At both moments plant
roots were rinsed twice with deionized water and then placed in
deionized water for 2 h after which they were placed in the new
nutrient solution. This procedure limited carry-over of nutrients.
The temperatures in the climate controlled greenhouse compart-
ment were set at 26◦C during the 12 h daylight period and 23◦C
during the 12 h dark period. Nutrient solutions were aerated
continuously.

There were three treatments. While growing conditions and
nutrient solutions were identical during the full experimental
period the plants received stable isotope 70Zn during either the
period between transplanting and 7 days after panicle initia-
tion (Treatment 1), or the 18-day period prior to flowering
(Treatment 2), or the period between flowering and full matu-
rity (Treatment 3). Plants of Treatment 1 were harvested 7 days
after panicle initiation, at flowering and at maturity, plants of
Treatment 2 were harvested at flowering and maturity, and plants
of Treatment 3 were harvested at maturity only. The experiment
was carried out in duplicate in a randomized block design. Per
replicate of each harvest by treatment combination one container
was available with 20 plants arranged as 4 by 5 plants of which
only the central 2 by 3 plants were used for observations on
biomass and Zn distribution. The organ Zn concentrations for
plants of treatments that were not harvested a week after pani-
cle initiation (Treatments 2 and 3) or at flowering (Treatment 3)
were assumed to be identical to those of the plants that received
stable isotope Zn, while the abundance of 70Zn in those plants
were assumed to be the natural abundance (0.6%).

Panicle initiation was monitored on some additional plants
grown on a separate container. The containers received deion-
ized water three times per week as needed to keep water levels
constant. The harvest a week after panicle initiation (36 days
after transplanting) was scheduled when panicle initiation was
observed on two consecutive harvested plants, the harvest at
flowering was scheduled when three of the six central plants on
all containers had at least one flowering panicle (54 days after
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transplanting), while the harvest at maturity was scheduled 96
days after transplanting.

Roots of harvested plants were rinsed with deionized water
and then blotted with tissues to remove adhering water. Plants
were then dissected into roots, leaf sheaths, leaf blades and, when
present, further into stems, rachis and glumes, and grains. At
maturity some newly formed tillers were observed and these
were harvested separately. Dissected material was dried at 70◦C
for 48 h before weighing. Hereafter samples were ground in
a stainless steel hammer mill and then analyzed for total Zn
and percentage 70Zn at the Chemical Biological Laboratory of
Wageningen UR-Soil Centre. Samples were microwave destruc-
ted using HNO3-HF-H2O2 and subsequently samples were ana-
lyzed through Inductively Coupled Plasma Mass Spectrometry
(ICP-MS).

EXPERIMENT 2
Using the same cultivation method in 20-L containers as reported
above, plants of two accessions, Qinai-3-Hun and 90B290, both
tested earlier for grain Zn levels under field conditions in China
(Jiang et al., 2008b), were grown in growth cabinets of the
UNIFARM facilities of Wageningen University, Wageningen, the
Netherlands. The basic plant nutrition, day length and tempera-
ture settings were as in Experiment 1, but in this experiment two
seedlings were placed per foam. In all containers nutrient solu-
tions were only replaced 28 days after transplanting, at panicle
initiation of 90B290 (50 days after transplanting) and again at
flowering (64 and 79 days for Qinai-3-hun and 90B290, respec-
tively); the experiment was conducted in two replications. The
two cultivars were raised at one of three Zn treatments: (1) a con-
trol in which plants were grown at 0.05 mg Zn L−1, (2) a high
Zn treatment in which plants were grown at 3.00 mg Zn L−1 dur-
ing the first 28 days after transplanting, then placed at 1.00 mg Zn
L−1 until harvest, and (3) a high Zn treatment in which plants
were grown at 3.00 mg Zn L−1 during the first 28 days after trans-
planting, then placed at 2.00 mg Zn L−1 until harvest. In all three
treatments plants received 99.5% 70Zn from flowering onwards.
Upon harvesting grains were hulled and then polished using a
Pearlest® grain polisher (Kett Electric Laboratory, Tokyo, Japan).
The polished rice was analyzed at the Waite Analytical Services
laboratory in Adelaide, SA, Australia (Wheal et al., 2011).

EXPERIMENT 3
Plants of cultivar Qinai-3-Hun were grown at two Zn treatments
on 165 L containers of 1.48 × 0.86 × 0.13 m. The nutrient solu-
tion (same as in Experiment 1) was continuously circulated to
avoid local nutrient depletion and to provide aeration. The nutri-
ent solution was replaced 15 days after transplanting, at panicle
initiation (34 days after transplanting), and at flowering (54 days
after transplanting). In the lids of the containers a total of 250
foams could be placed in a 7 × 7 cm grid, and in each foam 2
plants were placed to create a high plant density from the start
avoiding profuse tillering and synchronizing flowering. A selec-
tion of plants in each container was tagged at flowering with their
individual flowering date for later harvesting for this experiment,
remaining plants were used for another experiment. A plant was
considered to flower when the anthers from at least 5 florets were
protruding. Based on the flowering dates individual panicles were

harvested at 7, 14, 21, or 28 days after their flowering and at
full maturity (35 days after flowering). For each date four indi-
vidual panicles were selected among the tagged plants. In total
six containers were available. Four containers received a stan-
dard Zn level (Treatment 1) and two containers a high Zn level
(Treatment 2). The four plants were taken one from each stan-
dard Zn container providing four true experimental repeats and
two plants were taken from each high Zn container providing four
replicated plants, but only two true experimental repeats.

Containers for Treatment 1 received 0.05 mg Zn L−1 at the
start and when the nutrient solution was replaced. Containers for
Treatment 2 received 3.00 mg Zn L−1 at the start and at the first
nutrient solution replacement, at panicle initiation the nutrient
solution was replaced by one with 2.00 mg Zn L−1; at flowering
the nutrient solution was again brought to 2.00 mg Zn L−1.

Upon harvesting the fresh grains were dissected under a binoc-
ular microscope (×16) into glumes, pericarp, seed coat, vascular
bundle, endosperm, and embryo. At 7 days after flowering 20
grains were thus dissected and tissue samples bulked, at 14 days
after flowering and later 10 grains were dissected and tissue sam-
ples bulked as grain tissue weights had increased. The separation
between embryo, seed coat, and endosperm was rather difficult 7
days after flowering and these tissues were later bulked. At grain
maturity dissection failed and only whole grains were analyzed.
After dissection tissues were dried at 70◦C for 24 h and weighed.
Thereafter the samples were sent to the Waite Analytical Services
laboratory in Adelaide, SA, Australia for chemical analyses (Wheal
et al., 2011).

RE-ANALYSIS OF DATA FROM THE LITERATURE
Data from Impa et al. (2013) were taken from the supplemen-
tary material presented on the journal website (last consulted 30
October 2013). Data from Wu et al. (2010) were taken from their
tables presented in the paper. In both case only averages were
used. The data from Jiang et al. (2008a) are our own so were
used as raw data and further referred to as Experiment 4. Here
we will mainly use data not published in the mentioned paper so
we provide the essentials on the methods for a quick insight, full
details can be found in the original paper (Jiang et al., 2008a).
The experiment was carried out in 2005 in the greenhouses of the
Chinese Academy of Agricultural Sciences, Beijing. Fifteen-day
old seedlings of aerobic rice cultivars Handao502 and Baxiludao
were transplanted into foam disks fitted in the lids of 70-liter
containers with 55 seedlings per container. Containers were filled
with half strength Hoagland solution (pH 5.6 ± 0.1) without Zn.
Following the method used by Hoffland et al. (2000) for P, Zn
(as ZnSO4) was added every 3 days to the solution on the basis
of expected dry matter increase, and seven target plant Zn con-
centrations for total plant dry matter (10, 15, 25, 50, 100, 150,
and 200 mg kg−1). Total Zn applied between start and end of the
experiment for the seven target levels was: 142, 166, 251, 350,
558, 768, 979 µg plant−1. Temperatures were set to 28◦C/21◦C
(day/night) and 1000 µmol m−2 s−1 light was supplemented
when it was cloudy.

Plant samples were dried at 75◦C for 48 h and ground with a
stainless-steel blade blender to a particle size of 0.25 mm. Dried
ground plant samples (0.50 g) were digested in a bi-acid mix-
ture (HNO3: HClO4 = 4:1) and Zn was determined by atomic
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absorption spectroscopy (AAS SPECTRAA-55; Varian Australia,
Mulgrave, VIC, Australia) at wavelength 213.9 nm. Zinc anal-
yses were checked with certified Zn values in standard sam-
ples obtained from the Wageningen Evaluating Programme for
Analytical Laboratories (WEPAL, Wageningen University, the
Netherlands).

STATISTICAL ANALYSIS
Provided statistics are based on GENSTAT analyses. In
Experiment 2 contrast analyses were used for the three Zn
treatments to make single degree of freedom comparisons first
between the low and the two high Zn treatments and then
between the two high Zn treatments.

RESULTS
Per plant brown rice dry matter differed among experiments.
Values were 3.0, 2.2, and 1.3 g plant−1 in Experiments 1–3, respec-
tively. As plant density was twice as high in Experiments 2 and 3
(408 plants m−2) as in Experiment 1 (204 plants m−2), differ-
ences in brown rice dry matter per unit area were smaller: 612,
880, and 510 g m−2 in Experiments 1–3, respectively. For com-
parison brown rice dry matter in Experiment 4 was 1.4 g plant−1

and Impa et al. (2013) report brown rice dry weights of 0.2 to
4.5 g plant−1 depending on genotype. In Experiments 1–3 the pH
of the nutrient solution increased from the original 5.6 to about
7.5 when solutions were replaced.

EXPERIMENT 1
The Zn level applied in the nutrient solution led to plants with a
rather low plant zinc concentration towards maturity (<15 mg
kg−1, Figure 1). This low overall plant Zn concentration com-
bined reasonable concentrations in leaves during early growth
and in grains with very low stem Zn concentrations.

One week after panicle initiation the 70Zn accumulated since
transplanting was allocated to all three distinguished organs, but
more than half was observed to be present in the leaf blades
(Figure 2A).
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FIGURE 1 | Zinc concentrations (mg kg−1) in the different organs at

three harvests averaged across the different 70Zn application

treatments (Experiment 1). Error bars indicate standard errors where
n = 2, 4, and 6 at panicle initiation, flowering, and grain maturity,
respectively.

At flowering, plants that had received 70Zn in the preceding
18 days had allocated roughly half of the accumulated 70Zn to
their leaf blades, while the remaining organs all received some of
the other half, with small differences among organs (Figure 2B,
grey bars). Plants that had received 70Zn prior to panicle initiation
had re-allocated a substantial part of that Zn at flowering. Main
net source of 70Zn had been the leaf blades (cf. Figures 2A,B),
but also roots and leaf sheaths contributed some 70Zn to the
newly formed stems, rachis, and glumes, whereas the latter two
received most of the re-allocated 70Zn. Overall, most of the newly
acquired Zn went to the leaf blades while these same contributed
most to newly formed organs through re-allocation of earlier
accumulated Zn.

The 70Zn distribution at grain maturity indicated that roughly
half of the Zn that had been taken up between flowering and
maturity had accumulated in the grains (brown rice), while
a further 18% had been accumulated in rachis and glumes,
and the remaining was allocated to the other organs, includ-
ing newly formed tillers (Figure 2C). Of the Zn that had been
taken up between panicle initiation and flowering, 45% had
been re-allocated to the grains. This re-allocation was mainly at
the expense of the leaf blades, but also leaf sheaths contributed
(compare grey bars in Figures 2B,C). The 70Zn accumulated
prior to panicle initiation and that had not been re-allocated to
reproductive tissues (rachis and glumes) by the time of flow-
ering (Figure 2B, dark bars) did not contribute during grain
filling through re-allocation to rachis, glumes, or grains. Some
re-allocation between leaf sheaths and blades seems to have
occurred, while roots re-allocated also some of their Zn. The
largest change was the re-allocation of Zn from rachis and glumes
to grains (compare dark bars in Figures 2B,C).

The observed allocation and re-allocation could also be used to
assess how much Zn accumulated at each stage could have min-
imally contributed to total grain Zn (Figure 2D). For Zn taken
up during grain filling this is a direct estimate. For Zn accumu-
lated earlier the estimate is lower than the actual value as the
observed contribution of 70Zn to total grain Zn does not include
the re-allocation of non 70Zn that had been accumulated prior
to transplanting and that had been allocated to 70Zn provid-
ing tissues simultaneously with the 70Zn. The total reported in
Figure 2D only accounts for 80% of grain Zn. Possible reasons
for this low percentage are discussed below.

EXPERIMENT 2
The rather high Zn levels in Treatments 2 and 3 did not com-
promise the white rice production per plant (Table 1). In fact
Qinai-3-hun produced slightly better at the higher Zn nutrition
levels, while there were no effects on the other cultivar as indicated
by single degree of freedom contrast analysis. The Zn concentra-
tions in the polished grains (white rice) were roughly tripled at
the higher Zn nutrition level compared to the standard Zn nutri-
tion across the two cultivars. The 70Zn enrichment also differed
between the high and standard level Zn treatments. With 70Zn
accounting for about 30% of the grain Zn at the lower Zn level
and between 42 and 55% for the high Zn level, the role of re-
allocation from vegetative tissues seems to be slightly suppressed
when Zn supply levels and plant Zn status are high.
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FIGURE 2 | Allocation of 70Zn as observed by destructive sampling

at 1 week after panicle initiation (A), at flowering (B), and at

grain maturity (C), and as influenced by the period during which

the plants received the 70Zn (D) (Experiment 2). Panel (D) shows

the calculated percentage of total grain 70Zn at grain maturity that
can be traced back to 70Zn that was applied during the three
distinguished development stages. Error bars indicate standard errors
(n = 2).

EXPERIMENT 3
Total grain Zn concentration dropped between 7 and 14 days after
flowering and remained more or less constant for the remain-
ing time of the grain filling period (Figure 3A). The trends
were independent of Zn supply levels, while concentrations were
approximately 40 mg kg−1 higher at the higher Zn supply level.

The concentrations in the endosperm showed differences
between Zn application levels comparable to those for total grain
concentrations (Figures 3A,C). Embryo concentrations were an
order of magnitude above those of the endosperm and tended to
converge for the two Zn application levels (Figure 3D). Vascular
bundle concentrations were intermediate between embryo and
endosperm and a difference between the two supply levels of
about 100 mg kg−1 was maintained (Figure 3B). Both embryo
and vascular bundle concentrations rather seemed to decrease
with time while those in the endosperm slightly increased
with time.

RE-ANALYSIS OF DATA FROM THE LITERATURE
Root to shoot transfer
Data from Experiment 4 indicate that the concentrations in
roots tended to be higher than those in leaf sheath (when no
stems were present) or in stems at the lower range of tis-
sue Zn concentrations for both tested cultivars (Figures 4A,B).
Combining these data at the lower plant tissue concentration
range with those from Impa et al. (2013) (Figures 5A–C) shows
possible genotypic differences in the root to shoot transfer.

While at the early vegetative phase some genotypes showed a
much higher concentration in the shoots than in the roots,
at later stages the opposite trend was observed as the higher
concentrations were only observed in roots rather than in the
shoots. In other words root to shoot transfer efficiency seems
to differ both among genotypes and between developmental
stages.

Within-shoot allocation
The allocation between leaf blades and leaf sheaths during the
vegetative stage (Figures 4C,D) shows that the two cultivars tested
maintained a largely comparable allocation pattern at increasing
plant Zn concentrations. The same pattern was observed dur-
ing reproductive stages between leaf blades and stems. While
sheath concentrations in the experiment were not lower than
40–60 ppm during the vegetative stage they dropped well below
20 ppm during the reproductive stages. At these stages plants
maintained lower tissue Zn concentrations in the leaf blades
than in the leaf sheaths when sheath concentrations were above
20–30 ppm, but maintained leaf blade concentrations consistently
above 20 ppm while allowing sheath concentrations to drop as low
as 10–15 ppm.

A comparison of leaf sheath and stem concentrations during
these reproductive stages shows differences between the two culti-
vars: Baxiludao maintained higher sheath Zn concentrations than
Handao 502 at increasing stem Zn concentrations. Both cultivars,
though, had higher stem than sheath Zn concentrations when
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Table 1 | Grain weight per plant (brown rice), total Zn concentrations

in the polished (white) rice and 70Zn (% of total Zn) observed for

three treatments imposed on two cultivars (cv) (Experiment 2).

Cultivar Zn treatments Grain Zinc in 70Zn in

weight polished polished

(g rice (mg rice

(plant−1) kg−1) (%)

Qinai-3-hun 11 1.48 14.9 30.1

22 2.10 51.3 42.0

33 2.29 52.9 44.8

90B290 11 1.35 14.8 29.6

22 1.19 38.7 50.3

33 1.63 48.7 55.2

P Cv 0.005 ns 0.03

Zn 1 vs. 2 and 3 0.02 <0.001 <0.001

2 vs. 3 ns ns ns

Int Cv × 1 vs. 2 and 3 0.048 ns ns

Cv × 2 vs. 3 ns ns ns

SED Cv – 3.04 2.11

Zn – 3.73 2.58

Int 0.41 – –

1 0.05 mg Zn L−1 nutrient solution;
23.00 mg Zn L−1 during first 28 days after transplanting followed by 1.00 mg L−1

until harvest;
33.00 mg Zn L−1 during first 28 days after transplanting followed by 2.00 mg L−1

until harvest.

stem concentrations were above 40–50 ppm, but lower when stem
concentrations decreased to 20 ppm.

As Impa et al. (2013) only reported Zn concentrations of leaf
blades on the one hand and the combination of sheaths and stem
on the other, these have been combined with the same data for
Experiment 4 (Figures 5D,E). The data from Impa et al. essen-
tially only report the tissue Zn concentrations where leaf blade
and stems plus sheath concentrations were approximately equal
with a tendency for leaf blade Zn concentrations to be slightly
lower than stem plus sheath concentrations when leaf blade con-
centrations were above 20 ppm. The data from Experiment 4
overlap with those from Impa et al. (2013) at the lower levels of
tissue concentrations and add information for conditions when
more Zn would be accumulated.

Once the stem is elongating following panicle initiation the
stem plays a central role in the transport between vegetative
and reproductive tissues. The different concentrations of organs
are therefore plotted against the stem concentrations with the
exception of the early leaf blades which are plotted against either
the sheath concentration (during vegetative growth) or the stem
concentration (during reproductive growth).

Generative tissues
As for leaf blades the panicle tissues other than grains (rachis
and glumes) had higher concentrations than the stem when
the latter had concentrations below 40 ppm, while at higher

stem concentrations rachis and glumes maintained concentra-
tions over a much smaller concentration span (Figures 6A,B).
The data from Impa et al. (2013) show a different picture at flow-
ering when rachis and glume tissues tended to be higher than
stems and sheath concentrations reaching up to 75 ppm at stem
concentrations of around 40 ppm while in Experiment 4 such
levels were only reached at stem concentrations around 180 ppm
(Figure 5G). At grain maturity, panicle tissue Zn concentrations
had dropped below that in the stem and sheath generally at stem
and sheath concentrations even below 20 ppm (Figure 5H). The
data from Experiment 4 seem to be at the lower end of panicle
tissue concentrations of the cultivars tested by Impa et al. (2013)
especially at flowering (Figure 5G).

During and at the end of grain filling in Experiment 4
(Figures 5C,D) the concentrations in brown rice were always
lower than those observed in panicle tissues, while both remained
above 20 ppm during these experiments. In the experiments by
Impa et al. (2013) lower grain and panicle tissue concentrations
were obtained but over the full range of observed concentrations
brown rice concentrations were usually higher than panicle tissue
concentrations (Figure 5F).

DISCUSSION
In Experiments 1–3 effects of Zn nutrition were studied over pro-
longed periods of time using stable isotopes. In contrast to more
standard practices the nutrient solution was only replaced a few
times in order to avoid regular replacement of the nutrient solu-
tion, which would have meant discarding very expensive stable
isotopes. The attained grain weights of 510–880 g m−2 are rea-
sonable to good rice yields. The un-orthodox nutritional strategy
seemed to have resulted in decent plant growth providing results
that are comparable to those of other studies. As a consequence of
the prolonged plant growth on the same solution, the pH gradu-
ally increased from the original 5.6 to about 7.5 by the time the
solution was replaced. In soils such high pH values could have led
to low availability of Zn to plant uptake. Within this pH range of
nutrient solutions, however, Zn availability was hardly reduced.
We surmise that Zn availability was not a limiting factor.

The data from Experiment 1 on allocation and re-allocation of
Zn in rice suggest that about 40% of seed Zn at grain maturity
originated from uptake after flowering, against 26% originating
from uptake between panicle initiation and flowering and 12%
originating from uptake between transplanting and panicle ini-
tiation. The remaining 20% could not be accounted for. This
20% loss is at least partly caused by the root washing method.
Root washing might have caused some loss of adhering Zn dur-
ing transfer from the natural abundance Zn solution to the 70Zn
containing solution, and vice versa. This effect would have been
larger the higher the total root mass was at transfer. So the
reported contributions of Zn taken up during grain filling and
during the 18 days preceding flowering might have been relatively
underestimated compared to the contribution of Zn applied prior
to flowering and the Zn applied during the vegetative growth.
Despite this imprecision we surmise that, for the accession tested,
both allocation of pre- and post-flowering acquired Zn con-
tributed approximately equally to grain Zn. This conclusion could
also be drawn from Experiment 2 (Table 1), but this experiment
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FIGURE 3 | Zinc concentrations of rice seeds of cv. Qinai-3-hun during

grain filling when cultivated on a nutrient solution with either a normal

(open symbols) or an extremely high (closed symbols) Zn level

(Experiment 3). Total grain concentrations (A) and concentrations of the

vascular bundle (B), endosperm (C), and embryo (D) are shown, at 7 days
after anthesis no good distinction could be made between embryo and
endosperm so tissues were lumped. Note that the scales along the y-axes
differ.

further hints at possible genotypic differences in the relative roles
of direct allocation and of re-allocation during grain filling, and
at a possible effect of the amounts of Zn that are taken up during
grain filling.

These findings contribute to the data from other authors that
together provide evidence for genotypic differences in the relative
roles of Zn from different sources to grain Zn. Many data at the
level of budget analysis indicate that total uptake after flowering
at least equals grain allocation (Jiang et al., 2008a,b; Impa et al.,
2013; Mabesa et al., 2013). This could be interpreted as an indica-
tion that re-allocation would play a very limited role in grain Zn
allocation. Yet the data presented here indicate that the dynamics
of allocation and re-allocation within the plant are more com-
plex than can be inferred on the basis of budget analyses alone.
We have provided arguments that newly acquired Zn may partly
replaces earlier acquired Zn in vegetative tissues while the earlier
acquired Zn is re-allocated to the seeds. The relevance of such
dynamics lies in the possibility to use this information for a more
targeted breeding approach. While Jiang et al. (2007) and Wu et al.
(2010) found that foliar applied Zn hardly ended up in the grains,
recent studies (Phattarakul et al., 2012; Mabesa et al., 2013) sug-
gest that enhancing plant Zn by foliar application does lead to
higher grain Zn concentrations. One possible explanation for this
apparent discrepancy among studies is that genotypes react differ-
ently; an equally plausible explanation based on results presented
here is that as leaves are enriched by foliar-applied Zn more Zn
from direct uptake is directed towards the grains.

The reported important role for Zn re-allocation from rice
stems rather than leaves (Jiang et al., 2008a; Wu et al., 2010) seems
to contrast with the results from Experiment 1. Taking a closer
look at those data from Jiang et al. (2008a), though, provides evi-
dence that the role of the stem in re-allocation of Zn is a direct
function of its role in sequestering Zn that is taken up during
pre-grain filling stages in excess of what is needed for optimal
functioning of the physiologically most active tissues (e.g., leaf
blades). The plant tissue levels in Experiment 1 were such that
no extra Zn could be stored in the stem and thus it could not play
the same role in providing Zn to the grains that it seemed to have
played in the studies by Wu et al. (2010) and Jiang et al. (2008a).
The concentration of Zn in the stems observed (10 mg kg−1) is of
the order indicated by Reuter et al. (1997) to be critical for normal
tissue functioning. Most likely the remaining Zn is not available
for re-allocation. By combining these results, it can be postulated
that plants preferentially re-translocate Zn from the stem unless
stem Zn concentration reaches a minimum level below which the
remaining Zn is locked in.

The ability to re-allocate Zn from vegetative tissues during
grain filling and translocate this Zn to grains will be an impor-
tant trait especially under field conditions where additional Zn
uptake during grain filling might not always be easy. However,
an important aspect in breeding for this trait will be to avoid
that re-allocation leads to too low levels of Zn in the vegetative
tissues that would compromise productivity, especially in leaves.
The re-allocation that would make use of senescence enhancing
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FIGURE 4 | Zinc concentrations in vegetative plant tissues as indicated

along the axes for two rice genotypes tested in Experiment 4 [see also

Jiang et al. (2008a)]. Panels (A), (C), and (E) are for Baxiludao, Panels (B),
(D), and (F) for Handao 502. Data represent individual replications. The filled

and open triangles, open squares, black dots, and open circles represent
plants during early vegetative growth, panicle initiation, flowering, mid grain
filling, and grain maturity respectively, the broken lines indicate the 1:1 line in
each panel.

genes to improve grain nutritional quality (e.g., Uauy et al., 2006)
seems much less appropriate in environments with a high poten-
tial for enhanced production by a prolonged grain-filling phase.
Combining the ability to maintain photosynthesis and to accu-
mulate grain Zn would then seem most profitable. In other words
a combination of the abilities (1) to accumulate more Zn and
maintain higher Zn concentrations during the vegetative stage
than is necessary for optimal plant functioning, (2) to re-allocate
such Zn to generative tissue while keeping production-relevant
tissues at levels that allow optimal functioning, (3) to maintain Zn
uptake during grain filling, and (4) to maintain full functioning
at relatively low Zn levels in tissues, i.e., a high Zn use efficiency
(in sensu Hacisalihoglu and Kochian, 2003).

The cultivar studied in Experiment 1 seemed rather effec-
tive in re-allocating Zn from its leaves to other plant parts, with
a large portion presumably being re-allocated to generative tis-
sues including the grain. This contrasts with observations on
re-allocation of foliar-applied labeled Zn in rice. Jiang et al. (2007)
found that about 50% of radioactive 65Zn applied to the flag leaf
was re-allocated, but only around 2% was re-allocated to grains.
Wu et al. (2010), working among others with a high Zn den-
sity cultivar from IRRI, observed that 18–29% of flag leaf-applied
68Zn was re-allocated to other plant tissues and only 4.1–8.9% of
flag leaf applied Zn was found in grains. Re-allocation of endoge-
nous Zn might be more effective than re-allocation of leaf-applied
Zn in rice. This seems to contrast with what has been observed
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FIGURE 5 | Zinc concentrations in generative plant tissues as indicated

along the axes for data from Impa et al. (2013), Wu et al. (2010) and

Experiment 4 [see also Jiang et al. (2008a)]. Panel (A) for plants harvested
during the early vegetative stage, Panels (B), (D), and (G) for plants
harvested at flowering and Panels (C), (E), (F), and (H) for plants harvested at
grain maturity. Data points from Impa et al. (2013) represent averages per

tested genotype grown at either sufficient (diamonds) of deficient (squares)
Zn nutrition, data points from Wu et al. (2010) (filled circles) represent
averages of two genotypes grown at sufficient Zn nutrition and data points
from Jiang et al. (2008a). (Experiment 4) (triangles) represent averages for
two genotypes grown at a range of Zn nutrition levels. The broken lines
indicate the 1:1 line in each panel.

for foliar-applied labeled Zn in wheat (Erenoglu et al., 2011) and
could be an important aspect in the explanation why rice was
less responsive to leaf Zn applications than has been reported for
wheat (cf. Yilmaz et al., 1997; Phattarakul et al., 2012).

Wu et al. (2011) also showed patterns of accumulation of
labeled Zn (68Zn) in the rice grain providing further insight into
dynamics of direct allocation and re-allocation. Until 15 days after
flowering the concentration of directly allocated 68Zn increased
steeply and also the relative contribution of 68Zn increased; there-
after the relative contribution of 68Zn remained more or less
stable. Direct allocation seems to be of increasing importance at
the start of grain filling while later on the relative roles of direct
allocation and re-allocation flows remained the same. The role of
transpiration in maintaining a xylem influx could be important
(cf. Pearson et al., 1996) as transpiration of glumes is bound to
decline during late grain filling.

Rice seems to function differently from wheat in the grain
transport of Zn during grain filling. For wheat an increase in vas-
cular tissue Zn concentrations was observed towards later stages
of grain filling while endosperm concentrations slightly dropped
(Stomph et al., 2011). We observed for rice (Experiment 3) rather
a decreasing vascular tissue concentration and a slightly increas-
ing trend in the endosperm. This further emphasizes that Zn
transport processes differ between plant species even for grasses

as closely related as these two cereals (cf. Palmgren et al., 2008;
Stomph et al., 2009). The reasons for these differences still need
to be elucidated but the role of anatomical differences, like those
between rice and wheat grains, should definitely be included in
further studies.

Combining the data presented here and in the literature the
overall picture that emerges is as follows (Figure 7). During the
vegetative growth allocation between roots and shoots is directed
at maintaining approximately the same concentrations in both
tissues, with a slightly higher root concentration. There is some
evidence for genotypic differences that may allow breeding for
more shoot allocation (Figure 5A). The extent to which there
may be some physiological barrier to root-to-shoot transfer varies
among genotypes as is evident from the work by Wu et al. (2010)
who showed that of the Zn applied during the vegetative stage
very different proportions ended up in the shoot (their Table 1).
For later stages of plant development the data from Experiment 4
suggest that the relative concentrations maintained in roots and
leaf sheath (or sheath and stems when the latter are present) are
not very susceptible to the total Zn that is taken up, both increas-
ing proportionally. The data from Impa et al. (2013), though,
indicate that there might be genotypes with much greater root-
to-shoot transfer barriers as plants develop (Figures 5B,C). For
all leaf blades and reproductive tissues there is evidence from
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FIGURE 6 | Zinc concentrations in generative plant tissues as

indicated along the y-axes for two rice genotypes tested in

Experiment 4 [see also Jiang et al. (2008a)]. Panels (A) and (C)

are for Baxiludao, Panels (B) and (D) for Handao 502. Data

represent individual replications. The open squares, black dots, and
open circles represent plants during flowering, mid grain filling, and
grain maturity respectively, the broken lines indicate the 1:1 line in
each panel.

FIGURE 7 | Graphical representation of the proposed conceptual

model of allocation and re-translocation of zinc during the

subsequent stages of cereal development. The blue vertical and the
horizontal arrows to the left of each panel indicate uptake and direct
allocation to individual tissues, while the yellow vertical arrows to the

right of each panel indicate re-allocation flows. The horizontal arrows
with purple hatching indicate when tissues are a source of Zn for
re-translocation and the horizontal arrows with a red hatching indicate
when tissues are sink for Zn from re-translocation. For further
explanation see the text.

Experiment 4 that as overall plant Zn concentrations increase
above 40 mg kg−1 the Zn concentrations of these tissues increase
proportionally much less than Zn concentrations in roots, sheaths
and stem (Figures 4–6).

Zinc that is taken up between panicle initiation and flower-
ing (Figure 7, middle panel) is allocated to all developing tissues
(data Experiment 1) while also re-allocation takes place from veg-
etative to reproductive tissues. Depending on the actual total plant
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Zn uptake this re-allocation between tissues is hidden in a budget
analysis as all tissues may increase in both or either Zn content
and concentration. The stable isotope studies (Experiment 1; Wu
et al., 2010, 2011) clearly show much larger dynamics of alloca-
tion and re-allocation of Zn, drivers for which are still not fully
understood. For breeding for high grain Zn the exact routes of Zn
allocation and re-allocation are not very important, a major point
is to enhance the ability to accumulate enough Zn at this stage to
allow later re-allocation to the grains.

Comparable dynamics of allocation and re-allocation are also
seen during the grain filling stages (Figure 7, right panel). Both
direct allocation of newly acquired Zn and re-shuffling of earlier
acquired Zn occurred in Experiment 1. The relative Zn concen-
trations in non-grain panicle tissues and rice stem plus sheaths
showed large differences among genotypes (data from Impa et al.,
2013, Figures 5G,H) with in general higher concentrations in
panicle structures than in sheaths and stem at flowering but
equal or lower concentrations in panicle structures at grain matu-
rity. The general decrease in panicle structure Zn concentration
between flowering and grain maturity at comparable stem and
sheath concentrations hints at a relative transfer barrier between
the vegetative and reproductive tissues. For the same set of geno-
types grain Zn concentrations were higher than panicle structure
concentrations (Figure 5F). Taken together this implies that there
is much less barrier for an effective loading of the grain from the
panicle structures than for an effective loading of the panicle from
the stem and sheath. This loading becomes increasingly less effec-
tive when stem and sheath levels are higher as was observed in
Experiment 4.

Within the grains, concentrations in the vascular tissues were
clearly higher than in the endosperm (Figure 3). When the con-
centration in the endosperm was corrected for the presence of
chemically inactive starch assuming roughly two thirds starch
(Stomph et al., 2009), the drop in concentration between vascular
tissue and endosperm became negligible and thus does not seem
to imply a transport barrier.

In support of breeding the question to answer remains which
barriers to tackle in the route from soil to seed. This paper has
not addressed the soil to root barriers, which are highly rele-
vant as well. The study by Wissuwa et al. (2008) showed how
genotypes that differed substantially at high Zn soil (between
28.2 and 37.7 mg Zn kg−1 grain) averaged around 7.8 mg Zn
kg−1 grain on severely Zn-deficient soils with limited differ-
ences between genotypes. Enhancing plant Zn uptake on these
Zn deficient soils would at first have increased productivity and
thereafter enhanced grain Zn levels. Within the plant there seem
to be genotypic and development stage differences in the ease in
transfer from root to shoots that could be further studied and
linked to quantitative trait loci or markers for marker-assisted
breeding. The data presented here clearly indicate that a larger
shoot allocation of root Zn will mainly lead to an enhanced
Zn concentration in stems and sheath. Priority should there-
fore arguably be given to the barrier between stem (or stem
and sheaths) and panicle tissues. As the transfer between these
and the grain seems relatively easy, enhancing stem to pani-
cle transfer is probably going to have a much larger impact on
grain Zn concentration. The data from the experiments at the

International Rice Research Institute (Impa et al., 2013) suggest
some but not a very large genotypic variation among the cur-
rently used high Zn lines towards grain maturity but a larger
variation at flowering. Further characterization of these dynamics
during grain filling could provide insight into possible interesting
lines.

CONCLUSIONS
• Both pre- and post-flowering Zn uptake contributes substan-

tially to grain Zn loading when Zn uptake continues after
flowering.

• Post-flowering Zn uptake also serves to replace Zn that is remo-
bilized from other organs to the grains, thus maintaining Zn
concentrations in tissues like leaf blades.

• The Zn that was taken up prior to panicle initiation was in the
stable isotope study remobilized to a lower extent than Zn that
was taken up between panicle initiation and flowering.

• In all tissues only part of earlier allocated Zn was remobilized;
there seems to be both a pool of Zn that can be re-allocated and
Zn that is not available for re-allocation, but is sequestered in
vegetative or structural tissues.

• There are transfer bottlenecks between root and shoot and
between stem and panicle, alleviating the latter is most effec-
tively going to contribute to grain Zn enhancement.

• The within grain Zn allocation from vascular tissue to
endosperm in rice differs substantially from that in wheat.
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The vacuole is a pivotal organelle functioning in storage of metabolites, mineral nutrients,
and toxicants in higher plants. Accumulating evidence indicates that in addition to its
storage role, the vacuole contributes essentially to long-distance transport of metals,
through the modulation of Vacuolar sequestration capacity (VSC) which is shown to be
primarily controlled by cytosolic metal chelators and tonoplast-localized transporters, or
the interaction between them. Plants adapt to their environments by dynamic regulation
of VSC for specific metals and hence targeting metals to specific tissues. Study of VSC
provides not only a new angle to understand the long-distance root-to-shoot transport
of minerals in plants, but also an efficient way to biofortify essential mineral nutrients
or to phytoremediate non-essential metal pollution. The current review will focus on the
most recent proceedings on the interaction mechanisms between VSC regulation and
long-distance metal transport.
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INTRODUCTION
Mineral nutrients including iron (Fe), zinc (Zn), copper (Cu),
manganese (Mn), nickel (Ni), and molybdenum (Mo) are
required in different amounts by different plant tissues. There-
fore, once taken up into plants, long-distance transport and
allocation of these metals play a pivotal role in plant devel-
opment and adaptation to the environment. To date, studies
of long-distance root-to-shoot metal transport within plants
focus preferentially on transporters localized to either xylem
parenchyma cells or phloem companion cells, as they directly
mediate xylem and phloem loading or unloading thus contribut-
ing essentially to this metal reallocation process. Moreover, some
chelators, including nicotianamine (NA; reviewed by Curie et al.,
2009), glutathione (GSH), and phytochelatins (PCs; reviewed
by Mendoza-Cozatl et al., 2011), were observed to also act as
important players in the process of long-distance transport of
metals.

Plant vacuoles are predominant organelles serving as tem-
porary storages for essential and toxic metabolites, mineral
nutrients and toxic pollutants. Accumulating evidences indi-
cate that in addition to the direct regulation from those ion
transporters and chelators, the Vacuole sequestration capacity
(VSC) also contributes substantially to long-distance transport
and allocation of metals in plants. Vacuoles function as buffering
pools where the sequestration capacities are dynamically adjusted
to the changing environmental cues, through the interaction
between tonoplast-localized transporters and ion chelators. This

mini-review will focus on the regulation of VSC and its interaction
with long-distance root-to-shoot transport of either essential or
non-essential metals in plants.

REGULATION OF VSC
REGULATION BY TRANSPORTERS
Up to date, most tonoplast-localized metal transporters in plants
(reviewed by Martinoia et al., 2012) have been identified to regulate
VSC and hence metal allocation between different organs or tissues
(Table 1).

In response to mineral nutrient deficiency, genes involv-
ing in nutrient remobilization from vacuoles to cytosols, such
as NRAMP3 and NRAMP4 (Thomine et al., 2000, 2003), are
up-regulated, thus reducing the VSC to release the stored nutrients
and consequently alleviating nutrient deficiency. In contrast, other
genes including MTP3 (Metal Transporter 3; Arrivault et al., 2006),
ZIF1 (Zinc-Induced Facilitator 1; Haydon and Cobbett,2007), VIT2
(Vacuolar Iron Transporter 2; Zhang et al., 2012), CAX4 (Cation
Exchanger 4; Mei et al., 2009), which regulate metal sequestra-
tion into vacuoles, are up-regulated when excessive metals are
available in the environment, and the enhanced expression conse-
quently leads to enlarge VSC and metal accumulation in vacuoles.
Another group of genes including VIT1(Kim et al., 2006; Zhang
et al., 2012), MTP1(Kobae et al., 2004; Desbrosses-Fonrouge et al.,
2005; Kawachi et al., 2009), COPT5 (Copper Transporters 5; Garcia-
Molina et al., 2011; Klaumann et al., 2011), remain unaffected by
the metal status in the environment, though functional abortion
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Table 1 |Tonoplast-located transporters that have impact on

long-distance transport of metal micronutrients (or toxic metals) in

plant.

Transporters Mineral Reference

MTP1 Zn reviewed by Ricachenevsky et al. (2013)

MTP3 Zn Arrivault et al. (2006)

ZIF1 Zn Haydon and Cobbett (2007), Haydon

et al. (2012)

NRAMP3/NRAMP4 Fe Thomine et al. (2003), Lanquar et al.

(2005)

VIT1/VIT2 Fe, Zn Kim et al. (2006), Zhang et al. (2012)

FPN2(IREG2) Fe, Co, Ni Morrissey et al. (2009), Schaaf et al.

(2006)

COPT5 Cu Klaumann et al. (2011)

CAX2/CAX4 Cd Korenkov et al. (2007)

HMA3 Cd Ueno et al. (2010, 2011)

of these genes altered metal allocation at either subcellular or tis-
sue levels, suggesting that a stable expression level of those genes
enables proper metal allocation.

Metal hyperaccumulators modulate their VSC via a more con-
servative way than we have imagined, as they tend to utilize
some transporters which are also present in their correspond-
ing non-hyperaccumulators but have evolved with more complex
regulation mechanisms. MTP1 is a key transporter modulating
the VSC of Zn (Sinclair and Krämer, 2012; Ricachenevsky et al.,
2013). Piled evidences suggest that the expression level of MTP1 is
greatly enhanced in various metal hyperaccumulators (Assunção
et al., 2001; Persans et al., 2001; Becher et al., 2004; Dräger et al.,
2004; Hammond et al., 2006; Talke et al., 2006; van de Mortel
et al., 2006; Gustin et al., 2009; Shahzad et al., 2010; Zhang et al.,
2011), which later on was shown to be attributable to genome
amplification of gene copies, in contrast to a single copy in their rel-
ative non-hyperaccumulators (Dräger et al., 2004; Shahzad et al.,
2010). A similar regulation of TcHMA3 (Heavy Metal ATPases 3)
was also observed (Ueno et al., 2011), among which gene ampli-
fication leads to much higher expression of TcHMA3 in the
accumulating ecotype Ganges of Thlaspi caerulescens than in the
non-accumulating Prayon, thus VSC of Cd in roots is greatly
reduced and more metal is driven to translocate to shoots.

REGULATION BY CHELATORS
Phytochelatins are important chelating molecules in plants, which
detoxify heavy metals via chelation and hence forming stable PCs-
metal complexes which are subsequently sequestered into vacuoles
(Cobbett and Goldsbrough, 2002). In an effort to identify the
relative contribution to VSC by PCs and GSH, the authors unex-
pected found that when ectopically expressing SpHMT1, a fission
yeast gene encoding vacuolar PC-Cd transporters, the rate of
long-distance Cd transport was significantly delayed in Arabidop-
sis (Huang et al., 2012). They assumed that this delay might be
due to the enlarged VSC in root vacuoles. To test their hypothesis,
SpHMT1 was targeted to roots and as expected, accumulation of

Cd, Cu, and As in seeds was reduced up to 70% of the controls.
These results show that VSC of heavy metals is essentially regulated
by PCs.

Nicotianamine is another kind of metal chelator which is ubiq-
uitously present in higher plants. Recent studies suggest that NA
modulates the VSC of Zn and Fe and hence their distribution.
In the hyperaccumulator Arabidopsis halleri, large amounts of
NA is present in the root tissues and was proposed to essen-
tially contribute to long-distance transport of Zn to shoots, as
in the AhNAS2-RNAi plants with substantially reduced NA con-
tents, much less Zn was observed in the xylem sap and shoots
(Deinlein et al., 2012). Another research showed that overexpres-
sion of AtZIF1 in Arabidopsis enhanced NA sequestration into
vacuoles (Haydon et al., 2012), which consequently led to Fe
overaccumulation in shoot tissues. The authors implicated that
enhanced vacuolar NA sequestration depleted cytosolic NA, thus
affected the intercellular mobility of Fe as Fe-NA complex (Haydon
et al., 2012).

The amino acid histidine (His) was also identified to be
functional in Ni detoxification and translocation in some Ni hyper-
accumulators (Krämer et al., 1996; Kerkeb and Krämer, 2003;
Krämer, 2010). Using a tonoplast transport assay strategy, Richau
et al. (2009) found that when Ni was supplied as a Ni-His com-
plex, a much higher uptake rate was observed in tonoplast vesicles
derived from the hyperaccumulator than those from the non-
hyperaccumulator T. arvense. Given high concentration of His
was mainly found in T. caerulescens roots, and the level is about 10
times of that in T. arvense roots, they postulated that accumulation
of His in T. caerulescens roots reduces the VSC of Ni by cytosolic
chelation, thus promoting Ni transport and hyperaccumulation
in shoots.

In general, VSC regulation by chelators could be classified into
two categories: (1) the chelated metals are prone to transloca-
tion into vacuoles, thus enlarging VSC of certain metals; or (2)
chelation of metals leads to reduced vacuolar sequestration and
hence decreasing the VSC of certain metals. Root-targeted expres-
sion of TaPCS1 in cad1-3 significantly enhanced root-to-shoot
long-distance transport of Cd (Gong et al., 2003), and disrup-
tion of NA biosynthesis retained Zn in roots (Deinlein et al.,
2012). All these studies suggest that chelation of metals by PCs
or NA tends to promote long-distance metal transport, though
the chelation is supposed to enlarge VSC to some extent. One
possible explanation might be that the VSC regulated by chelators
is also dependent on relevant transporters, as overexpression of
SpHMT1, the PC-Cd complex transporter, successfully trapped
Cd in roots (Huang et al., 2012), indicating a complex interac-
tion between chelators and their transporters in the regulation
of VSC.

VSC REGULATES LONG-DISTANCE METAL TRANSPORT IN
PLANTS
VSC AND TRANSPORT OF MINERAL NUTRIENTS
Consistent with its major function in photosynthesis, most cellu-
lar Fe is found in the chloroplast. However, a substantial amount
of this mineral nutrient is also stored in leaf vacuoles. Zhang
et al. (2012) isolated two tonoplast-localized metal transporters
OsVIT1 and OsVIT2 from rice. Ectopic expression of OsVIT1 and
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OsVIT2 genes partially rescued the Fe and Zn sensitive pheno-
types and increased vacuolar Fe and Zn accumulation in yeast,
suggesting a primary role for OsVIT1 and OsVIT2 is sequester-
ing Fe/Zn into vacuoles across the tonoplast. OsVIT1 and OsVIT2
are highly expressed in rice flag leaves. Functional disruption of
these two genes led to decreased Fe/Zn accumulation in flag leaves
while enhanced accumulation in rice grains and phloem exu-
dates of flag leaves and uppermost nodes. Meanwhile, no obvious
changes were observed in either uptake or root-to-shoot trans-
port of Fe/Zn between the mutants and the wild-type. These
observations suggest that OsVIT1 and OsVIT2 play an impor-
tant role in Fe and Zn long-distance translocation between source
(flag leaves) and sink organs (seeds), via the modulation of VSC
for Fe and Zn in flag leaves. In Arabidopsis, functional disrup-
tion of the tonoplast-localized Fe transporters AtVIT1 (Kim et al.,
2006), AtNRAMP3 (Natural Resistance Macrophage Protein 3)
and AtNRAMP4 (Lanquar et al., 2005) resulted in growth arrest
especially in Fe deficient condition, providing further support
to the hypothesis that modulation of VSC essentially affect Fe
mobilization and reallocation between different tissues in plants.

The hypothesis also applies to the modulation of the VSC of
Zn in plants. AtMTP3 mediates Zn transport into vacuoles and
expresses preferentially in Arabidopsis roots. When exposed to
excessive Zn, AtMTP3 is induced thus enhancing the VSC and con-
sequently Zn sequestration into vacuoles in roots. It is believed that
this mechanism helps to protect the most important organelles
including chloroplasts through reduced long-distance transport of
Zn to aerial tissues (Sinclair and Krämer, 2012). One supportive
evidence came from the observation that more Zn accumulated in
shoot tissues of the atmtp3 mutant (Arrivault et al., 2006). Consis-
tent results were obtained in the research of other Zn transporters
such as the tonoplast-localized AtZIF1. AtZIF1 overexpression
lines showed decreased Zn accumulation in shoots and increased
root-to-shoot ratios of Zn concentrations compared to the wild-
type control (Haydon and Cobbett, 2007; Haydon et al., 2012), as
would be expected according to the theory that Zn translocation
could be mediated by VSC.

Additional supportive evidences came from Cu reallocation.
AtCOPT5 is expressed in root vascular tissues at high levels, and
functions as a vacuolar Cu exporter. In the T-DNA-insertion
mutant atcopt5, remarkably increased copper concentrations were
observed in the vacuoles compared with those in the wild-type.
Correspondingly, more Cu accumulated in roots and less in
siliques and seeds of the mutant plants (Garcia-Molina et al., 2011;
Klaumann et al., 2011).

VSC AND TRANSPORT OF TOXIC METALS
Non-essential toxic metal(loid)s including Cd and As may lead
to adverse effects on plants, mainly through the derived oxidative
injuries or competitive inhibition of essential mineral nutrient.
To protect the aerial parts which are active in photosynthesis and
other important biological processes, plants have evolved sophis-
ticated machineries in regulating metal distribution between roots
and shoots, among which VSC also plays a very important role.

One example is about the rice OsHMA3, which has been
correlated to Cd accumulation in rice shoots. Specifically,
Ueno et al. (2010) found that a functional disrupted OsHMA3

allele resulted in Cd overaccumulation in rice shoots. Further
research revealed that OsHMA3 is localized to the tonoplast
in rice roots, and it functions primarily to mediate Cd trans-
port into vacuoles. Overexpression of the functional OsHMA3
allele significantly decreased Cd accumulation in rice grains,
while no apparent effect was observed on the accumulation of
other essential micronutrients. These results suggest that the
VSC in rice roots mediated by OsHMA3 contributes essen-
tially to the long-distance transport of Cd from roots to
shoots.

Another example is about the metal hyperaccumulators. In
contrast to non-hyperaccumulators, hyperaccumulators show
extraordinarily high accumulation of toxic metals in aerial parts
without any visual effects (reviewed by Krämer, 2010). Inter-
estingly, studies have suggested that VSC regulation also gets
involved in both the long-distance transport of toxic metals and
the detoxification mechanisms that render plants high tolerance
to metals. It was shown that the VSC for Zn in hyperaccumulator
T. caerulescens roots is significantly decreased, compared to the
non-hyperaccumulating relative T. arvense, which consequently
drives more Zn to translocate from roots to shoots as indicated
by the enhanced xylem loading of Zn in T. caerulescens (Lasat
et al., 1998). In different ecotypes of the T. caerulescens, it was
also found that the efficiency of Cd loading to the xylem is highly
correlated to the VSC for Cd in root cells (Xing et al., 2008). A sim-
ilar correlation between metal translocation efficiency to shoots
and its VSC in roots is also found in Sedum alfredii, another
Zn/Cd hyperaccumulator found specifically in Southern China
(Yang et al., 2006). These observations suggest metal transport
regulated by VSC modulation might be a common mechanism in
hyperaccumulators. In addition to the regulation on long-distance
metal transport, VSC also functions on metal detoxification in
hyperaccumulators, supportive evidences came from the results
that a predominant proportion of shoot Cd was localized to vac-
uoles (Küpper et al., 1999, 2001; Krämer et al., 2000; Ma et al.,
2005).

CONCLUDING REMARKS AND FUTURE DIRECTIONS
Vacuoles, occupying over 80% of the cellular volume in veg-
etative tissues, are the largest organelles undergoing relatively
less metabolisms, which makes it perfect for vacuoles to store
chemical compounds and metal ions. However, their role in
regulating long-distance root-to-shoot transport of metals has
been largely ignored, though such a deduction is becoming more
and more apparent with accumulating evidences. Here we pro-
posed that VSC plays a role of “buffering pool” to dynamically
mediate long-distance metal transport in plants. Generally the
VSC of certain metal varies between different plant tissues to
ensure proper metal distribution, e.g., the VSC of toxic metals
is larger in roots than in shoots, thus an essential proportion
of the toxic metals will be trapped in roots as we normally
observe. When exposed to high levels of toxic metals, specifi-
cally when the VSC of a certain metal is used up an “overflow”
mechanism as proposed (Gong et al., 2003) takes over and the
excessive metal is subjected to long-distance root-to-shoot trans-
port. In metal hyperaccumulators, however, greatly reduced VSC
in roots has evolved, which greatly promotes long-distance metal
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transport from roots to shoots. We also reviewed the regulation
mechanisms of VSC by tonoplast-localized transporters and ion
chelators. we believe that the study of VSC would contribute
not only to a better understanding of metal homeostasis and
distribution, but also to an efficient biofortification of essential
mineral nutrients and phytoremediation of non-essential toxic
metals.

As a primary producer, plants provide a lot of mineral nutrients
that are essential for human health. However, some of these nutri-
ents in the edible parts of stable crops are often deficient or poorly
bioavailable thus resulting in an unbalanced diet. Therefore, nutri-
ent biofortification is of urgent and necessary importance. In
addition to the traditional approaches that tackle these concerns
by increasing the efficiency of nutrient uptake and bioavailabil-
ity (reviewed by Hirschi, 2009), modulation of VSC might be
a more efficient way, in which nutrient taken into plants are
forced to accumulate in targeted tissues, thus enhanced uptake
might not be required and the risk of undesired accumulation
of toxic metals is greatly reduced (Arrivault et al., 2006; Haydon
et al., 2012; Zhang et al., 2012). Furthermore, targeted modula-
tion of VSC could also help to reduce toxic metal accumulation
in edible tissues, as demonstrated by the root-specific expres-
sion of SpHMT1 or the natural variation in OsHMA3 in rice
(Ueno et al., 2010; Huang et al., 2012), where a strong correla-
tion between the VSC in roots and metal accumulation in shoots
was observed.

On the other side, phytoremediation has been proposed as
an efficient way to tackle the widespread heavy metal pollu-
tion in many countries, however, the practical application of
metal hyperaccumulators to field trial is not so optimistic, mainly
because of the relative low biomass and growth rate of those
specialized plants. In these specific circumstances, an optimal
alternative could be the fine modulation of the VSC in both
roots and shoots in some plants with large biomass and growth
rate.
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In the form of molybdate the transition metal molybdenum is essential for plants as it is
required by a number of enzymes that catalyze key reactions in nitrogen assimilation, purine
degradation, phytohormone synthesis, and sulfite detoxification. However, molybdate
itself is biologically inactive and needs to be complexed by a specific organic pterin in
order to serve as a permanently bound prosthetic group, the molybdenum cofactor, for
the socalled molybdo-enyzmes. While the synthesis of molybdenum cofactor has been
intensively studied, only little is known about the uptake of molybdate by the roots, its
transport to the shoot and its allocation and storage within the cell. Yet, recent evidence
indicates that intracellular molybdate levels are tightly controlled by molybdate transporters,
in particular during plant development. Moreover, a tight connection between molybdenum
and iron metabolisms is presumed because (i) uptake mechanisms for molybdate and
iron affect each other, (ii) most molybdo-enzymes do also require iron-containing redox
groups such as iron-sulfur clusters or heme, (iii) molybdenum metabolism has recruited
mechanisms typical for iron-sulfur cluster synthesis, and (iv) both molybdenum cofactor
synthesis and extramitochondrial iron-sulfur proteins involve the function of a specific
mitochondrial ABC-type transporter.

Keywords: aldehyde oxidase, iron, molybdenum, molybdate transporter, molybdo-enzymes, nitrate reductase,

sulfite oxidase, xanthine dehydrogenase

INTRODUCTION
Molybdenum is a transition metal, which occurs in the litho-
sphere at an average abundance of 1.2 mg kg−1 and represents
one of the scarcest trace elements in biological systems (Kaiser
et al., 2005). In the soil, molybdenum exists predominantly in
the form of the oxyanion molybdate, which serves as an essen-
tial micronutrient in all kingdoms of life. Yet, molybdate alone
does not exhibit biological activity, but is bound to an organic
pterin backbone, which upon binding of molybdate is converted
into the molybdenum cofactor (Moco). Once being incorpo-
rated as prosthetic group, Moco becomes part of the active site
of molybdo-enzymes, where molybdenum can vary its oxidation
state between Mo(IV), Mo(V), and Mo(VI), thereby enabling the
respective protein to transfer electrons, and in most cases also
oxygen, from or to a substrate (Hille, 2013). Due to its special
importance for plants, another molybdenum-containing cofactor
exclusively found in certain bacteria is mentioned. This cofac-
tor is part of the unique enzyme nitrogenase that catalyzes the
fixation of nitrogen by reduction of atmospheric N2 to NH3 in
free-living, but also symbiotic bacteria in the nodules of legumes
(Kneip et al., 2007). Unlike Moco however, the nitrogenase cofac-
tor is constituted of molybdenum ligated to a complex iron-sulfur
cluster and homocitrate and therefore is named FeMoco (Hu and
Ribbe, 2013).

In soil, a critical point concerns the bioavailability of molyb-
date, which is favored above pH 5.5 and impaired at lower
pH due to the adsorption of molybdate to soil oxides (Kaiser
et al., 2005). Under low-pH conditions, molybdate assimilation is
therefore limited resulting in molybdenum deficiency associated
with reduced molybdo-enzyme activities and reductions in plant

growth and yield. Fortunately, this type of molybdenum deficiency
can be compensated by fertilization with molybdate or by increas-
ing the soil pH by liming. In contrast, molybdenum toxicity by
oversupply of plants with molybdate is extremely rare and charac-
terized by relatively mild symptoms such as yellowish leaves (Kaiser
et al., 2005) or reduced seedling growth and increased anthocyanin
concentrations (Kumchai et al., 2013).

In consideration of the present knowledge of molybdate
uptake, transport and storage, the specific functions of the
molybdenum-dependent enzymes and the interrelation between
molybdenum and iron, this review focuses on the current under-
standing of the molybdenum homeostasis network in plants
and points to some hitherto unidentified factors (Table 1;
Figure 1).

UPTAKE, TRANSPORT, AND STORAGE OF MOLYBDATE
Early in plant molybdenum research Kannan and Ramani (1978)
described the active uptake of exogenously applied molybdate by
roots and its transport to the shoot. However, molybdate levels
reached a maximum in the shoot already 6 h after application,
indicating that uptake of molybdate and sensing of intracellu-
lar molybdate levels are well controlled processes. Notably, when
molybdate is applied solely to leaves transport also occurs down-
ward to the stem and roots, demonstrating that molybdate is a
highly mobile compound translocated between various plant tis-
sues. Furthermore, the finding that sulfate is a potent inhibitor
of molybdate uptake (Stout et al., 1951; Kannan and Ramani,
1978) and that in turn low sulfate concentrations in the soil
promote molybdate uptake (Shinmachi et al., 2010) pioneered
speculations on the nature of molybdate transporters. In fact,
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Table 1 | Components of molybdenum metabolism in higher plants

(Arabidopsis thaliana).

Protein names Agi code Known / proposed function

MOT1/SULTR 5;2 AT2G25680 Molybdate transport

MOT2/SULTR 5;1 AT1G80310 Molybdate transport / export from vacuole

CNX1 AT5G20990 Moco biosynthesis step 3

CNX2 AT2G31955 Moco biosynthesis step 1

CNX3 AT1G01290 Moco biosynthesis step 1

CNX5 AT5G55130 Moco biosynthesis step 2

CNX6 AT2G43760 Moco biosynthesis step 2

CNX7 AT4G10100 Moco biosynthesis step 2

Nia1/NR1 AT1G77760 Nitrate reductase (minor form)

Nia2/NR2 AT1G37130 Nitrate reductase (main form)

SO AT3G01910 Oxidation/elimination of cytotoxic sulfite

mARC1/MOSC1 AT5G44720 Unknown (reduction of N -hydroxylated

compounds ?)

mARC2/MOSC2 AT1G30910 Unknown (reduction of N -hydroxylated

compounds ?)

AAO1 AT5G20960 Unknown (IAA biosynthesis ?)

AAO2 AT3G43600 Unknown (IAA biosynthesis ?)

AAO3 AT2G27150 ABA biosynthesis

AAO4 AT1G04580 Synthesis of benzoic acid

AtXDH1 AT4G34890 Purine degradation

AtXDH2 AT4G34900 Pseudogene ?

ABA3/LOS5 AT1G16540 Mocosulfuration and activation of AO and

XDH proteins

ATM3/ABCB25 AT5G58270 Transporter involved in cytosolic Fe-S

assembly and Moco synthesis

sulfate and molybdate share a high degree of similarity as they
both possess a double negative charge (SO4

2−, MoO4
2−), are

similar in size, and have tetrahedral structures. It was thus pro-
posed that molybdate import and distribution are facilitated
by sulfate transporters or related systems. The first identified
molybdate-specific transporters from Chlamydomonas reinhardtii
(Tejada-Jimenez et al., 2007) and Arabidopsis thaliana (Tomatsu
et al., 2007; Baxter et al., 2008) indeed turned out to belong to
the family of sulfate transporters, yet lacking the otherwise typical
STAS domain essential for sulfate transport activity (Shibagaki
and Grossman, 2006). Unfortunately, the two reports on the
Arabidopsis transporter, referred to as MOT1, differ in the sub-
cellular localization of the transporter with Tomatsu et al. (2007)
primarily showing endomembrane localization and Baxter et al.
(2008) reporting a mitochondrial localization. Ascribing a pre-
cise function to MOT1 is therefore difficult and it remains to be
proven in future studies whether MOT1 is involved in the intra-
and/or the inter-cellular translocation of molybdate. In addition
to MOT1, another molydate transporter of the sulfate transporter
family, MOT2, has been identified in Arabidopsis (Gasber et al.,
2011). MOT2 localizes to the vacuole and MOT2-deficient plants
are characterized by accumulation of molybdenum in leaves and

reduced molybdenum contents in seeds. Along with the finding
that MOT2 transcripts accumulate in senescing leaves, this sug-
gests a function of MOT2 in exporting stored molybdate from
the vacuole into the cytosol for translocation into maturing seeds.
Moreover, total molybdenum contents were found to correlate
with the levels of Moco in wildtype and MOT2 mutant leaves,
indicating plants adjust Moco synthesis to the cellular levels of
molybdate.

Just recently a novel molybdate transporter, also denoted as
MOT2, has been identified in Chlamydomonas (Tejada-Jiménez
et al., 2011). In contrast to Arabidopsis MOT2 however, this trans-
porter is a member of the major facilitator superfamily which is
completely unrelated to the sulfate transporter family. It is tempt-
ing to speculate that the homolog of this transporter in higher
plants represents the as yet unidentified transporter involved in
the uptake of molybdate at the root:soil interface.

MOLYBDENUM COFACTOR AND
MOLYBDENUM-DEPENDENT ENZYMES
The only process known to require molybdenum/molybdate
directly by plants is the biosynthesis of Moco, which is initiated
in mitochondria and finalized in the cytosol. However, a detailed
description of Moco biosynthesis is out of the scope of this work
and is comprehensively covered by Bittner and Mendel (2010) and
Mendel (2013). Even though Moco biosynthesis is well understood
only little knowledge exists about the genetic and enzymatic reg-
ulation of Moco biosynthesis in plants. For instance, it is largely
unknown whether the expression levels of Moco synthesis genes
are affected by molybdate, and whether the endogenous levels of
Moco vary, e.g., during plant development or in response to stress
conditions. The only available information in this respect con-
cerns the expression of molybdenum metabolism-related genes in
the Arabidopsis MOT1 mutant that was grown without additional
molybdate supply to induce endogenous molybdate deficiency
(Ide et al., 2011). In fact, the Moco biosynthesis genes CNX2
and CNX6 were demonstrated to be upregulated under molybdate
deficiency, which was likewise true for the molybdo-enzymes NR1
and NR2, the Moco sulfurase ABA3 and the transporter MOT2.
Apart from these genes, molybdate deficiency also affected the
expression of many genes involved in transport, stress responses,
signal tranduction and in the metabolisms of nitrogen, sulfur, and
phosphate, but also the levels of amino acids, sugars, organic acids,
and purine metabolites were significantly altered, indicating that
molybdate nutrition has global impact on plants.

Among the molybdo-enzymes, nitrate reductase (NR) rep-
resents the cytosolic key enzyme of nitrogen assimilation that
reduces nitrate to nitrite (Campbell, 2001). In addition to Moco,
NR also depends on heme and FAD as prosthetic groups and
strictly requires NADH or NADPH for enzymatic activity. A defi-
ciency in NR results in the inability of the plant to mobilize
nitrogen, which is inseparably associated with the loss of plant
viability in the absence of alternative nitrogen sources. Under
low-oxygen conditions, NR is capable of reducing nitrite to nitric
oxide (NO), and NR-derived NO appears to be among the major
sources of NO in plants with impact on plant development, pro-
tection against reactive oxygen species, phytoalexin accumulation,
and pathogen resistance (Rockel et al., 2002).
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FIGURE 1 | Molybdenum metabolism in higher plant cells. The main
components of molybdenum metabolism in plants are shown including the
Moco biosynthetic pathway (CNX proteins) in mitochondria and cytosol, the
Moco user enzymes and their respective main functions in nitrogen
assimilation (NR), ABA synthesis (AAO3), purine catabolism (XDH1), and
sulfite detoxification (SO). mARC enzymes are proposed to function in
reduction of certain N -hydroxylated substrates, which have not yet been
identified. While one of the two mARC isoforms (mARC2) contains an
NH2-terminal mitochondrial targeting sequence, such targeting sequence is
absent at the second isoform, which therefore is assumed to act in the
cytosol. In contrast to the molybdate transporter MOT2, which functions at
the vacuolar membrane as a molybdate exporter, MOT1 might localize to the
endomembrane system, possibly to the endoplasmic reticulum. A

mitochondrial localization of MOT1 has also been reported but appears less
likely as no obvious reason exists for import or export of molybdate into or out
of the mitochondria, respectively. The plant homolog (MFS-MOT) of the major
facilitator superfamily molybdate transporter MOT2 from Chlamydomonas
might be required for molybdate import across the plasma membrane. The
function of the Moco sulfurase ABA3 in activation of AO and XDH is
indicated, just as the functions of the mitochondrial ABC transporter ATM3 in
export of cPMP from mitochondria and in cytosolic iron-sulfur cluster ([Fe-S])
assembly for AO and XDH (and other extra-mitochondrial proteins). Further
details are given in the main text and are reviewed by Bittner and Mendel
(2010) and Mendel (2013). Molybdo-enzymes are indicated by blue letters,
other components of molybdenum metabolism by orange letters; dotted
arrows indicate requirement for Moco by molybdo-enzymes.

Plant sulfite oxidase (SO) is a peroxisomal enzyme (Nowak
et al., 2004), which exclusively consists of a Moco-binding domain
required for oxidizing sulfite to sulfate. In this process, substrate-
derived electrons are transferred to molecular oxygen with for-
mation of superoxide anions (Byrne et al., 2009) and hydrogen
peroxides (Haensch et al., 2006). In the physiological context,
SO represents a part of an intracellular sulfite homeostasis net-
work required to prevent plant cells from the toxic effects of
endogenously arising sulfite (Brychkova et al., 2007; Lang et al.,
2007).

Xanthine dehydrogenase (XDH) requires Moco, FAD, and
two iron-sulfur clusters (Hille et al., 2011), and its main func-
tion is associated to purine degradation by oxidizing hypox-
anthine to xanthine and xanthine to uric acid in the cytosol.

Electrons released from the substrate are preferably transferred
to NAD+. At extremely low concentrations of NAD+, molec-
ular oxygen can serve as alternative electron acceptor with
simultaneous generation of superoxides (Hesberg et al., 2004;
Yesbergenova et al., 2005; Zarepour et al., 2010). As indicated
by XDH-deficient plants, the function of XDH is crucial for
plant growth, senescence, and fertility (Nakagawa et al., 2007;
Brychkova et al., 2008). Independent from other substrates, XDH
exhibits strong intrinsic NADH oxidase activity, which is accom-
panied by the use of oxygen as electron acceptor and simul-
taneous formation of superoxide anions (Yesbergenova et al.,
2005; Zarepour et al., 2010). It is speculated that this activ-
ity is of importance in the response to biotic and abiotic
stresses.
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Aldehyde oxidase (AO) has derived from XDH by gene dupli-
cation and neo-functionalization (Rodríguez-Trelles et al., 2003)
and therefore shares catalytical and structural similarities with
XDH. In contrast to XDH however, AO proteins preferably oxidize
aldehydes to the respective carboxylic acid. Moreover, molecular
oxygen is the exclusive electron acceptor during catalysis and its
consumption is obligatorily linked with the generation of hydro-
gen peroxide and superoxide anions (Yesbergenova et al., 2005;
Zarepour et al., 2012). Obviously, the genome of most, if not all,
plant species harbors several AO genes, which indicates a spe-
cific need of plants for several independent aldehyde oxidation
activities. The number of AO proteins and their specific functions
might therefore relate to the specific metabolic and environmental
demands of different plant species. For instance, the Arabidop-
sis genome encodes the genes AAO1 – AAO4 and the respective
proteins form homo- and hetero-dimers with overlapping, but
also distinct substrate specificities (Akaba et al., 1999; Koiwai et al.,
2000; Seo et al., 2000a,b). The most important isoform is AAO3,
which catalyzes the oxidation of abscisic aldehyde to abscisic acid
(ABA) in the last cytosolic step of ABA synthesis. Due to the func-
tion of ABA in many aspects of plant growth and development, and
in adaptation to a variety of abiotic stresses, AAO3-deficient plants
with reduced ABA levels are characterized by a high transpiration
rate, reduced stress tolerance, and impaired seed dormancy (Seo
and Koshiba, 2011). For AAO1 and AAO2, a function in one of the
multiple biosynthesis routes of indole-3-acetic acid is suggested as
they both efficiently catalyze the oxidation of indole acetaldehyde
to indole-3-acetic acid in vitro. AAO4 is expressed preferably in
siliques and catalyzes the oxidation of benzaldehyde into benzoic
acid, the latter being incorporated into glucosinolates that likely
serve as herbivore defense compounds (Ibdah et al., 2009).

The mitochondrial amidoxime reducing component (mARC)
has been identified in mitochondria of mammals and catalyzes the
reduction of N-hydroxylated substances (Havemeyer et al., 2011).
Like mammals, plant genomes encode two mARC isoforms, which
have not yet been investigated in detail. The physiological role of
mARC proteins is therefore still enigmatic, even though previous
studies in Chlamydomonas and on recombinant human proteins
suggest a function in the detoxification of N-hydroxylated base
analogs (Chamizo-Ampudia et al., 2011; Krompholz et al., 2012)
and/or in the regulation of L-arginine-dependent NO synthesis
(Kotthaus et al., 2011).

Although the physiological functions of some molybdo-
enzymes are as yet not fully understood, it is obvious that others
hold key positions in essential or at least important metabolic
pathways. Any factor that affects one of these enzymes will thus
also affect the respective pathway, with effects on Moco biosynthe-
sis and molybdate supply resulting in the pleiotropic impairment
of all molybdo-enzyme activities, associated with severe reduction
of plant viability or even death of the plant.

CROSSTALK BETWEEN MOLYBDENUM AND IRON
METABOLISM
An interrelation between molybdenum and iron has been reported
by Berry and Reisenauer (1967) who found that molybdate
supply significantly increases the capacity of tomato plants to
absorb Fe2+. The inverse phenomenon, an influence of Fe2+

on molybdate uptake, has later been investigated in excised
rice roots, which showed increased molybdate uptake capacity
in the presence of FeSO4 (Kannan and Ramani, 1978). This
interrelation was confirmed in an ionomics study involving iron-
deficient plants, in which molybdenum contents were shown to
be reduced (Baxter, 2009). However, the link between the two
metals in this approach is not fully understood and might be
related either to acidification of the rhizosphere during iron-
deficiency, which would result in molybdenum becoming less
available to the plant, or to down-regulation of MOT1, which
might affect molybdate uptake. Interestingly, several key genes
involved in molybdenum metabolism were found to respond to
iron-deficiency in Arabidopsis roots with the MOT1 gene indeed
showing down-regulation, and the genes CNX2, CNX3, and ABA3
showing up-regulation (www.genevestigator.com). By contrast,
under molybdate-deficient conditions as induced by Ide et al.
(2011) none of the known key genes of iron uptake and trans-
port such as FRO2, IRT1, or ferritins were found to be altered
in expression. Instead, only the genes of the ferric-chelate reduc-
tases oxidases FRO6 and FRO7 and the iron-regulated protein
IREG1 showed down-regulation. It can thus be assumed that
iron availability is a crucial regulatory element for plant molybde-
num metabolism, while molybdate availability is of subordinated
importance for iron metabolism.

Apart from metal uptake and gene regulation, crosstalk between
molybdenum and iron is observed on the levels of Moco biosyn-
thesis and molybdo-enyzmes. As previously mentioned, some of
the latter require iron-containing prosthetic groups such as iron-
sulfur clusters (AO and XDH) or heme (NR) besides Moco and
FAD. Indeed, when looking in more detail on the more than 50
molybdo-enzymes known in all organisms, then the vast major-
ity also depends on such iron-containing groups (Hille, 2013).
It seems therefore reasonable to assume that this co-occurence
of molybdenum and iron is due to the beneficial influence on
each other’s redox properties. In addition, the Moco biosynthe-
sis enzyme CNX2 requires two [4Fe-4S] clusters for activity and
the crosstalk between molybdenum and iron is further substanti-
ated by the fact that CNX2 gene expression is controlled by both,
molybdate and iron availability.

Molybdenum and iron metabolisms also merge at the function
of ATM3, a mitochondrial ABC-type transporter that is crucial
for the maturation of extra-mitochondrial iron-sulfur proteins
(Bernard et al., 2009; Balk and Pilon, 2011). ATM3 exports an as
yet unknown sulfur-containing compound from the mitochon-
dria into the cytosol, where this compound is used for assembly
of iron-sulfur clusters. Surprisingly, ATM3 has been found to play
an important role in enabling the export of the Moco biosyn-
thesis intermediate cPMP from mitochondria into the cytosol as
ATM3-deficient plants present reduced levels of Moco accompa-
nied by increased cPMP levels in mitochondria (Teschner et al.,
2010). Since the two molecules requiring ATM3 for transport are
likely to differ markedly, one can hypothesize that both are co-
transported with glutathione, which has been speculated earlier
to be a substrate of ATM3 (Kim et al., 2006) and to stimulate the
activity of this type of transporter (Kuhnke et al., 2006).

Finally, an evolutionary overlap between molybdenum and iron
metabolisms exists by the function of the Moco sulfurase ABA3,
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which is essentially required for the final activation of AO and
XDH. ABA3 is a two-domain protein with a N-terminal L-cysteine
desulfurase domain that decomposes L-cysteine to L-alanine and
sulfur (Bittner et al., 2001; Heidenreich et al., 2005). The sulfur
is bound as a persulfide to a strictly conserved cysteine residue
of the protein (ABA3-Cys430SH + S2− = > ABA3-Cys430S-SH)
and transferred to the Moco-binding C-terminal domain (Wollers
et al., 2008). On the C-terminal domain, the persulfide sul-
fur is transformed into a molybdenum-bound sulfido ligand by
replacing an oxygen ligand [pterin-MoO2(OH) + S2− => pterin-
MoOS(OH) + O2−]. With receiving this type of Moco, the target
proteins of ABA3, AO, and XDH, finally gain activity. Interest-
ingly, L-cysteine desulfurases originated from the more ancient
iron-sulfur cluster biosynthesis, in which they abstract sulfur from
L-cysteine and deliver it to various scaffold proteins, onto which
iron-sulfur clusters are assembled prior to insertion into apo-
enzymes (Lill et al., 2012). In case of ABA3 and its orthologs
however, a cysteine desulfurase must have been fused to a selected
scaffold to evolve into a new activator protein highly specific and
exclusive for AO and XDH.

Recently, an interesting observation has been made concerning
the effect of sulfur supply on AO and XDH proteins (Cao et al.,
2013). In this work, sulfate deficiency has been found to impair
endogenous cysteine levels and simultaneously, the biosynthesis of
the phytohormone ABA. This effect has been ascribed to reduced
activity of AAO3 and it was concluded that AAO3, and in addition
also XDH, cannot properly be sulfurated by the Moco sulfurase
ABA3 due to the limited availability of its substrate L-cysteine.
This might indeed be one possible explanation for reduced activ-
ities of AO and XDH proteins in sulfate-deprived plants; yet, an
effect on the biosynthesis of iron-sulfur clusters as required by AO
and XDH proteins appears even more likely due to the higher
demand of this process for L-cysteine (Forieri et al., 2013). As
sulfur is embedded into molybdenum metabolism also at several
other steps (e.g., Moco synthesis, sulfite detoxification, molybdate
uptake), the three nutrients molybdenum, iron and sulfur appear
to interact closely on various levels within a common metabolic
network that needs to be elucidated in future studies.

CONCLUSIONS AND PERSPECTIVES
Many players in the molybdenum homeostasis network have
meanwhile been identified and characterized with the enzymes of
Moco synthesis and the molybdo-enzymes representing the most
intensively-studied topics, even though also here many aspects
still remain to be solved. Understanding of the function of molyb-
date transporters has just begun and a lot more effort needs to
be invested to depict the import and export routes in plants and
to identify the candidate(s) responsible for uptake of molybdate
at the root:soil interface. A point, which has not been consid-
ered before is whether molybdate-binding and/or -storage proteins
exist in plants that might shuttle molybdate between organelles
and tissues or store it for specific requirements, respectively. More-
over, very little is known about factors controlling the expression
of genes and interaction of proteins involved in molybdenum
homeostasis, thus requiring further in-depth analysis on the tran-
scriptome, proteome, interactome, metabolome, and ionome
level.

ACKNOWLEDGMENT
This work was supported by the Deutsche Forschungsgemein-
schaft (Bi 1075/3-2) which is gratefully acknowledged.

REFERENCES
Akaba, S., Seo, M., Dohmae, N., Takio, K., Sekimoto, H., Kamiya, Y., et al. (1999).

Production of homo- and hetero-dimeric isozymes from two aldehyde oxidase
genes of Arabidopsis thaliana. J. Biochem. 126, 395–401.

Balk, J., and Pilon, M. (2011). Ancient and essential: the assembly of iron-sulfur
clusters in plants. Trends Plant Sci. 16, 218–226. doi: 10.1016/j.tplants.2010.12.006

Baxter, I. (2009). Ionomics: studying the social network of mineral nutrients. Curr.
Opin. Plant Biol. 12, 381–386. doi: 10.1016/j.pbi.2009.05.002

Baxter, I., Muthukumar, B., Park, H. C., Buchner, P., Lahner, B., Danku, J., et al.
(2008). Variation in molybdenum content across broadly distributed populations
of Arabidopsis thaliana is controlled by a mitochondrial molybdenum transporter
(MOT1). PLoS Genet. 4:e1000004. doi: 10.1371/journal.pgen.1000004

Bernard, D. G., Cheng, Y., Zhao, Y., and Balk, J. (2009). An allelic mutant series
of ATM3 reveals its key role in the biogenesis of cytosolic iron-sulfur proteins in
Arabidopsis. Plant Physiol. 151, 590–602. doi: 10.1104/pp.109.143651

Berry, J. A., and Reisenauer, H. M. (1967). The influence of molybdenum on iron
nutrition of tomato. Plant Soil 27, 303–313.

Bittner, F., and Mendel, R. R. (2010). “Cell Biology of Molybdenum,” in Cell Biol-
ogy of Metals and Nutrients, eds. R. Hell and R. R. Mendel (Springer-Verlag
Berlin Heidelberg 2010), Plant Cell Monogr. 17, 119–143. doi: 10.1007/978-3-
642-10613-2_6

Bittner, F., Oreb, M., and Mendel, R. R. (2001). ABA3 is a molybdenum
cofactor sulfurase required for activation of aldehyde oxidase and xanthine
dehydrogenase in Arabidopsis thaliana. J. Biol. Chem. 276, 40381–40384. doi:
10.1074/jbc.C100472200

Brychkova, G., Alikulov, Z., Fluhr, R., and Sagi, M. (2008). A critical role for
ureides in dark and senescence-induced purine remobilization is unmasked in the
Atxdh1 Arabidopsis mutant. Plant J. 54, 496–509. doi: 10.1111/j.1365-313X.2008.
03440.x

Brychkova, G., Xia, Z., Yang, G., Yesbergenova, Z., Zhang, Z., Davydov, O., et al.
(2007). Sulfite oxidase protects plants against sulfur dioxide toxicity. Plant J. 50,
696–709. doi: 10.1111/j.1365-313X.2007.03080.x

Byrne, R. S., Haensch, R., Mendel, R. R., and Hille, R. (2009). Oxidative half-reaction
of Arabidopsis thaliana sulfite oxidase: generation of superoxide by a peroxisomal
enzyme. J. Biol. Chem. 284, 35479–35484. doi: 10.1074/jbc.M109.067355

Campbell, W. H. (2001). Structure and function of eukaryotic NAD(P)H:nitrate
reductase. Cell Mol. Life Sci. 58,194–204. doi: 10.1007/PL00000847

Cao, M. J., Wang, Z., Zhao, Q., Mao, J. L., Speiser, A., Wirtz, M., et al. (2013). Sulfate
availability affects ABA levels and germination response to ABA and salt stress in
Arabidopsis thaliana. Plant J. doi: 10.1111/tpj.12407[Epub ahead of Print].

Chamizo-Ampudia, A., Galvan, A., Fernandez, E., and Llamas, A. (2011). The
Chlamydomonas reinhardtii molybdenum cofactor enzyme crARC has a Zn-
dependent activity and protein partners similar to those of its human homologue.
Eukaryot. Cell 10, 1270–1282. doi: 10.1128/EC.05096-11

Forieri, I., Wirtz, M., and Hell, R. (2013). Toward new perspectives on the inter-
action of iron and sulfur metabolism in plants. Front. Plant Sci. 4:357. doi:
10.3389/fpls.2013.00357.

Gasber, A., Klaumann, S., Trentmann, O., Trampczynska, A., Clemens, S., Schneider,
S., et al. (2011). Identification of an Arabidopsis solute carrier critical for intracel-
lular transport and inter-organ allocation of molybdate. Plant Biol. (Stuttg). 13,
710–718. doi: 10.1111/j.1438-8677.2011.00448.x

Haensch, R., Lang, C., Riebeseel, E., Lindigkeit, R., Gessler, A., Rennenberg, H.,
et al. (2006). Plant sulfite oxidase as novel producer of H2O2: combination of
enzyme catalysis with a subsequent non-enzymatic reaction step. J. Biol. Chem.
281, 6884–6888. doi: 10.1074/jbc.M513054200

Havemeyer, A., Lang, J., and Clement, B. (2011). The fourth mammalian molyb-
denum enzyme mARC: current state of research. Drug Metab. Rev. 43, 524–539.
doi: 10.3109/03602532.2011.608682

Heidenreich, T., Wollers, S., Mendel, R. R., and Bittner, F. (2005). Characterization of
the NifS-like domain of ABA3 from Arabidopsis thaliana provides insight into the
mechanism of molybdenum cofactor sulfuration. J. Biol. Chem. 280, 4213–4218.
doi: 10.1074/jbc.M411195200

Hesberg, C., Haensch, R., Mendel, R. R., and Bittner, F. (2004). Tandem orien-
tation of duplicated xanthine dehydrogenase genes from Arabidopsis thaliana:

www.frontiersin.org February 2014 | Volume 5 | Article 28 | 77

http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Nutrition/archive


Bittner Molybdenum metabolism in plants

differential gene expression and enzyme activities. J. Biol. Chem. 279, 13547–
13554. doi: 10.1074/jbc.M312929200

Hille, R. (2013). The molybdenum oxotransferases and related enzymes. Dalton
Trans. 42, 3029–3042. doi: 10.1039/c2dt32376a

Hille, R., Nishino, T., and Bittner, F. (2011). Molybdenum enzymes in higher
organisms. Coord. Chem. Rev. 255, 1179–1205. doi: 10.1016/j.ccr.2010.11.034

Hu, Y., and Ribbe, M. W. (2013). Nitrogenase assembly. Biochim. Biophys. Acta 1827,
1112–1122. doi: 10.1016/j.bbabio.2012.12.001

Ibdah, M., Chen, Y.T., Wilkerson, C.G., and Pichersky, E. (2009). An aldehyde
oxidase in developing seeds of Arabidopsis converts benzaldehyde to benzoic acid.
Plant Physiol. 150, 416–423. doi: 10.1104/pp.109.135848

Ide, Y., Kusano, M., Oikawa, A., Fukushima, A., Tomatsu, H., Saito, K., et al. (2011).
Effects of molybdenum deficiency and defects in molybdate transporter MOT1
on transcript accumulation and nitrogen/sulphur metabolism in Arabidopsis
thaliana. J. Exp. Bot. 62, 1483–1497. doi: 10.1093/jxb/erq345

Kaiser, B. N., Gridley, K. L., Ngaire Brady, J., Phillips, T., and Tyerman, S. D. (2005).
The role of molybdenum in agricultural plant production. Ann. Bot. 96, 745–754.
doi: 10.1093/aob/mci226

Kannan, S., and Ramani, S. (1978). Studies on molybdenum absorption and
transport in bean and rice. Plant Physiol. 62, 179–181. doi: 10.1104/pp.62.2.179

Kim, D. Y., Bovet, L., Kushnir, S., Noh, E. W., Martinoia, E., and Lee, Y. (2006).
AtATM3 is involved in heavy metal resistance in Arabidopsis. Plant Physiol. 140,
922–932. doi: 10.1104/pp.105.074146

Kneip, C., Lockhart, P., Voss, C., and Maier, U. G. (2007). Nitrogen fixation in
eukaryotes-new models for symbiosis. BMC Evol. Biol. 7:55. doi: 10.1186/1471-
2148-7-55

Koiwai, H., Akaba, S., Seo, M., Komano, T., and Koshiba, T. (2000). Functional
expression of two Arabidopsis aldehyde oxidases in the yeast Pichia pastoris. J.
Biochem. 127, 659–664.

Kotthaus, J., Wahl, B., Havemeyer, A., Kotthaus, J., Schade, D., Garbe-Schoenberg,
D., et al. (2011). Reduction of N(ω)-hydroxy-L-arginine by the mitochon-
drial amidoxime reducing component (mARC). Biochem. J. 433, 383–391. doi:
10.1042/BJ20100960

Krompholz, N., Krischkowski, C., Reichmann, D., Garbe-Schoenberg, D., Mendel,
R. R., Bittner, F., et al. (2012). The mitochondrial amidoxime reducing com-
ponent (mARC) is involved in detoxification of N-hydroxylated base analogues.
Chem. Res. Toxicol. 25, 2443–2450. doi: 10.1021/tx300298m

Kuhnke, G., Neumann, K., Muehlenhoff, U., and Lill, R. (2006). Stimulation of
the ATPase activity of the yeast mitochondrial ABC transporter Atm1p by thiol
compounds. Mol. Membr. Biol. 23, 173–184.

Kumchai, J., Huang, J. Z., Lee, C. Y., Chen, F. C., and Chin, S. W. (2013). Proline
partially overcomes excess molybdenum toxicity in cabbage seedlings grown in
vitro. Genet. Mol. Res. 12, 5589–5601. doi: 10.4238/2013.November.18.8

Lang, C., Popko, J., Wirtz, M., Hell, R., Herschbach, C., Kreuzwieser, J., et al. (2007).
Sulfite oxidase as key enzyme for protecting plants against sulfur dioxide. Plant
Cell Environ. 30, 447–455. doi: 10.1111/j.1365-3040.2006.01632.x

Lill, R., Hoffmann, B., Molik, S., Pierik, A. J., Rietzschel, N., Stehling, O.,
et al. (2012). The role of mitochondria in cellular iron-sulfur protein bio-
genesis and iron metabolism. Biochim. Biophys. Acta 1823, 1491–1508. doi:
10.1016/j.bbamcr.2012.05.009

Mendel, R. R. (2013). The molybdenum cofactor. J. Biol. Chem. 288, 13165–13172.
doi: 10.1074/jbc.R113.455311

Nakagawa, A., Sakamoto, S., Takahashi, M., Morikawa, H., and Sakamoto, A. (2007).
The RNAi-mediated silencing of xanthine dehydrogenase impairs growth and
fertility and accelerates leaf senescence in transgenic Arabidopsis plants. Plant Cell
Physiol. 48, 1484–1495. doi: 10.1093/pcp/pcm119

Nowak, K., Luniak, N., Witt, C., Wuestefeld, Y., Wachter, A., Mendel, R.
R., et al. (2004). Peroxisomal localization of sulfite oxidase separates it from
chloroplast-based sulfur assimilation. Plant Cell Physiol. 45, 1889–1894. doi:
10.1093/pcp/pch212

Rockel, P., Strube, F., Rockel, A., Wildt, J., and Kaiser, W. M. (2002). Regulation of
nitric oxide (NO) production by plant nitrate reductase in vivo and in vitro. J.
Exp. Bot. 53, 103–110. doi: 10.1093/jexbot/53.366.103

Rodríguez-Trelles, F., Tarrío, R., and Ayala, F. J. (2003). Convergent neofunction-
alization by positive darwinian selection after ancient recurrent duplications of
the xanthine dehydrogenase gene. Proc. Natl. Acad. Sci. U.S.A. 100, 13413–13417.
doi: 10.1073/pnas.1835646100

Seo, M., Koiwai, H., Akaba, S., Komano, T., Oritani, T., Kamiya, Y., et al. (2000a).
Abscisic aldehyde oxidase in leaves of Arabidopsis thaliana. Plant J. 23, 481–488.
doi: 10.1046/j.1365-313x.2000.00812.x

Seo, M., Peeters, A. J., Koiwai, H., Oritani, T., Marion-Poll, A., Zeevaart, J. A., et al.
(2000b). The Arabidopsis aldehyde oxidase 3 (AAO3) gene product catalyzes the
final step in abscisic acid biosynthesis in leaves. Proc. Natl. Acad. Sci. U.S.A. 97,
12908–12913. doi: 10.1073/pnas.220426197

Seo, M., and Koshiba, T. (2011). Transport of ABA from the site of biosynthesis to
the site of action. J. Plant Res. 124, 501–507. doi: 10.1007/s10265-011-0411-4

Shibagaki, N., and Grossman, A. R. (2006). The role of the STAS domain in the
function and biogenesis of a sulfate transporter as probed by random mutagenesis.
J. Biol. Chem. 281, 22964–22973. doi: 10.1074/jbc.M603462200

Shinmachi, F., Buchner, P., Stroud, J. L., Parmar, S., Zhao, F. J., McGrath, S. P.,
et al. (2010). Influence of sulfur deficiency on the expression of specific sulfate
transporters and the distribution of sulfur, selenium, and molybdenum in wheat.
Plant Physiol. 153, 327–336. doi: 10.1104/pp.110.153759

Stout, P. R., Meagher, W. R., Pearson, G. A., and Johnson, C. M. (1951). Molybde-
num nutrition of crop plants. I. The influence of phosphate and sulfate on the
absorption of molybdenum from soils and solution cultures. Plant Soil 3, 51–87.

Tejada-Jiménez, M., Galván, A., and Fernández, E. (2011). Algae and humans
share a molybdate transporter. Proc. Natl. Acad. Sci. U.S.A. 108, 6420–6425.
doi: 10.1073/pnas.1100700108

Tejada-Jimenez, M., Llamas, A., Sanz-Luque, E., Galvan, A., and Fernandez, E.
(2007). A high-affinity molybdate transporter in eukaryotes. Proc. Natl. Acad.
Sci. U.S.A. 104, 20126–20130. doi: 10.1073/pnas.0704646104

Teschner, J., Lachmann, N., Geisler, M., Selbach, K., Balk, J., Mendel, R. R.,
et al. (2010). A novel role for mitochondrial ABC transporter ATM3 from Ara-
bidopsis in molybdenum cofactor biosynthesis. Plant Cell 22, 468–480. doi:
10.1105/tpc.109.068478

Tomatsu, H., Takano, J., Takahashi, H., Watanabe-Takahashi, A., Shibagaki, N., and
Fujiwara, T. (2007). An Arabidopsis thaliana high-affinity molybdate transporter
required for efficient uptake of molybdate from soil. Proc. Natl. Acad. Sci. U.S.A.
104, 18807–18812. doi: 10.1073/pnas.070637310

Wollers, S., Heidenreich, T., Zarepour, M., Zachmann, D., Kraft, C., Zhao, Y.,
et al. (2008). Binding of sulfurated molybdenum cofactor to the C-terminal
domain of ABA3 from Arabidopsis thaliana provides insight into the mecha-
nism of molybdenum cofactor sulfuration. J. Biol. Chem. 283, 9642–9650. doi:
10.1074/jbc.M708549200

Yesbergenova, Z., Yang, G., Oron, E., Soffer, D., Fluhr, R., and Sagi, M. (2005).
The plant Mo-hydroxylases aldehyde oxidase and xanthine dehydrogenase have
distinct reactive oxygen species signatures and are induced by drought and abscisic
acid. Plant J. 42, 862–876. doi: 10.1111/j.1365-313X.2005.02422.x

Zarepour, M., Kaspari, K., Stagge, S., Rethmeier, R., Mendel, R. R., and Bittner, F.
(2010). Xanthine dehydrogenase AtXDH1 from Arabidopsis thaliana is a potent
producer of superoxide anions via its NADH oxidase activity. Plant Mol. Biol. 72,
301–310. doi: 10.1007/s11103-009-9570-2

Zarepour, M., Simon, K., Wilch, M., Nielaender, U., Koshiba, T., Seo, M., et al.
(2012). Identification of superoxide production by Arabidopsis thaliana aldehyde
oxidases AAO1 and AAO3. Plant Mol. Biol. 80, 659–671. doi: 10.1007/s11103-
012-9975-1

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 29 November 2013; accepted: 22 January 2014; published online: 07 February
2014.
Citation: Bittner F (2014) Molybdenum metabolism in plants and crosstalk to iron.
Front. Plant Sci. 5:28. doi: 10.3389/fpls.2014.00028
This article was submitted to Plant Nutrition, a section of the journal Frontiers in Plant
Science.
Copyright © 2014 Bittner. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or repro-
duction in other forums is permitted, provided the original author(s) or licensor are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Plant Science | Plant Nutrition February 2014 | Volume 5 | Article 28 | 78

http://dx.doi.org/10.3389/fpls.2014.00028
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Plant_Nutrition/
http://www.frontiersin.org/Plant_Nutrition/archive


MINI REVIEW ARTICLE
published: 12 February 2014

doi: 10.3389/fpls.2014.00030
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An important goal of micronutrient biofortification is to enhance the amount of bioavailable
zinc in the edible seed of cereals and more specifically in the endosperm. The picture is
starting to emerge for how zinc is translocated from the soil through the mother plant to
the developing seed. On this journey, zinc is transported from symplast to symplast via
multiple apoplastic spaces. During each step, zinc is imported into a symplast before it
is exported again. Cellular import and export of zinc requires passage through biological
membranes, which makes membrane-bound transporters of zinc especially interesting as
potential transport bottlenecks. Inside the cell, zinc can be imported into or exported out
of organelles by other transporters. The function of several membrane proteins involved in
the transport of zinc across the tonoplast, chloroplast or plasma membranes are currently
known.These include members of the ZIP (ZRT-IRT-like Protein), and MTP (MetalTolerance
Protein) and heavy metal ATPase (HMA) families. An important player in the transport
process is the ligand nicotianamine that binds zinc to increase its solubility in living cells
and in this way buffers the intracellular zinc concentration.

Keywords: plants, seeds, apoplastic barrier, zinc, nicotianamine

INTRODUCTION
It is estimated that one-third of the world’s population suffers from
zinc deficiency with serious consequences (Sandstead, 1991; Welch
and Graham, 1999, 2004; World Health Organization, 2003). Zinc
deficiency is especially pronounced in areas where people are rely-
ing on a plant-based diet, as the edible parts of plants have a low
content of bioavailable micronutrients. In cereal grains, high con-
centrations of zinc are found in the embryo and the aleurone layer
of the endosperm (Lombi et al., 2011; Lu et al., 2013a). The local-
ization of zinc is of concern since the embryo and aleurone layer
are removed during the polishing of the grains. It is therefore of
interest to produce grains with a higher concentration of zinc in
the edible endosperm.

Plants, like humans and any other organism, rely on a sufficient
zinc supply to drive cellular functions. More than a thousand dif-
ferent proteins have been found to be associated with zinc for
functionality in Arabidopsis thaliana (Krämer et al., 2007). Zinc
serves catalytic, regulatory, and structural roles for a great num-
ber of proteins and enzymes with one of the biggest classes of
zinc-requiring proteins being the zinc-finger transcription fac-
tors (Broadley et al., 2007). Enzymes involved in the synthesis and
maintenance of DNA and RNA also requires zinc and the cop-
per/zinc superoxide dismutase in the chloroplast stroma is another
example (Hansch and Mendel, 2009). However, in excess amounts
zinc is able to replace other metals or bind to undesired proteins
and enzymes resulting in their inactivation. Thus, zinc is essential
for cellular functions but is toxic at high concentrations. There-
fore a tightly controlled homeostatic network consisting of import,
trafficking, sequestration and export is needed for the plant to
survive (Clemens, 2001; Clemens et al., 2002; Hall, 2002).

Once zinc is taken up into roots it enters a symplast, a living
interconnected networks of cells. However, the long way for zinc to

the developing seed requires multiple steps where zinc has to move
from symplast to symplast. During this process it first has to leave
the symplast and enter dead space outside cells, the apoplast, before
it can be taken up in a new symplast (Figure 1). This transport
into and out of the apoplast seems to be the major bottleneck in
the process of nutrient translocation within the plant (Palmgren
et al., 2008).

A major feature of the plasma membrane of living cells is
the presence of a membrane potential, negative on the inside.
This membrane potential is maintained by the plasma mem-
brane H+-ATPase (Sondergaard et al., 2004), and is a main driving
force behind passive cellular uptake of positively charged cations.
In Arabidopsis, membrane potentials of root cells vary typically
between −100 and −115 mV (Bose et al., 2010; Kenderesová et al.,
2012) and have been reported as high as above −200 mV (Hirsch
et al., 1998). According to Nernst equation (and assuming stan-
dard conditions) a membrane potential in this range can sustain
a hundred-fold concentration difference of a monovalent cation
between the outside and the inside of a cell, and a remarkable
ten thousand-fold concentration difference of a divalent cation.
With 30 μM of Zn2+ in the growth medium (as in Murashige and
Skoog medium; Murashige and Skoog, 1962) and an inside mem-
brane potential of −115 mV, the cells would in theory by passive
uptake be able to establish a cytoplasmic concentration of around
300 mM Zn2+, which would be far above the cellular require-
ment and in fact highly toxic. It is therefore evident that uptake
of zinc is not an energetic problem and that this process does
not require active transport. What is an advantage for uptake of
Zn2+, however, becomes a major disadvantage when Zn2+ has to
be exported from cells. Now the membrane potential, positive on
the outside, is a strong opposing factor for outward transport of a
divalent cation, and a primary active transport system is required.
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FIGURE 1 | Overview of transport barriers leading to loading of zinc

into seeds. Following uptake of zinc into the root symplast, at least three
apoplastic barriers have to be crossed on the way to the seed. Substantial
membrane potentials cross the membranes of the plasma membrane,
vacuole and chloroplast, transport of zinc into the cytoplasm, out of the
vacuole or into the chloroplast is energetically favorable, requiring passive
transporters only (arrows). On the other hand, transport out of the cytosol,
into the vacuole or out of the chloroplast requires active transporters or
secondary active transporters (round and square symbols, respectively).

The vacuole has an inside positive membrane potential requiring
active transport systems for import and making export from the
vacuole energetically favorable.

ZINC UPTAKE INTO ROOTS
The first symplastic domain zinc has to enter is that of the root
cortex. Uptake into this symplast is likely to be carried out by
transport proteins in the plasma membrane of root epidermal or
cortical cells. In Arabidopsis, IRT1 is a broad substrate range metal
ion transporter localized to the plasma membrane that can trans-
port iron (Fe2+), zinc (Zn2+), manganese (Mn2+), cobalt (Co2+)
and cadmium (Cd2+) (Korshunova et al., 1999) and is subject
to intricate metal-dependent post-translational regulation (Shin
et al., 2013). This transporter is expressed in the plasma membrane
of root epidermal cells (Vert et al., 2002) and is therefore likely to
be involved in zinc uptake. Excess Zn causes reduced Fe uptake
and excess Fe alleviates Zn toxicity under these conditions, which
supports the view that Zn and Fe compete for the same uptake sys-
tem(s) (Fukao et al., 2011; Shanmugam et al.,2011,2013). A closely
related broad affinity metal transporter, IRT2, is also expressed in
epidermal cells (Vert et al., 2001) but in internal membranes (Vert
et al., 2009), which excludes a role in direct uptake. Other members
of the ZIP (ZRT-IRT-like Protein) family of metal transporters, to
which IRT1 and IRT2 belong, have been proposed to import zinc
into roots (Grotz et al., 1998; Lin et al., 2009) but this assump-
tion has recently been questioned as functional studies with plants
mutated in the major root ZIP genes, AtZIP1, and AtZIP2, point
to a role of these transporters in root to shoot transport (Milner
et al., 2013). The barley transporter HvZIP7 is important for zinc
uptake but is localized in root vascular tissue suggesting a similar
role in promoting root to shoot transport (Tiong et al., 2013). In
rice, OsZIP1 and OsZIP3 have been proposed to be involved in
root zinc uptake whereas OsZIP 4, OsZIP5, and OsZIP8 could be
involved in root to shoot translocation (Bashir et al., 2013).

After uptake, zinc is in living cells with a neutral pH, a condition
in which zinc is prone to bind to a multitude of organic molecules
present, which severely restricts its free mobility. Zinc therefore
travels between living cells strongly bound to a symplastic metal
chelator, which at least in A. halleri is the metabolite nicotianamine
(Deinlein et al., 2012). The zinc-nicotianamine complex is trans-
portable and can diffuse between cells in the root symplast, which
are interconnected by plasmodesmal bridges, toward the xylem,
the dead vascular tissue leading to the shoot. The Casparian strip
is an impermeable diffusion barrier present in the root apoplast. In
the dicot Arabidopsis it is present as a layer of lignin (Naseer et al.,
2012), which by surrounding the cells of the root endodermis
divides the root apoplast in two, an outer apoplast which includes
the cell walls of the cortex and extends to the soil solution, and an
inner apoplast, which includes the xylem of the central stele. In
other plants, such as in monocot cereals, an additional diffusion
barrier is present in the exodermis above the cortex and below
the endodermis. Cereals thus possess basically two layers of Cas-
parian strips that divide the root into three apoplasts. In the root
symplast the transport of zinc is restricted by sequestration for
storage into the vacuole, an import requiring active transporters.
Two MTPs (Metal Tolerance Protein) AtMTP1 and AtMTP3
have been implicated in this process (Desbrosses-Fonrouge et al.,
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2005; Arrivault et al., 2006; Kawachi et al., 2009). The HMA
AtHMA3 also seems to function in the vacuole to sequester zinc
(Morel et al., 2009).

XYLEM LOADING IN ROOTS
In order to enter the xylem, the dead vascular tissue lead-
ing to the shoot, zinc has to be exported from the symplast,
which requires active transporters. A. thaliana HMA 2 and 4
(AtHMA2 and AtHMA4, respectively), which are primary active
zinc pumps, are involved in such loading of the root xylem
(Hussain et al., 2004; Verret et al., 2004; Sinclair et al., 2007).
AtHMA4 is equipped with an intracellularly exposed zinc-binding
domain that may signify post-translational regulation of pump
activity in response to a cytoplasmic zinc sensor (Baekgaard et al.,
2010). Also, AtHMA2 is known to be regulated at the transcrip-
tional level in response to zinc availability (van de Mortel et al.,
2006); both kind of regulation could ensure a tightly controlled
xylem loading step. The importance of HMA4 in root-to-shoot
translocation of zinc is clearly seen in A. halleri where the zinc
hyperaccumulation trait strictly depends on AhHMA4 pumping
zinc into root xylem vessels (Hanikenne et al., 2008). In rice,
the homolog OsHMA2 has also been shown to be involved in
root-to-shoot translocation of zinc (Satoh-Nagasawa et al., 2012;
Takahashi et al., 2012). In A. thaliana other transporters also play
a role in xylem loading. At least one member of the Plant Cad-
mium Resistance family, AtPCR2, is involved in root-to-shoot
translocation of zinc (Song et al., 2010) and recently AtZIP1
and AtZIP2 have been implicated in this process (Milner et al.,
2013).

Once in the xylem, where pH is slightly acidic (around pH 5.5),
zinc can be transported as a free cation. In the zinc hyperaccu-
mulator Sedum alfredii, zinc is predominantly transported in the
xylem as aqueous zinc. Noteworthy, however, in this plant a sig-
nificant proportion (around 40%) is associated in the xylem sap
with its predominant organic acid, citric acid (Lu et al., 2013b). In
A. halleri, the zinc mimic cadmium is transported in the free ionic
form only (Ueno et al., 2008). In rice, deoxymugineic acid has
been associated with long-distance transport of zinc (Suzuki et al.,
2008), but it is not known whether the deoxymugineic acid-zinc
complex is present in the xylem.

XYLEM UNLOADING
Zinc is not transported directly to the developing seed by the
xylem. Typically, in order to reach the seed, zinc first makes a
detour to the leaves. Here it is taken up from the xylem into
living xylem parenchyma cells of the leaf symplast. This pro-
cess is mediated by transport proteins yet to be characterized.
Subsequently, zinc is exported from mesophyll cells into the leaf
apoplast from where it is loaded into the phloem, which pro-
vides the vascular route to the developing seeds. Because of their
expression in the vasculature, AtIRT3 (Lin et al., 2009) and OsZIP4
(Ishimaru et al., 2005) may be implied in xylem unloading and/or
the phloem loading processes (see below). In grasses, such as
rice, a complicated network of vascular bundles in the nodes
of the stem allows for a more direct transfer of zinc from the
xylem to phloem strands leading to the panicle (Yamaguchi et al.,
2012).

PHLOEM LOADING
The vascular tissue of the phloem is the only route for zinc leading
to the developing seeds. Loading of zinc into the phloem typically
takes places in leaves. During senescence, zinc is remobilized from
withering leaves in order to be allocated to reproductive tissues
where demand becomes high. This process requires zinc trans-
port out of mesophyll cells into the leaf apoplast and subsequent
transport into the phloem. Before zinc can leave the mesophyll it
has to leave the chloroplast, where it plays an important process
in photosystem II, and the vacuole, where excess zinc is stored.
In Arabidopsis HMA1 is localized to the chloroplast envelope and
involved in the export of zinc (Kim et al., 2009). This function has
also been shown for HvHMA1, where HMA1 has been implied
in the remobilization of zinc (Mikkelsen et al., 2012). During zinc
remobilization, active transport is not required for zinc in order to
leave the vacuole because of the inside positive membrane poten-
tial across the tonoplast. In cereals, the remobilization of zinc in
the plant during the period of grain loading is not restricted to
leaves but also occurs from stems, peduncles, florets and rachis
(Walker and Waters, 2011). How zinc is transported out of leaf
mesophyll cells is not known.

How zinc enters the phloem is also not known. Transport
proteins of the Yellow Stripe-Like (YSL) family, which appear to
transport complexes of zinc and nicotianamine across membranes,
are highly expressed in senescing leaves (Waters et al., 2006; Curie
et al., 2009), and might play a role in transporting zinc into the
phloem. Among these, at least AtYSL1 and AtYSL3 are required
for allocation of zinc to the developing grain (Chu et al., 2010).
Other members of the YSL family might also be involved in the
translocation of zinc. AtYSL4 and AtYSL6 have been described
as iron transporters localized to organelles, either the chloroplast
(Divol et al., 2013) or other endomembrane systems (Conte et al.,
2013).

The pH of the phloem is slightly alkaline (Dinant et al., 2010),
and therefore zinc has to travel in the phloem bound to a metal
chelator, which often appear to be nicotianamine (Curie et al.,
2009; Nishiyama et al., 2012).

PHLOEM UNLOADING IN DEVELOPING SEEDS
The mechanisms involved in phloem unloading and post-phloem
movement of zinc in the developing seed are not well understood,
but a model has been proposed based on the findings of several
apoplastic barriers in the Arabidopsis seed. The seed consists of
three genetically distinct tissues: the maternal seed coat, the zygotic
embryo and the triploid zygotic endosperm. It is anticipated that
such diverse tissues do not contain any symplastic connections and
apoplastic barriers are likely to be separating these three tissues in
Arabidopsis (Stadler et al., 2005). Phloem unloading in the devel-
oping seed is believed to be symplastic into a phloem-unloading
domain, which has symplastic connections to the entire seed coat
(Stadler et al., 2005; Werner et al., 2011). Another apoplastic bar-
rier seems to be present in the seed coat where the outer two cell
layers (the outer integument) lacks symplastic connectivity with
the three inner cell layers of the seed coat (the inner integument)
(Stadler et al., 2005). This gives rise to three apoplastic barriers
in the Arabidopsis seed where active transport system(s) yet to be
identified must be present for translocation of zinc to the embryo:
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(1) between the outer and inner integuments in the seed coat,
(2) between the seed coat and the endosperm, and (3) between
the endosperm and the embryo. As active transport is required for
zinc in order to escape living cells having a membrane potential
highly negative on the inside, zinc efflux from symplasts in the
seeds resemble the situation of xylem loading in the root.

The architecture of a cereal grain differs substantially from
an Arabidopsis seed. In barley nutrients are also unloaded sym-
plastically from the phloem, but they do not end up in the
seed coat as in Arabidopsis. Instead the nutrients flow to highly
specialized nucellar projection transfer cells. In the developing
barley grain, apparently a single apoplastic barrier is present
between the maternal transfer cells and the filial endosperm (Borg
et al., 2009). In the wheat grain, an additional apoplastic bar-
rier for Zn has been identified between the stem tissue rachis
and the developing grain, which most likely is linked to unload-
ing from the xylem of the stem and subsequent loading of the
phloem leading to the grain (Wang et al., 2011). Whether this
is a general feature of cereal grains remains to be shown. In
a microarray study from laser capture microdissection of the
developing barley grain it was found that HvHMA2 was almost
exclusively expressed in the transfer cells in the developing bar-
ley grain (Tauris et al., 2009). The expression of HvHMA2 in the
transfer cells makes HvHMA2 a prime candidate for export of
zinc from the mother plant into the endosperm cavity (Tauris
et al., 2009). The zinc sensitivity of the Saccharomyces cerevisiae
zrc cot1 mutant is alleviated following heterologous expression
the heterologous expression of HvHMA2, supporting the notion
that HvHMA2 functions as a zinc export pump (Mills et al.,
2012). Transporters of the MTP family might also be involved
in controlling the amount of zinc crossing the apoplastic barri-
ers in the developing seed by sequestering zinc into the vacuole
on either side. Several MTPs are expressed in barley (Tauris
et al., 2009) and Arabidopsis (Desbrosses-Fonrouge et al., 2005)
seeds.

NICOTIANAMINE – THE INTERCELLULAR AND PHLOEM
MOBILE ZINC-LIGAND
Apart from the transport across apoplastic barriers in the root
and seed requiring membrane transporters, the intercellular and
long-distance transport of zinc influences the loading of zinc to
the seed. Due to its low solubility at neutral and alkaline pH,
zinc is not present as free ions, but will be bound to a ligand.
Nicotianamine, in particular, has emerged as a major zinc chelator
in plants although it also chelates other metals such as iron and
copper (Clemens et al., 2013).

In the zinc hyperaccumulator A. halleri, nicotianamine syn-
thase (NAS) is highly expressed and nicotianamine has been shown
to be involved in root-to-shoot translocation of zinc with a five-
fold decrease in NAS2-RNAi lines. This has been ascribed to
a role for nicotianamine in the symplastic mobility of zinc in
the root toward the pericycle cells (Deinlein et al., 2012). The
phenotypes of the A. halleri NAS2-RNAi lines (Deinlein et al.,
2012) and the HMA4-RNAi lines (Hanikenne et al., 2008) are
somewhat similar. Both show reduced root-to-shoot transloca-
tion and accumulation of zinc in the root pericycle cells due
to reduced xylem loading. This makes it very interesting to

look further into the connection between nicotianamine and
HMA4.

Nicotianamine seems to be highly important for the intercel-
lular mobility of zinc but might also be involved in enhancing
the mobility of zinc in the phloem essential for getting zinc to
the developing seed. Several reports have shown that the consti-
tutive overexpression of NAS genes in rice is able to increase the
zinc concentration in the rice grain by in average twofold, also in
the polished grain (Lee et al., 2009; Masuda et al., 2009; Johnson
et al., 2011; Lee et al., 2011). This probably happens because the
enhanced level of nicotianamine increases the phloem mobility of
zinc, thus enhancing the flow of zinc to the nucellar projection
in the rice grain. Likewise, overexpression of NAS in combination
with ferritin affects Fe accumulation in the rice endosperm (Wirth
et al., 2009). Nicotianamine has been shown to be the major zinc-
ligand in the leaf phloem sap of wild-type rice (Nishiyama et al.,
2012) and one of the main limitations in getting zinc to the devel-
oping seed has been identified as being its transport in the phloem
(White and Broadley, 2011). Also, it was found that zinc bound to
nicotianamine in the endosperm is highly bioavailable (Lee et al.,
2011). A significant problem concerning zinc biofortification is
that transporters for zinc often co-transport the zinc mimic cad-
mium. However, nicotianamine seems to be highly specific for zinc
over cadmium and, accordingly, rice plants overexpressing OsNAS
do not show an increase in cadmium (Lee et al., 2009, 2011).

CONCLUSION
Taken together, the transport of zinc from the root to the shoot
and further to the developing seed results from an interplay not
only between different membrane transporters but also between
the mobility of zinc both intercellularly and between organs by
binding to ligands. The presence of multigenic factors that con-
trol the amount of zinc ending up in the edible parts of the
seed makes it a challenging future to increase bioavailable zinc
in the edible parts of cereal grains. The substantial increase
in the grain zinc concentration found in plants overexpressing
NAS genes makes nicotianamine an interesting target for zinc
biofortification.
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Symbiotic nitrogen fixation is one of the most promising and immediate alternatives to
the overuse of polluting nitrogen fertilizers for improving plant nutrition. At the core of
this process are a number of metalloproteins that catalyze and provide energy for the
conversion of atmospheric nitrogen to ammonia, eliminate free radicals produced by this
process, and create the microaerobic conditions required by these reactions. In legumes,
metal cofactors are provided to endosymbiotic rhizobia within root nodule cortical cells.
However, low metal bioavailability is prevalent in most soils types, resulting in widespread
plant metal deficiency and decreased nitrogen fixation capabilities. As a result, renewed
efforts have been undertaken to identify the mechanisms governing metal delivery from
soil to the rhizobia, and to determine how metals are used in the nodule and how they
are recycled once the nodule is no longer functional. This effort is being aided by improved
legume molecular biology tools (genome projects, mutant collections, and transformation
methods), in addition to state-of-the-art metal visualization systems.

Keywords: symbiotic nitrogen fixation (SNF), metals, legume, rhizobia, nodule, iron, zinc, copper

INTRODUCTION
Substantial effort has been put forth to increase legume growth
and production of seeds with enhanced nutritional content and
bioavailability. In non-legume crops, investigators have used plant
breeding and biotechnology to successfully increase metal uptake
from soil and delivery to the shoot (Bashir et al., 2013). However,
in legumes, in addition to the metabolic processes common to all
plants, metals are also required the unique process of symbiotic
nitrogen fixation (SNF). SNF heightens the demand for these same
metal nutrients in legumes, often exhibiting signs of nutritional
stress when undergoing nodulation and SNF (Terry et al., 1991;
Slatni et al., 2012). Moreover, nodules, specialized root structures
in which SNF occurs, and the process of nodulation itself, increase
sensitivity to metal nutrient availability. This review highlights
early and more recent studies that provide insight into the role
of the nutritional metals in the various stages of the rhizobium–
legume symbiosis.

STAGES OF NODULE DEVELOPMENT
Nodulation begins with the recognition of host plant-induced rhi-
zobial nod factors by receptors within the membranes of plant
root epidermal cells. This triggers calcium oscillations, membrane
depolarization, and signal transduction cascades that lead to root
hair curling and root cell wall degradation at the site of infec-
tion (for review, see Oldroyd and Downie, 2004). Rhizobia can
then enter the root via invagination of the epidermal cell plasma
membrane, forming an infection thread that grows and eventually

releases rhizobia into the cytosol of nodule primordial cells within
the root cortex. The rhizobia and their surrounding peribacteroid
membrane (PBM), together known as the symbiosome, continue
to divide until cells are filled with thousands of symbiosomes
(for review, see Udvardi and Poole, 2013). Eventually, the bac-
teria within the symbiosomes stop dividing and differentiate into
nitrogen-fixing bacteroids.

Many legumes from tropical and subtropical regions (soybean,
bean) and some from temperate regions (Lotus japonicus) develop
determinate nodules, in which meristem activity halts, causing the
formation of a spherical nodule. In contrast, most other temper-
ate legumes, including those in the genera Medicago, Trifolium,
and Pisum, develop indeterminate nodules. Indeterminate nod-
ules maintain a nodule meristem at the growing tip (zone I),
followed by a zone of infection where rhizobia are released from
the infection thread (zone II), a nitrogen fixation zone (zone III),
and finally, a senescence zone in which bacteroids are degraded
and nitrogen fixation ceases (zone IV; Vasse et al., 1990). Nutri-
ent exchange at the nodule is facilitated by vascular vessels that
surround cortical infected and uninfected cells.

METAL FUNCTIONS IN THE ESTABLISHMENT OF SNF
Metals are key elements of all living organisms (Frausto da Silva
and Williams, 1991) and are an integral part of 30–50% of
the proteome of a typical cell (Waldron and Robinson, 2009).
They are also involved in every biological process, including the
legume-specific stages of SNF from rhizobia infection to nodule
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senescence. During the initial stages of infection, manganese and
calcium facilitate rhizobial colonization of the root by mediating
rhizobial lectin binding to the root hair tips (Kijne et al., 1988).
Later stages of SNF signaling are mediated by calcium-spiking in
the perinuclear region. As a result, calcium-calmodulin depen-
dent kinases (CCaMKs) are activated (Singh and Parniske, 2012).
CCaMKs induce the expression of genes mediating nodulation via
the transcription factors NSP1/2 or NIN (Kalo et al., 2005; Andri-
ankaja et al., 2007). Additionally, high levels of potassium have
been detected in the apical region of indeterminate nodules, where
it might play a role in cell growth (Rodríguez-Haas et al., 2013).
Potassium also acts as the counter-ion compensating calcium in
earlier signaling processes, via transport processes putatively medi-
ated by channels such as CASTOR, POLLUX or DMI1 (Peiter et al.,
2007; Charpentier et al., 2008, 2013). Also, cobalt, a component
of cobalamin in ribonucleotide reductases, is essential for rhizo-
bia endoreduplication, which occurs during differentiation into
bacteroids (Taga and Walker, 2010).

Iron is the key cofactor of many metabolic reactions involved
in SNF. In the early stages of nodulation, heminic iron is criti-
cal for catalase-mediated free radical detoxification (Jamet et al.,
2003). Upon nodule maturation, iron is required for nitro-
genase and leghemoglobin activity. The bacterial nitrogenase
complex is necessary for the actual production of a usable
nitrogen source (ammonia) from atmospheric nitrogen. NifH
and NifDK, components of the nitrogenase complex, require
iron–sulfur clusters and the iron–molybdenum cofactor, respec-
tively. In contrast, leghemoglobin, the most abundant protein
in the nodule cytosol, contains heminic iron. It effectively
buffers oxygen content in the nodule, allowing for levels suffi-
cient for bacteroid respiration without inactivating nitrogenase.
Heminic iron is also critical for energy transduction by rhizo-
bia cytochromes (Reedy and Gibney, 2004). Free iron, directly
coordinated by amino acids, is involved in free radical detoxifi-
cation as part of Fe-superoxide dismutases (Fe-SOD; Rubio et al.,
2007).

Copper also plays a critical role in nitrogen fixation. Increased
copper application results in elevated nitrogen fixation per nod-
ule and increased nitrogen content in plant tissue (Hallsworth
et al., 1960; van der Elst et al., 1961; Snowball et al., 1980; Seliga,
1990, 1993). This element is a cofactor of some of the high affin-
ity cytochromes mediating energy transduction in the bacteroid
(Preisig et al., 1996). It is also part of several superoxide dismutase
systems detoxifying abundant free radicals produced as side prod-
ucts of SNF (Rubio et al., 2007). Additionally, zinc and manganese
are integral elements of many superoxide dismutases (Rubio et al.,
2007). Zinc is also involved in gene regulation as part of the
zinc-finger motif of many transcription factors (Klug, 2010).

Some rhizobia are able to conserve energy by oxidizing
H2 produced during nitrogen fixation via the uptake hydro-
genase enzyme, Hup (Emerich et al., 1979). Hup contains
nickel, and alterations in nickel supply have been shown to
affect Hup activity and formation in soybean and pea (Klucas
et al., 1983; Stults et al., 1984; Brito et al., 1994, 1997). There-
fore, although not required for nitrogen fixation, nickel can
enhance the effectiveness of SNF in those species containing
hydrogenase-encoding species, and may prove more critical if

breeding and engineering efforts focused around this enzyme are
successful.

TRANSITION METAL UPTAKE AND DISTRIBUTION IN SNF
Transition metal transport processes in the nodule are sum-
marized in Figure 1. Legumes are Strategy I plants (Andaluz
et al., 2009), i.e., iron is incorporated after acidification of the
soil, which increases Fe3+ solubility. Ferroreductase can then
reduce Fe3+ to Fe2+, which is finally transported into the epi-
dermal cell by ZIP or NRAMP family members (Curie et al., 2000;
Morrissey and Guerinot, 2009; Figure 1A). Copper is likely incor-
porated in a similar manner. Cu2+ is reduced to Cu+ and a
member of the copper transporter (Ctr) family translocates the
metal across the epidermal cell plasma membrane. Zn2+ and
other divalent ions are possibly directly introduced by ZIP or
NRAMP family members. Many dicots will also secrete organic
acids, phenolics, flavins, and flavonoid compounds under iron
deficiency (Rodríguez-Celma et al., 2013). Phenolic compounds
have recently been shown to modify the rhizosphere microbial
community, leading to increased synthesis of the metal chelators
and siderophores in red clover (Jin et al., 2006), which may also
facilitate root metal uptake.

Symbiotic nitrogen fixation exerts a heavy toll on plant metal
reserves, eliciting up-regulation of metal uptake systems (Terry
et al., 1991). Recently, Slatni et al. (2011) measured the overall
contribution of nodule versus root in rhizospheric iron uptake,
noticing increased ferroreductase activity in the nodule. This could
be due to the nodule epidermis playing a major role in iron uptake.
Alternatively, since the ferroreductase activity was measured in
the microsomal fraction of nodule extracts, some of this increased
activity could result from ferroreductases working within the nod-
ule cortex. This alternative hypothesis would take into account that
the Fe3+, transported as a citrate complex (Rellán-Álvarez et al.,
2010), would have to be reduced to Fe2+ in the nodule cortex in
order to be incorporated by the vasculature cells. In addition, H+-
ATPases and ZIP family members are expressed in the epidermal
layer, in close proximity to the vasculature, and in the nitrogen fix-
ation zone of the nodule (Slatni et al., 2012). These observations
indicate that iron is present in the apoplast of the nodule cortex
and, therefore, cortical cells use these proteins to uptake apoplastic
iron.

Synchrotron-based X-ray fluorescence (S-XRF) studies indicate
that some legumes with indeterminate nodules deliver iron, and
likely other metals, to the nodule through the vasculature rather
than using an epidermal pathway (Rodríguez-Haas et al., 2013).
The metal distribution throughout different regions of the nodule
indicates that there is a massive accumulation of iron around the
vascular cells in zone II extending into the nodule cortical cells.
Interestingly, this is where symbiosis is established and the sym-
biosomes differentiate. Iron accumulation in the apoplast would
require plasma membrane metal transporters to introduce this ele-
ment into the cytosolic compartment to synthesize ferroproteins.
This transport system seems to be very efficient, since very little or
no apoplastic iron is observed in the nitrogen fixation zone of the
nodule. Researchers speculate that a ZIP or NRAMP transporter,
both involved in divalent metal uptake (Nevo and Nelson, 2006;
Lin et al., 2010), are the likely candidates (Figures 1A,B).
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FIGURE 1 | Model of transition metal transport in indeterminate type

nodules. (A) Overview of the metal delivery mechanism. Metals are
typically incorporated following Strategy I, i.e., reduction by a plasma
membrane ferroreductase and uptake by plasma membrane metal
transporters. This process occurs over the entire epidermal surface of
the root, including the nodule. Metals reach the vasculature where they
bind metal chelators as citrate. The metal citrate complex is delivered
to zone II of the nodule (infection/differentiation zone) and the metal is
released into the apoplast and subsequently incorporated into the

infected cell. In zone IV (senescence zone), metals are released to the
apoplast, associated with nicotianamine, and translocated into the
vasculature. (B) Proposed model of metal delivery from the vasculature
to zone II. Proposed transporter families to carry out ion transport are
indicated with a question mark. (C) Proposed model of metal recovery
from the senescent zone of the nodule. Proposed transporter families
are indicated with a question mark. PM indicates plasma membrane;
PBM, peribacteroid membrane; OM, bacterial outer membrane; and IM,
bacterial inner membrane.

ZIP family members have been immunodetected in the nod-
ule (Slatni et al., 2012). However, the only ZIP family member
characterized in this organ, GmZIP1, seems to be localized in
the PBM (Moreau et al., 2002), where it is predicted to play a
role in Zn2+ transport. In this membrane, an Fe2+-transporting
NRAMP member, GmDMT1, is also present (Kaiser et al., 2003;
Figure 1B). These transporters may be involved in metal transport
to the symbiosome. However, biochemical analysis of members of
these two families and yeast complementation studies indicate that
neither transporter could play a role in metal transfer to the sym-
biosome (Nevo and Nelson, 2006; Lin et al., 2010), instead they
appear to transport metals towards the cytosol. The localization
observed could be the result of the endocytic process mediating
rhizobia release into the host cell (Leborgne-Castel et al., 2010),
which would also carry plasma membrane associated transporters.

A more likely candidate for iron transport into the symbiosome
is SEN1 (Figure 1B). The sen1 mutant in L. japonicus has a num-
ber of alterations in nodulation that are associated with the lack of

nitrogenase activity, most likely due to a deficiency in iron loading
of the symbiosomes (Hakoyama et al., 2012). The proposed role
of SEN1 in iron transport is due to its close sequence similarity to
Saccharomyces cerevisiae CCC1 and Arabidopsis thaliana VIT1 pro-
teins, both involved in divalent metal ion transport into organelles
(Li et al., 2001; Kim et al., 2006). However, more detailed analyses,
such as subcellular localization of the transporter, characteriza-
tion of iron distribution, or the restoration of the phenotype by
the addition of external iron, would be required to conclude this
with certainty

Once metals cross the PBM, they are incorporated and
used by the bacteroid. However, in spite of the huge num-
ber of genomic sequences available from rhizobia, very little is
known about which transporters are involved in metal uptake
and usage (Figure 1B). One of the first studies indicates that
a P1b-type Cu+-ATPase, FixI, is essential for nitrogen fixa-
tion (Kahn et al., 1989). FixI is responsible for transporting
Cu+ to the bacteroid periplasm. Within this compartment Cu+
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is integrated into membrane-bound cytochrome cbb3 oxidase
(Preisig et al., 1996), which is responsible for energy trans-
duction in microaerobic environments. The Ni2+ importers
HupE1 and HupE2 play a similar role in providing metal for
the assembly of the Ni–Fe cofactor of hydrogenase (Brito et al.,
2010). No direct evidence for an iron importer is available,
but there is evidence of protective mechanisms against the
local accumulation of toxic concentrations of this element. For
example, the P1b-type ATPase, Nia, is responsible for detoxi-
fying excess Fe2+ that accumulates upon the massive entry of
iron utilized to synthesize nitrogenase and other ferroproteins
(Zielazinski et al., 2013).

The role of citrate in iron transport is important, although
its role in SNF has not been completely elucidated. The citrate
transporter FRD3, a multidrug and toxic compound extrusion
(MATE) protein family member, has been shown in A. thaliana to
be essential for iron transport across symplastically disconnected
tissues (Roschzttardtz et al., 2011). Differences in the expression
of citrate transporter GmFRD3 is a major contributing factor that
distinguishes iron efficient soybean cultivars from iron inefficient
cultivars. This finding suggests that iron efficient varieties exhibit
increased tolerance to low iron due to increased solubility of fer-
ric iron, which is facilitated by increased xylem citrate (Rogers
et al., 2009). However, the function of GmFRD3 has not been
examined in nodulating roots, therefore the role of this puta-
tive transporter within the context of SNF is still unknown. At
the PBM a citrate transporter is also likely be important, since
it has been shown that some rhizobia have a preference for cit-
rate as their siderophore (LeVier et al., 1996). Takanashi et al.
(2013) recently reported nodule-specific expression of a L. japon-
icus MATE family member, LjMATE1 (Figure 1B). LjMATE1
appears to have a substantial effect on iron distribution and
nitrogenase activity in this organ (Takanashi et al., 2013). How-
ever, no precise localization of this transporter has been provided
to date, and as a result the role of this transporter (long dis-
tance iron transport versus PBM translocation) could not be
discerned.

NODULE SENESCENCE AND SEED SET
Nodule senescence is a programmed process coupled with the
entry into the reproductive stage of the host plant life cycle
(Van de Velde et al., 2006). Given that iron is a growth-limiting
nutrient (Grotz et al., 1998), it has to be recycled from the
senescent nodule. A number of studies indicate that this is the
case (Burton et al., 1998; Rodríguez-Haas et al., 2013; Figure 1C).
In young plants, some of this recycled iron might be redi-
rected to younger parts of the nodule, but it would be pre-
dominantly transported to the shoot through the vasculature
as the plant enters its reproductive stage. Burton et al. (1998)
estimated that around 50% of the total nodular iron is recy-
cled in the seed, in a process that is likely to be reminiscent
of leaf senescence (Shi et al., 2012). Although no senescence-
upregulated metal transporter has been identified, a senescent
nodule-specific nicotianamine (NA) synthase has been cloned
(Hakoyama et al., 2009). The synthesis of NA, the molecule
responsible for intracellular and phloem metal transport (Curie
et al., 2009), indicates that the released metals are transported

within the phloem using an unknown Yellow Stripe-like (YSL)
transporter, since YSLs are responsible for NA-metal transport
(Curie et al., 2009).

The steps leading to cell death during senescence include degra-
dation of plant tissue via free radical oxidation (Thompson et al.,
1987). Free radical production in planta can be catalyzed by tran-
sition metals in the Fenton reaction (Stohs and Bagchi, 1995).
Given the high concentration of iron in the nodule, it is likely that
it is responsible for accelerating free radical production and even-
tual senescence (Bhattacharjee, 2005), as evidenced by the strong
reduction in nodular deoxyribose degradation and linolenic acid
peroxidation in the presence of the iron chelator, desferrioxamine
(Becana and Klucas, 1992). No evidence exists for the involve-
ment of other metals in this process, especially given the fact
that concentrations of other catalytic metals are likely too low
to contribute.

FUTURE DIRECTIONS
Although we have learned a great deal about the developmental
and signaling processes involved in SNF in recent years, many
questions remain about the molecular mechanisms by which
nutrients, metals in particular, are transported to and from devel-
oping and mature nodules. Recent advances in high-resolution
elemental analysis have been used to show changes in iron local-
ization in indeterminate nodules (Rodríguez-Haas et al., 2013).
Continued use of these and other elemental localization tech-
niques (for review, see Samira et al., 2013; Zhao et al., 2014) such
as energy-dispersive X-ray analysis or nanoSIMS to detect other
elements should facilitate great strides in understanding metal
distribution and translocation in SNF in the near future.

Recent transcriptomic approaches have also been particularly
useful for identifying whole-genome responses involved in nutri-
ent translocation and assimilation during various developmental
stages of SNF. Transcriptional profiles at the onset of Mesorhizo-
bium loti infection, during nodule primordia initiation and nodule
organogenesis, and at the onset of nitrogen fixation indicate that
there is little overlap between transcripts present at the earlier
stages of infection and those present in fully developed nodules
(Takanashi et al., 2012). This same study led to the discovery
of LjMATE1, the putative dicarboxylic acid (citrate) transporter
described above. Additionally, transcripts involved in the transport
of carbohydrates, metals, and peptides are abundant at all stages of
nodule development. Transcriptomic analysis of L. japonicus nod-
ules of primary and lateral roots, followed by non-biased metabolic
profiling, revealed that the majority of nodule-specific genes are
involved in carbon and amino acid metabolism, while 5% are
involved in transport of metabolites or inorganic ions (Colebatch
et al., 2004). Molecular genetic analysis of candidate genes identi-
fied by these studies should greatly enhance our understanding of
regulatory processes that facilitate nutrient transport for SNF.

Overall, few studies have examined genotypic difference in
response to metal availability in the context of SNF. So the
question remains: what part of the changes in the nodule metallo-
transcriptome are metal dependent and which are symbiosis-
dependent? Time course and split root experiments of nodulating
and non-nodulating roots under nutrient-sufficient and -deficient
conditions followed by cell-specific transcriptional, proteomic,

Frontiers in Plant Science | Plant Nutrition February 2014 | Volume 5 | Article 45 | 88

http://www.frontiersin.org/Plant_Nutrition/
http://www.frontiersin.org/Plant_Nutrition/archive


González-Guerrero et al. Metals in symbiotic nitrogen fixation

and metabolic profiling could begin to answer the question
above. Furthermore, the application of modeling approaches
and comparative studies will allow for the identification of
metal homeostasis factors that are specific to symbiotic interac-
tions and enable efforts for increased production of leguminous
crops.
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Plants and seeds are the main source of essential nutrients for humans and livestock.
Many advances have recently been made in understanding the molecular mechanisms
by which plants take up and accumulate micronutrients such as iron, zinc, copper and
manganese. Some of these mechanisms, however, also facilitate the accumulation
of non-essential toxic elements such as cadmium (Cd) and arsenic (As). In humans,
Cd and As intake has been associated with multiple disorders including kidney failure,
diabetes, cancer and mental health issues. Recent studies have shown that some
transporters can discriminate between essential metals and non-essential elements.
Furthermore, sequestration of non-essential elements in roots has been described in
several plant species as a key process limiting the translocation of non-essential elements
to aboveground edible tissues, including seeds. Increasing the concentration of bioavailable
micronutrients (biofortification) in grains while lowering the accumulation of non-essential
elements will likely require the concerted action of several transporters. This review
discusses the most recent advances on mineral nutrition that could be used to preferentially
enrich seeds with micronutrients and also illustrates how precision breeding and transport
engineering could be used to enhance the nutritional value of crops by re-routing essential
and non-essential elements to separate sink tissues (roots and seeds).
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INTRODUCTION
Plants and seeds are the main dietary source of micronutrients
(i.e., zinc, copper, manganese, and iron). Over the last 50 years,
the production of cereals has tripled and the demand is expected
to rise due to the constantly increasing population (Gregory and
George, 2011). Any effort devoted to increase yield has to ensure
that the nutritional value of seeds and grains is retained or, prefer-
ably, improved. The consumption of grains with low quantity
of micronutrients has been associated with mineral deficiencies
in humans (Burchi et al., 2011; Murgia et al., 2012). More than
2 billion people are affected by at least one type of micronutri-
ent deficiency (White and Broadley, 2009; Waters and Sankaran,
2011). Another concern that could impact food security is the con-
sumption of non-essential elements such as cadmium (Cd) and
arsenic (As) through contaminated food. More than 80% of Cd
intake in humans comes from cereals and vegetables (Olsson et al.,
2002; Egan et al., 2007). Natural occurrence of As in groundwater
used for irrigation has been found around the world (Nordstrom,
2002; Rodriguez-Lado et al., 2013) potentially exposing more than
100 million people to As. Chronic exposure to low levels of Cd and
As has been associated with cancer, diabetes, renal failure and neu-
rological disorders (Satarug et al., 2010; Cho et al., 2013; Clemens
et al., 2013).

Uptake and distribution of nutrients from the soil and within
the plant is a dynamic process driven by root uptake transporters,
root-to-shoot translocation (xylem transport) and source-to-sink

transport through the phloem, which includes seed loading
(Figure 1 and Table 1) (Mendoza-Cozatl et al., 2011; Waters and
Sankaran, 2011; Sinclair and Kramer, 2012). Non-essential ele-
ments like As and Cd are taken up by plants and distributed
between plant tissues by the same transporters that mobilize nutri-
ents such as Fe2+, Zn2+, Mn2+, or PO4

2−. Therefore, each of the
steps required to move nutrients from the soil and into seeds (root
uptake, translocation, xylem and phloem transport) represent an
opportunity to increase the specificity towards essential nutrients
and re-route non-essential elements to non-edible parts of the
plant (Figure 1). Understanding the molecular mechanisms of
each transport process and the contribution of different trans-
porters to the overall allocation of essential and non-essential
elements within plant tissues will help in developing crops that
yield grains of higher nutritional value with lower content of
non-essential elements. This review discusses the most recent dis-
coveries in plant nutrition that could help achieving the goal of
safe nutritional enrichment by means of precision breeding or
transport engineering (Collard and Mackill, 2008; Nour-Eldin and
Halkier, 2013).

ROOT UPTAKE, VACUOLAR SEQUESTRATION, AND
ROOT-TO-SHOOT TRANSLOCATION OF Cd AND As
Root uptake represents the first step where selectivity towards
essential elements can be improved and evidence suggest that
it is possible to increase the selectivity of transporters towards
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FIGURE 1 | Uptake and distribution of cadmium and arsenic in (A)

Arabidopsis and (B) rice. Processes conserved in both species (root
uptake, vacuolar sequestration, and seed loading) are shown in the
middle panels. Species-specific transporters are denoted by At
(Arabidopsis) or Os (rice). Processes where information is scarce, absent
or that require further research are labeled with red question marks.
The embryo and the maternal tissues (seed coat) are symplastically
isolated, thus molecules have to be unloaded from the phloem to later

be taken up by embryo-related tissues. Unloading and uptake of
molecules in reproductive tissues is thought to be mediated by specific
transporters but the identity of these proteins has not been established.
Only proteins characterized in vitro and in planta are shown. For
simplicity, co-substrates such as H+ or ATP-Mg were omitted. GSH,
glutathione; Me, metal(loid) such as Cd or As(III); PCS, phytochelatin
synthase; PC–Me, phytochelatin–metal(loid) complex; GS–Me,
glutathione–metal(loid) complex; NA–Me, NA–metal complex.

essential elements. In Arabidopsis, uptake of Fe2+, Zn2+, Mn2+,
and Cd2+ is mediated by the ZIP family of transporters (Palmer
and Guerinot, 2009; Mendoza-Cozatl et al., 2011). IRT1 is one
of the best characterized members of this family and despite its
broad specificity, previous studies have shown that changes in
specific amino acid residues can modify its substrate specificity
(Rogers et al., 2000). These studies have shown that discrimina-
tion between Fe2+/Mn2+ against Cd2+ is feasible. Selectivity of
Zn2+ over Cd2+ is more challenging due to the highly similar
electron configuration between these two elements. Selectivity of
Zn2+ over Cd2+, however, has been demonstrated for mammalian
ZnT transporters and bacterial P-type ATPases (Hoch et al., 2012).
Conversely, selectivity of Cd2+ over Zn2+ has been found in the
rice vacuolar P1B-type ATPase OsHMA3 and this gene has been

identified as a major determinant limiting Cd accumulation in
rice grains (see below; Ueno et al., 2010). The molecular basis
and amino acid residues required for this metal selectivity have
not been determined and could potentially be used in other crop
species to limit the accumulation of Cd in seeds. In rice, the natu-
ral resistance-associated macrophage protein 5 (OsNRAMP5) has
been identified as the main Mn2+ and Cd2+ transporter at the
root level (Figure 1 and Table 1; Sasaki et al., 2012). OsIRT1 and
OsIRT2 also mobilize Fe2+, Zn2+, and Cd2+ into roots but these
transporters seem to play a minor role in Cd uptake compared
to OsNRAMP5 (Sasaki et al., 2012). Substrate specificity studies
could help identifying OsNRAMP5 natural variants with prefer-
ence for Mn2+ over Cd2+ that can be introgressed into high-yield
varieties of rice.
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In contrast to Cd, As can occur in soils in several oxidation
states, being arsenate (AsV) and arsenite (AsIII) the most com-
mon ones (Ma et al., 2008; Ali et al., 2009; Zhao et al., 2009). In
Arabidopsis, AsV is taken up from aerobic soils by the phosphate
transporters AtPht1;1 and 1;4 (Shin et al., 2004). The striking sim-
ilarities between phosphate and arsenate in terms of pKa values,
charged oxygen atoms and thermochemical radii differing only by
4% make a substrate specificity approach very challenging (Elias
et al., 2012). Some bacterial phosphate binding proteins are able
to discriminate between phosphate and arsenate and the struc-
tural basis for this discrimination has recently been established
(Elias et al., 2012). Similar structural studies with plant trans-
porters could help engineering phosphate transporters with high
selectivity for phosphate over AsV. Once inside the cells, AsV is
quickly reduced to AsIII, which is the predominant form of inor-
ganic arsenic in plant cells (Ali et al., 2009; Zhao et al., 2009).
Arsenite also occurs mostly in anaerobic soils and can be taken
up by plants thus affecting flooded crops like rice. OsNIP2;1,
a member of the Nod26-like major intrinsic protein (NIP) has
been identified as a major pathway for AsIII uptake into rice roots
(Ma et al., 2008; Zhao et al., 2009). The physiological function
of OsNIP2;1, also known as Lsi1, is silicon uptake. Lsi2 on the
other hand, functions as a silicon and AsIII exporter and both
Lsi1 and Lsi2 are the main transporters controlling AsIII uptake
and translocation to shoots (Figure 1 and Table 1). Recently,
there have been some efforts to identify amino acid residues
affecting the substrate selectivity of OsNIP2;1/Lsi1 but so far
no selectivity of essential nutrients over AsIII has been found
(Mitani-Ueno et al., 2011).

Sequestration in root vacuoles has been demonstrated as the
major process limiting the translocation of As and Cd to shoots
and seeds (Ueno et al., 2010; Kopittke et al., 2013). Similar to
Cd2+, AsIII has a strong affinity for thiol-containing molecules
such as cysteine, glutathione and phytochelatins (PCs). PCs are
glutathione-derived peptides synthesized in response to AsIII or
Cd2+ exposure (Mendoza-Cozatl et al., 2005). PC–metal(loid)
complexes are transported into vacuoles by ATP-binding cassette
transporters and, in Arabidopsis, ABCC1 and ABCC2 have been
identified as the main transporters mediating PC uptake into
vacuoles (Song et al., 2010b). Orthologs of AtABCC1 have been
identified in grasses including rice, maize and barley and kinetic
analysis using vacuoles isolated from barley suggest that the trans-
port mechanism is conserved across species (Song et al., 2013).
Furthermore, a recent analysis using six rice varieties showing low
and high accumulation of arsenic in grains suggest that PCs play a
key role trapping inorganic As in roots, limiting the transfer of As
to shoots and grains (Batista et al., 2013). PCs are usually consid-
ered as a mechanism to detoxify non-essential elements; however,
there is evidence to suggest that PCs also play a role in the home-
ostasis of essential metals such as Zn and Mn (Tennstedt et al.,
2009; Song et al., 2013). Therefore, more studies are needed to
explore whether increasing vacuolar sequestration of PCs in roots
could have a negative impact on the content of essential elements
in aboveground edible tissues.

P1B-type ATPases have also been shown to play a key role
sequestering Cd in root vacuoles (Ueno et al., 2010). OsHMA3, a
vacuolar P1B-type ATPase was found to be responsible for 85.6%
of the variance in Cd content between low- and high-cadmium

Table 1 |Transporters mediating the uptake and mobilization of arsenic or cadmium (discussed in this review).

Transporter Localization Function/substrate Reference

AtIRT1 Root (PM) Uptake of Fe, Zn, Mn and Cd Rogers et al. (2000)

OsHMA3 Root (Vac) Cd sequestration in root vacuoles Ueno et al. (2010)

AhHMA3 Root/shoot (Vac) Zn sequestration in root vacuoles Becher et al. (2004)

AtHMA3 Vascular tissues and root apex (Vac) Transport of Zn, Cd, Co and Pb Morel et al. (2009)

OsNRAMP5 Root (PM) Uptake of Mn and Cd Sasaki et al. (2012)

AtPht1;1/1;4 Root hair cells, root cap (PM) Uptake of PO4
3− and arsenate (AsV) Shin et al. (2004)

OsNip2;1 (OsLsi1) Roots, exodermis, and endodermis (PM) Uptake of arsenate (AsIII) Ma et al. (2008)

OsLsi2 Roots, exodermis, and endodermis (PM) Efflux of arsenite (AsIII) Ma et al. (2008)

AtABCC1/2 Root/shoot (Vac) Arsenite–PC transporter Song et al. (2010b)

AtHMA2/4 Roots, vascular tissue, and leaves (PM) Xylem loading of Cd/Zn Hussain et al. (2004)

OsHMA9 Vascular bundles and anthers (PM) Cu, Zn and Cd detoxification Lee et al. (2007)

OsHMA2 Roots and vascular bundles (PM) Zn/Cd delivery to developing tissues Yamaji et al. (2013)

AtPCR2 Roots, epidermal cells, and xylem (PM) Zn homeostasis and Cd transport Song et al. (2004, 2010a)

OsNRAMP1 Root and shoot (PM) Cd uptake Takahashi et al. (2011)

AtMTP1 Roots and leaves (Vac) Zn and Cd transporter Desbrosses-Fonrouge et al. (2005)

AtZIF1 Roots and leaves (Vac) Mobilization of nicotianamine Haydon and Cobbett (2007)

AtNRAMP3/4 Vascular bundles, roots, and leaves (Vac) Fe efflux transporter Lanquar et al. (2005); Thomine et al. (2003)

The first two letters denote the organism of origin: At, Arabidopsis thaliana; Ah, Arabidopsis halleri; Os, Oryza sativa. Subcellular localization is shown in parenthesis:
PM, plasma membrane; Vac, vacuole (tonoplast). See also Figure 1 and text for further details.
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accumulation varieties of rice (Ueno et al., 2010). OsHMA3
sequesters Cd in root vacuoles, thus preventing it from reaching
shoots and grains. Of particular interest is the fact that OsHMA3
seems to be highly specific for Cd while the Arabidopsis halleri
HMA3 has preference for Zn and the A. thaliana HMA3 shows
broad substrate specificity being able to transport Co, Pb, Cd, and
Zn (Becher et al., 2004; Morel et al., 2009). Structural studies using
OsHMA3, AhHMA3, and AtHMA3 could help identifying which
residues give the high specificity of OsHMA3 for Cd over essential
elements such as Zn or Mn.

Xylem loading is the next step where translocation of non-
essential elements can be blocked allowing only essential elements
to reach leaves and seeds. In Arabidopsis Cd and Zn are loaded into
the xylem by two P1B-type ATPases, HMA2, and HMA4 (Hus-
sain et al., 2004). It would be interesting to determine whether
it is possible to alter the selectivity of HMA2 and 4 to favor the
translocation of Zn over Cd. PCR2 is another Arabidopsis pro-
tein that has been implicated in the long-distance transport of
Cd and Zn (Song et al., 2004, 2010a). However, PCR2 expres-
sion is not restricted to xylem parenchyma suggesting that PCR2
may have other roles beside root-to-shoot translocation of Cd and
Zn (Song et al., 2004, 2010a). Less information is known about
the HMA family in rice, OsHMA2 has been proposed to mediate
the loading of Cd and Zn into the xylem (Takahashi et al., 2012),
together with OsHMA9 and proteins from the NRAMP family of
transporters (OsNRAMP1; Lee et al., 2007; Takahashi et al., 2011).
OsHMA5 has also been localized in root pericycle cells and xylem
but OsHMA5 seems to be a copper-specific transporter with little
or no effect on the accumulation of Fe, Mn, or Zn in rice tissues
(Deng et al., 2013).

Metal(loid)–ligand chemistry is another process that is key to
understand how elements are mobilized throughout the plant.
For instance, Fe and Cd are taken up by IRT1, but once
inside the cell, Fe and Cd will form complexes with differ-
ent ligands; iron will prefer oxygen-containing molecules such
as citrate and nicotianamine while Cd will bind to thiol- and
nitrogen-containing compounds such as glutathione, PCs and
histidine (Meda et al., 2007; Mendoza-Cozatl et al., 2008; Rellán-
Álvarez et al., 2008). This metal–ligand interaction explains why
Cd and Zn, but not Fe, compete for the same ligands and
transporters.

Inorganic arsenic can reach the xylem as AsV or AsIII

but fluorescence-X-ray absorption near-edge spectroscopy
(fluorescence-XANES) has recently shown that AsIII is the pre-
dominant form of arsenic in plant cells (Kopittke et al., 2013).
Similar to Cd, AsIII has a strong affinity for thiol groups and,
consequently, most of the AsIII found in the cortex and stele was
identified as As(III)–thiol complexes (Kopittke et al., 2013). In rice,
Lsi2 has been identified as the transporter mediating AsIII loading
into the xylem (Ma et al., 2008). In Arabidopsis, it is not clear which
transporter mediates this process but transporters of the NIP fam-
ily are possible candidates that are currently being evaluated (Ali
et al., 2009; Kamiya et al., 2009).

INTRACELLULAR TRANSPORT AND PHLOEM LOADING
In contrast to natural As and Cd hyperaccumulators, Arabidopsis,
rice and wheat accumulate only a minor fraction of As and Cd

in leaves. In Arabidopsis, MTP1 has been described as a Cd/Zn
vacuolar transporter and structure–function analyses suggest that
it is possible to increase the selectivity of AtMTP1 towards Zn
(Desbrosses-Fonrouge et al., 2005; Kawachi et al., 2012; Podar
et al., 2012). OsMTP8.1 has been described as a vacuolar Mn-
specific transporter in rice but its role on Cd uptake has not been
evaluated (Chen et al., 2013). ZIF1 is a tonoplast-localized trans-
porter that mobilizes nicotianamine into Arabidopsis vacuoles thus
affecting Fe and Zn homeostasis (Haydon et al., 2012). Deletion of
ZIF1 leads to Cd hypersensitivity in Arabidopsis but it is not clear
whether this sensitivity is the result of an impaired Fe/Zn home-
ostasis or whether ZIF1-mediated transport of nicotianamine
plays a role in sequestering Cd in shoot vacuoles. Arabidopsis
NRAMP3 and 4 are transporters that export Fe from vacuoles
(Lanquar et al., 2005). When expressed in yeast, NRAMP3 and
4 can mobilize Cd and it has recently been shown that photo-
synthesis in the Arabidopsis nramp3 nramp4 double mutant is
particularly sensitive to Cd (Molins et al., 2013). NRAMP pro-
teins, like ZIP transporters, have broad substrate specificity and
more structural analyses are needed to determine how NRAMP
proteins could be used to restrict the accumulation of non-
essential elements while preserving the homeostasis of essential
metals.

The low accumulation of As and Cd in shoots observed in non-
hyperaccumulator species was thought to be solely the result of
limited translocation to shoots but recent evidence suggest that
low-retention in leaves together with phloem-mediated transport
to roots could play an important role re-allocating non-essential
elements from shoots to roots (Mendoza-Cozatl et al., 2008, 2011;
Ye et al., 2010). Nutrients and non-essential molecules are loaded
into seeds through the phloem, which is a vascular system made
up of two highly specialized cells, companion cells and sieve ele-
ments (Moore et al., 2013; Slewinski et al., 2013). Companion cells
transfer molecules into sieve elements for long-distance transport,
thus transporters expressed in companion cells are critical proteins
that could impact phloem sap and seed composition. In con-
trast to xylem transport, phloem loading of micronutrients and
non-essential elements remains largely unexplored. However, the
phloem plays a key role in delivering nutrients to developing seeds,
where xylem transport is limited. Arabidopsis YSL1 and YSL3 are
nicotianamine–metal transporters required to mobilize Mn, Zn,
Cu and Fe out of senescing leaves but their role in Cd mobilization,
if any, has not been evaluated. Similarly, rice OsYSL16 has been
characterized as a Cu–NA transporter while OsYSL6 is required
to detoxify excess of Mn but neither OsYSL16 or OsYSL6 seem to
participate in Cd mobilization to developing grains (Sasaki et al.,
2011; Chen et al., 2013).

Phloem loading mechanisms may vary across species and in
the case of rice, xylem-to-phloem transfer, particularly at the node
connected to the flag leaf and panicle, appears to be the major route
for Cd loading into the phloem. Recently, OsLCT1 was identified as
a strong candidate mediating the intervascular transfer of Cd into
the phloem. OsLCT1 is strongly expressed in nodes during grain
ripening and RNAi-mediated knockdown of OsLCT1 resulted
in 50% less Cd in grains without affecting the concentration of
essential micronutrients or grain yield (Uraguchi et al., 2011).
OsHMA2, besides being expressed in roots, is also expressed in
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the nodes (phloem) at reproductive stage and insertional mutants
showed less Cd and Mn in the upper nodes compared to wild-type
(Yamaji et al., 2013). Thus, OsLCT1 and OsHMA2 could be the
target for further manipulation to limit the translocation of Cd
into rice grains.

TOWARD A PRECISE NUTRITION
Several reviews have recently discussed how QTL mapping, GWAS,
transgenic approaches and conventional breeding have success-
fully been used to increase the concentration of micronutrients
in seeds (White and Broadley, 2005, 2009; Sperotto et al., 2012).
From these studies it is clear that several processes regulating the
movement of elements into seeds are still largely unknown and
that the mechanisms mediating long-distance transport of nutri-
ents vary widely across species. Moreover, because non-essential
elements such as As and Cd use the transport systems for essential
nutrients to move within the plant, efforts to increase the content
of micronutrients in crops could also increase the concentration
of toxic elements in seeds. This is a serious threat to food secu-
rity particularly in places where the occurrence of non-essential
toxic elements in groundwater used for irrigation is above safety
limits.

A successful precision breeding or transport engineering
approach to produce crops able to accumulate micronutrients over
non-essential metals should consider: (i) high substrate selectivity
of transporters for essential metals, (ii) tissue-specific expression
and subcellular localization, (iii) the developmental stage at which
the transporter is needed, and (iv) the need of ligand molecules
in sink tissues to keep micronutrients bioavailable and prevent
toxicity. Research suggests that successful approaches will likely
require the simultaneous modification of more than one step
in different tissues. Cross-species studies of transporters of the
same family, crystallography and site-directed mutagenesis have
shown to be extremely useful to identify amino acid residues
critical to enhance the selectivity of transporters (Becher et al.,
2004; Courbot et al., 2007; Zimmermann et al., 2009). The lower
cost of next-generation sequencing together with natural variant
accessions available for some crops makes feasible the identifica-
tion of transporters that can later be introgressed into high yield
varieties to obtain safer and more nutritious grains. While trans-
genic approaches have a faster turnaround compared to traditional
breeding, other technologies such as precision breeding or genome
editing are non-transgenic alternatives that could achieve simi-
lar results in comparable time frames. Also, the development of
tissue-specific translatome analysis in Arabidopsis offers the oppor-
tunity, for the first time, to study the regulation of transporters
at tissue-specific level (Mustroph et al., 2009). Phloem unload-
ing and re-uptake of nutrients by seed tissues is the last barrier
where the accumulation of non-essential metals in seeds could
be blocked. The identity and regulation of transporters mediat-
ing phloem unloading and seed loading are largely unknown and
phloem-specific translatome analysis in seed loading tissues could
help identifying such transporters. Translatome analyses are also
currently being established in crop plants (Mendoza-Cozatl and
Stacey, unpublished) and will likely provide more details about
the mechanisms mediating the mobilization of nutrients and toxic
elements within the plant and ultimately into seeds.

The urgent need of providing more nutritious food to a
rapidly growing population is challenging considering environ-
mental issues such as climate change, contamination of soil
and water, and land available, but sustainable solutions to these
global challenges are more likely to come from cross-disciplinary
approaches between farmers, breeders, biologists, geneticists and
bioengineers.
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Wheat, like many other staple cereals, contains low levels of the essential micronutrients
iron and zinc. Up to two billion people worldwide suffer from iron and zinc deficiencies,
particularly in regions with predominantly cereal-based diets. Although wheat flour is
commonly fortified during processing, an attractive and more sustainable solution is
biofortification, which requires developing new varieties of wheat with inherently higher
iron and zinc content in their grains. Until now most studies aimed at increasing iron and
zinc content in wheat grains have focused on discovering natural variation in progenitor or
related species. However, recent developments in genomics and transformation have led
to a step change in targeted research on wheat at a molecular level. We discuss promising
approaches to improve iron and zinc content in wheat using knowledge gained in model
grasses. We explore how the latest resources developed in wheat, including sequenced
genomes and mutant populations, can be exploited for biofortification. We also highlight
the key research and practical challenges that remain in improving iron and zinc content in
wheat.

Keywords: nutritional enhancement, cereals, transgenic, genomics, model to crop

INTRODUCTION
All living organisms require essential mineral micronutrients to
maintain metabolism and humans obtain these from their diet
(Welch and Graham, 2004). However staple grains such as wheat
often contain suboptimal quantities of micronutrients, especially
iron (Fe) and zinc (Zn), and most of this content is removed
by milling. In regions where the human diet consists mainly of
cereals this leads to deficiencies in micronutrients. The World
Health Organization estimates that approximately 25% of the
world’s population suffers from anemia (WHO,2008), and that Fe-
deficiency anemia led to the loss of over 46,000 disability adjusted
life years (DALYs) in 2010 alone (Murray and Lopez, 2013). An
estimated 17.3% of people worldwide are at risk of inadequate
Zn intake (Wessells and Brown, 2012) and Zn-deficiency leads to
estimated annual deaths of 433,000 children under the age of five
(WHO, 2009).

There are many possible strategies to improve micronutrient
intake in the human diet including dietary diversification, mineral
supplementation and post-harvest food fortification. However,
these strategies depend on continued investment and infrastruc-
ture, and current levels of post-harvest fortification of Fe are often
inadequate (White and Broadley, 2009; Gomez-Galera et al., 2010;
Hurrell et al., 2010). Biofortification circumvents these problems
by improving the micronutrient content of the crops themselves
by increasing mineral levels and bioavailability in the edible
parts. Improving crop varieties by either conventional breeding

or transgenic methods has the advantage that once the initial
research and development is completed, the benefits from these
nutritionally-enhanced crops will be sustainable with little further
investment (Gomez-Galera et al., 2010).

Many studies have shown that there is a wide variation in
grain Fe and Zn concentrations in wild relatives of modern
wheat and the concentrations found can significantly exceed
those found in modern elite cultivars (Cakmak et al., 2000;
Monasterio and Graham, 2000). This natural variation can be uti-
lized to biofortify wheat for Fe and Zn, such as has been achieved
using the transcription factor NAM-B1 (Uauy et al., 2006) which
was originally identified for increasing protein content in wild
emmer (Triticum turgidum ssp dicoccoides). In near isogenic lines
the presence of NAM-B1 increased Fe and Zn grain concen-
trations by 18 and 12%, respectively, (Distelfeld et al., 2007).
This gene is being widely used in breeding programes across
several continents (Kumar et al., 2011; Randhawa et al., 2013;
Tabbita et al., 2013).

Recent technological developments present new opportunities
that can complement natural variation and genome-wide asso-
ciation studies, and lead to faster improvements in Fe and Zn
grain content. Therefore here we focus on how the dramatic
increase in wheat genomic sequence availability combined with
functional genomic approaches can be used to their fullest poten-
tial to engineer new varieties of wheat with improved Fe and Zn
content.
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ADVANCES IN WHEAT RESOURCES APPLICABLE TO
IMPROVING FE AND ZN GRAIN CONTENT
To date, molecular breeding in bread wheat has been hindered
by its large genome size (16 Gb: five times that of humans), its
polyploid nature (tetraploid pasta and hexaploid bread wheat),
and the high nucleotide similarity between these genomes (>95%
similar in genes). However, recent advances in technology will
greatly increase the rate of discovery and functional characteriza-
tion of wheat genes, and provide the tools with which to deploy
this knowledge into improved varieties. Some of these advances
are outlined below.

GENOME AND GENE SEQUENCE AVAILABILITY
In the last 5 years the amount of publicly available wheat genomic
sequence has massively expanded. The International Wheat
Genome Sequencing Consortium has coordinated the purification
of individual chromosome arms using flow sorting (Safar et al.,
2004) followed by shotgun sequencing and assembly into contigs
of an average size of 2.5 kb. These genome-specific contigs have
recently been released in EnsemblPlants allowing wheat researchers
to separate and distinguish the homoeologous genomes for the
first time. Physical maps of BAC libraries made from these puri-
fied chromosome arms are being constructed (Paux et al., 2008) to
generate a high quality reference. A complementary strategy, whole
genome shotgun (WGS) sequencing, has been used to generate a
5x coverage of the wheat genome, using orthologous sequences
from multiple grasses to guide assembly (Brenchley et al., 2012).
Draft sequences for the A and D genome progenitors, T. urartu
(Ling et al., 2013) and Aegilops tauschii (Jia et al., 2013), were
also created using a WGS approach followed by de novo assembly.
Combining the WGS sequencing with the physical map strategy is
leading to an unprecedented wealth of genomic information and
will ultimately lead to a reliable reference sequence for polyploid
wheat.

In parallel, the ability to access genic sequence through RNA-
seq and exome capture (Saintenac et al., 2011; Trick et al., 2012;
Winfield et al., 2012) is enabling the identification of single
nucleotide polymorphisms and the development of publicly avail-
able genome-specific markers for genetic mapping in polyploid
wheat (Wilkinson et al., 2012; Allen et al., 2013). Recently a com-
prehensive set of homoeolog-specific gene models for polyploid
wheat has been published (Krasileva et al., 2013). In short, wheat
researchers now have access to genome-specific contig assemblies
(albeit partial and fragmented), draft reference genomes, gene
models and large SNP datasets. Together, these tools should enable
more precise mapping and deployment of grain Fe and Zn traits
through marker assisted selection.

NOVEL EXPERIMENTS USING SEQUENCE DATA RESOURCES
The wealth of sequence data, together with the reduced cost of
sequencing, allows new ways of investigating gene function related
to grain Fe and Zn. For example, RNA-seq was applied to identify
differentially expressed genes in lines with reduced expression of
NAM genes (Cantu et al., 2011). Many classes of genes including
transporters, hormone regulated genes and transcription factors
were identified. This study generates leads for investigations into
the early stages of senescence and nutrient remobilisation that

relate directly to micronutrient content in wheat grains. The dif-
ferentially expressed NAM-regulated genes can now be further
pursued through the reverse genetic resources available in wheat
(see below). The refinement of methods to analyze RNA-seq data
(Duan et al., 2012) together with homoeolog-specific gene models
will provide increased resolution to transcriptome studies as reads
can be assigned more accurately to specific genomes (Krasileva
et al., 2013).

REVERSE GENETIC MUTANT RESOURCES
The major advances and cost reduction in sequencing technology
has also created the opportunity to characterize existing chem-
ically mutagenised populations (Uauy et al., 2009; Sestili et al.,
2010) for rapid discovery of mutants in specific genes. The newly
developed gene models (Krasileva et al., 2013) are being com-
bined with exome capture approaches to enrich for protein-coding
genes in both tetraploid and hexaploid mutant populations. Over
3,000 individuals will be sequenced and mutations identified and
organized for online access (Uauy and Dubcovsky, personal com-
munication). Therefore in the very near future, researchers will be
able to order mutants in their gene of interest through a simple
in silico search as is standard in many model species. The avail-
ability of such resources will allow faster characterization of gene
function in wheat and will provide valuable alleles for breeding.

TRANSGENIC METHOD IMPROVEMENTS
Producing transgenic wheat has previously been a major bot-
tleneck in investigating gene function. The efficiency of wheat
transformation still lags behind the efficiency of barley trans-
formation but it is constantly improving and a wide range of
promoters is available to target transgene expression to par-
ticular tissues or developmental stages (Harwood, 2012). In
addition, high-throughput Agrobacterium-mediated transforma-
tion of wheat is now possible through a patented technology
(PureIntro; WO 95/06722) from Japan Tobacco which has been
licensed to several institutions and delivers transformation effi-
ciencies above 30%. However challenges still remain. These
relate primarily to costs and the ability to produce genotype-
independent transformation protocols, since most reports utilize
Bobwhite or Fielder which are not suitable for commercialisation
of transgenic wheat (Li et al., 2012). The ability to transform any
cultivar of wheat, at a reasonable price, would allow transforma-
tion into elite lines which would speed up breeding programes
and also allow research to be carried out in a more appropriate
background.

TRANSFERRING MODEL CROP KNOWLEDGE INTO WHEAT
THE PATHWAYS FROM THE ROOTS TO THE GRAIN AND THE
IMPORTANCE OF BIOAVAILABILITY
Much work has been carried out to understand the distinct routes
Fe and Zn take to reach the grain in diploid crop species such as
rice, maize, and barley. Conservation of these pathways between
species allows predictions about Fe and Zn transport in wheat
where less is known. Recent reviews have covered the pathways
in model crops extensively (Palmgren et al., 2008; Curie et al.,
2009; Conte and Walker, 2011; Waters and Sankaran, 2011; White
and Broadley, 2011; Borg et al., 2012; Kobayashi and Nishizawa,
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2012; Lee et al., 2012; Sperotto et al., 2012; Schroeder et al.,
2013) so here we will briefly outline the putative pathways in
wheat and then discuss key steps to target for crop improvement
(Figure 1).

The uptake of Fe and Zn from the soil occurs via two pro-
cesses in plants: direct uptake of Fe2+ and Zn2+ by ZRT-, IRT-like
proteins (ZIPs) or via secretion of phytosiderophores (PSs) which
chelate Fe cations and are subsequent taken up by yellow stripe
like (YSL) transporters (Sperotto et al., 2012). The chelation strat-
egy is generally used for Fe uptake in monocots such as wheat.
In many steps of Fe and Zn transport the same families of pro-
teins are involved, however the two metals are treated separately
by plants often by the involvement of different members of multi-
gene families. Metal chelators such as nicotianamine (NA) are
important for radial movement of Fe and Zn through the root
(Rellán-Álvarez et al., 2010; Deinlein et al., 2012) and the trans-
port of Zn into the vacuole affects overall Zn transport through
the roots into the shoot (Morel et al., 2009; Haydon et al., 2012). Fe
and Zn are loaded into the xylem where Zn can move as a cation
or in a complex with organic acids such as citrate (Lu et al., 2013),
and Fe is chelated by citrate (Rellán-Álvarez et al., 2010). Transfer
from xylem to phloem can occur in the root or basal part of the
shoot or during remobilisation from the leaves during grain fill-
ing and is facilitated by ZIP and YSL family proteins. In wheat all
nutrients enter the grain from the phloem because the xylem is dis-
continuous (Zee and O’Brien, 1970). In the phloem Fe and Zn are
transported as complexes with NA or small proteins. Transporters
from the maternal tissue into the endosperm cavity and into the
aleurone and embryo have been proposed; several are members of
the ZIP, YSL, and metal tolerance protein (MTP) families (Borg
et al., 2009; Tauris et al., 2009).

In wheat grain most Fe and Zn is located in the aleurone layer
which is lost during milling. This problem is further compounded
by the fact that Fe in these tissues is deposited mainly in protein
storage vacuoles (PSVs; Regvar et al., 2011) where it is bound to
phytate, which makes it poorly bioavailable to humans (Borg et al.,
2009). Ferritin, which forms large Fe-rich nanoparticles, is gener-
ally regarded as a more bioavailable storage form and is present
in the widely consumed endosperm amyloplasts (Balmer et al.,
2006). Thus it is important to not only consider the total content
of Fe and Zn in grain, but also the tissue localization and speci-
ation (as chelates, protein particles or other), which affects their
bioavailability.

Many of the steps described above have been modified by
transgenic approaches in diploid crop species. We discuss below
some promising studies and how this knowledge can be used
to improve Fe and Zn grain content and bioavailability in
wheat.

TRANSGENIC APPROACHES IN RICE
Several studies have over-expressed genes involved in the pathway
for Fe and Zn transport in rice with promising results showing
increased bioavailability of Fe and no negative impact on yield.
Over-expression of NA synthase (NAS) led to 2–3 fold increases
in Fe and Zn content in paddy grown grain and importantly
feeding this grain to anemic mice led to the recovery of nor-
mal hemoglobin and haematocrit levels within 2 weeks, whereas

wild-type grain did not (Lee et al., 2009). Multiplexing genes
involved at several steps has enabled even larger increases in Fe
content, although bioavailability was not tested. Expressing NAS,
ferritin and phytase resulted in a 6-fold increase in Fe in pol-
ished rice grains (Wirth et al., 2009). The authors suggest that the
combination of these three transgenes did not significantly affect
overall Fe homeostasis, shown by expression analysis of 28 endoge-
nous rice genes in Fe-deficient and sufficient conditions (Wang
et al., 2013). This suggests that a mechanism combining both
increased translocation (NAS) and expanded sink strength (fer-
ritin) could be suitable to enhance rice (and wheat) endosperm Fe
content.

APPLYING TRANSGENIC APPROACHES TO WHEAT
At present, studies in wheat are restricted to the endosperm-
specific expression of wheat or soybean ferritin which led to
increases in grain iron content of 1.5 to 1.9-fold and 1.1 to 1.6-
fold respectively (Borg et al., 2012; Sui et al., 2012) and increasing
phytase activity (Holm et al., 2002). These studies give proof of
concept that grain Fe and Zn can be modified in wheat through
transgenic approaches.

Using knowledge from model species, it is possible now to
identify more rapidly and with higher confidence candidate genes
that might play a role in Fe and Zn transport. Access to relatively
complete genomic sequence for polyploid wheat will allow more
comprehensive phylogenetic studies for putative wheat homologs
of large gene families. For example we have used the sequences
of the rice natural resistance-associated macrophage proteins
(NRAMPs) to identify wheat homologs (Table 1). Wheat candi-
date genes with putative Fe and Zn transporter function inferred
from phylogeny, can be taken forward and characterized in yeast
mutants, with a view eventually to expressing these in transgenic
wheat plants to increase vacuolar export and ultimately nutrient
content in the grain.

Work in rice has shown that multiplexing genes can further
increase gains and this strategy could also be suitable for wheat.
An analogous approach which would act to regulate several steps
of the Fe and Zn uptake pathways would be to engineer transcrip-
tional regulators to enhance movement and uptake into grains.
For example the NAM-B1 transcription factor provides an entry
point to increase Fe, Zn, and protein content: with greater under-
standing of its targets, and which transport steps are key control
points, we could engineer expression patterns, downstream tar-
gets, or binding specificities to improve nutrient content in the
grain. The lack of genomic resources in wheat prompted initial
studies on NAM-B1 to focus on rice, but these attempts failed since
the orthologous rice NAM gene affects anther dehiscence rather
than mineral remobilisation (Distelfeld et al., 2012). The advent
of new technologies and genomic resources now allow these ques-
tions to be addressed directly in wheat. In addition to RNA-seq
(Cantu et al., 2011), we have developed transgenic lines with
epitope-tagged NAM proteins to perform chromatin immuno-
precipitation followed by sequencing (ChIP-seq) to identify direct
targets of NAM (Borrill and Uauy, unpublished data). The
availability of gene models and genomic sequence (including
promoter regions) now makes this a feasible undertaking in
wheat.
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FIGURE 1 | Simplified proposed pathway for Fe and Zn uptake and

translocation to the grain in wheat. Putative classes of transport proteins are
shown in white text and are based on evidence from other species. Question
marks show unidentified transporters. Free Zn2+ and phytosiderophore (PS)
-bound Fe and Zn are absorbed from the soil into root epidermal cells. Fe and Zn
move via the apoplast and symplast to the pericycle, but may be sequestered
en-route in vacuoles. Fe and Zn are loaded into the xylem and transferred into
the phloem in the root, basal shoot or leaf tissues (not shown). Fe and Zn are
remobilised from leaf cell plastids (P) and vacuoles (V) and loaded into the

phloem for transport to the ear. Fe and Zn are exported from the maternal tissue
into the endosperm cavity. After uptake into the aleurone layer most Fe and Zn
are sequestered in protein storage vacuoles (PSVs) bound to phytate (Phy). A
small proportion of Fe and Zn may enter the endosperm and be stored bound to
ferritin (Fer) in amyloplasts (A). ZIP = ZRT-, IRT-like protein,YSL = yellow stripe
like transporter, MFS = major facilitator superfamily transporter, MTP = metal
tolerance protein, HMA = heavy metal ATPase, FPN = ferroportin,
NRAMP = natural resistance-associated macrophage protein,VIT = vacuolar
iron transporter, NA = nicotianamine, Cit = citrate, SP = small proteins.
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CHALLENGES IN TRANSFERRING KNOWLEDGE TO WHEAT
As illustrated by NAM in rice and wheat it is important to note
that the precise mechanisms of transport and its regulation differ
between species even within monocots, so not all knowledge can
be directly translated. It has been proposed that Zn transport to
the grain in wheat is constrained by two major bottlenecks; the
root–shoot barrier and grain filling (Palmgren et al., 2008). How-
ever in rice these bottlenecks are reduced (Stomph et al., 2009) as
shown by the storage of excess Zn in shoots as well as roots (Jiang
et al., 2008), and the ability of rice to load Zn from the xylem
into the grain without transfer to the phloem (Zee, 1971), which
constitutes a limiting step in wheat. Fe transport in rice and other
monocots also differs, for example rice uses both secretion of PSs
and direct uptake of Fe from the soil (Bughio et al., 2002; Inoue
et al., 2009; Nozoye et al., 2011), whereas barley and maize only
absorb Fe via PSs (Römheld and Marschner, 1986; Zaharieva and
Römheld, 2000; Murata et al., 2006; Walker and Connolly, 2008).
These challenges are compounded by the fact that several funda-
mental questions remain unanswered even in model species. The

specificity of many transporters is not fully characterized and the
control of flux through pathways requires further investigation.
Additionally, the relative contribution of sink/source strength and
the possible effects of manipulating individual metals on total
grain metal composition are not well understood.

CONCLUSIONS AND FUTURE DIRECTIONS
Our ability to carry out basic research in wheat will be extremely
important to build upon and move beyond research in model
species. This will be greatly advanced by recent developments in
genomic resources, mutant catalogs and transgenic methods. Once
genes to improve nutrient content have been identified, they will
need to be transferred into agriculturally relevant wheat varieties
and assessed for agronomical traits such as yield and disease resis-
tance which are the main drivers for adoption of novel varieties by
farmers.

Changes to agricultural conditions in the future will also impact
upon the deployment of biofortified wheat varieties. Rising atmo-
spheric carbon dioxide (CO2) concentrations may lead to reduced

Table 1 | New genomic resources enable identification of NRAMP homologs in wheat.

Rice NRAMP (RAP locus ID) Wheat homolog Genome Wheat sequencea

OsNRAMP1 (Os07g0258400) TaNRAMP1 A 7AL_4537662 (URGI)b

B 7BL_6744498 (Ensembl)

D 7DL_3317468 (Ensembl)

OsNRAMP2 (Os03g0208500) TaNRAMP2 A 4AS_5952279 (Ensembl)

B 4BL_7000373 (Ensembl)

D 4DL_14450878 (URGI)

OsNRAMP3 (Os06g0676000) TaNRAMP3 A 7AL_4392690 (Ensembl)

B 7BL_6748183 (Ensembl)

D 7DL_3360602 (Ensembl)

OsNRAMP4 (Os02g0131800) TaNRAMP4 A 6AS_4346871 (Ensembl)

B 6BS_2318478 (Ensembl)c

D Absent

OsNRAMP5 (Os07g0257200) TaNRAMP5 A 4AS_5926812 (Ensembl)

B Across multiple contigs

D 4DL_14404139 (URGI)

OsNRAMP6 (Os01g0503400) TaNRAMP6 A Across multiple contigs

B Across multiple contigs

D Across multiple contigs

OsNRAMP7 (Os12g0581600) TaNRAMP7 A 5AS_1501999 (Ensembl)b

B 5BS_2288821 (Ensembl)

D 5DS_2767814 (Ensembl)

— TaNRAMP8 A 4AL_7173573 (URGI)

B 4BS_3944622 (Ensembl)

D 4DS_2292562 (Ensembl)

aInternational wheat genome sequencing consortium chromosome-arm survey sequences are available at EnsemblPlants (Ensembl;
http://plants.ensembl.org/index.html) and at Unité de Recherche Génomique Info (URGI; http://www.wheatgenome.org/Tools-and-Resources)
bpartial sequence
cpremature termination codon

www.frontiersin.org February 2014 | Volume 5 | Article 53 | 102

http://plants.ensembl.org/index.html
http://www.wheatgenome.org/Tools-and-Resources
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Nutrition/archive


Borrill et al. Increasing wheat grain micronutrients

grain micronutrient content, especially Fe, as has been shown by
free air CO2 enrichment studies (Hogy et al., 2009; Fernando et al.,
2012). Additionally lower levels of fertilizer may be used in the
future due to budgetary and legal constraints. This may present
a challenge to improve Fe and Zn grain concentrations because
lower application of nitrogen fertilizer correlates to lower Fe and
Zn grain concentrations (Cakmak et al., 2010). In addition, the
drive for higher yields is usually accompanied by a dilution effect
of minerals due to the additional grain starch accumulation. This
scenario suggests that scientists and breeders will need to work
ever more closely to achieve not just maintenance, but the required
increased grain Fe and Zn contents.

Despite these challenges we believe that wheat researchers now
have access to the tools and resources required to make significant
improvements to Fe and Zn content in wheat grain and to bring
these improved varieties to the field. These new varieties could
make an important contribution to improving the health of mil-
lions of people worldwide to avoid Fe and Zn malnutrition which
still affects over 25% of the global population.
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Iron and copper are essential for plants and are important for the function of a number
of protein complexes involved in photosynthesis and respiration. As the molecular
mechanisms that control uptake, trafficking and storage of these nutrients emerge, the
importance of metalloreductase-catalyzed reactions in iron and copper metabolism has
become clear. This review focuses on the ferric reductase oxidase (FRO) family of
metalloreductases in plants and highlights new insights into the roles of FRO family
members in metal homeostasis. Arabidopsis FRO2 was first identified as the ferric chelate
reductase that reduces ferric iron-chelates at the root surface-rhizosphere interface. The
resulting ferrous iron is subsequently transported across the plasma membrane of root
epidermal cells by the ferrous iron transporter, IRT1. Recent work has shown that two
other members of the FRO family (FRO4 and FRO5) function redundantly to reduce
copper to facilitate its uptake from the soil. In addition, FROs appear to play important
roles in subcellular compartmentalization of iron as FRO7 is known to contribute to
delivery of iron to chloroplasts while mitochondrial family members FRO3 and FRO8 are
hypothesized to influence mitochondrial metal ion homeostasis. Finally, recent studies
have underscored the importance of plasma membrane-localized ferric reductase activity
in leaves for photosynthetic efficiency.Taken together, these studies highlight a number of
diverse roles for FROs in both iron and copper metabolism in plants.

Keywords: ferric reductase oxidase, metalloreductase, iron, copper, plant

INTRODUCTION
Iron (Fe) is essential for plants and is required for the function
of a large number of enzymes involved in photosynthesis, respi-
ration and a number of other processes. Iron’s utility in myriad
biochemical processes stems from its ability to readily accept and
donate electrons. It is most often associated with protein com-
plexes either as a component of heme or Fe-S clusters. The ability
of Fe to participate in electron transfer reactions is nevertheless
problematic as well, since Fe3+ and Fe2+ are able to participate
in the generation of the highly reactive hydroxyl radical (Halliwell
and Gutteridge, 1992). As a result, it is critical that cells carefully
control cellular Fe metabolism.

Iron limits plant growth in many soil types despite the fact
that it is usually quite abundant. This is due to the fact that fer-
ric iron is very poorly soluble in aerobic soils at neutral to basic
pH. In the presence of oxygen, iron precipitates into insoluble
Fe(III)-oxyhydroxide complexes. Thus, the molecular mecha-
nisms utilized by plants for iron acquisition often include a first
step that solubilizes ferric iron followed by a second step in which
iron is transported from the soil and into root cells. Plants have
evolved two types of strategies to combat iron deficiency. Strategy
I is a reduction-based method used by all dicots and non-grass
monocots while strategy II is used by grass species and involves
chelation of ferric iron followed by uptake (Guerinot and Yi, 1994).

In response to iron deficiency, strategy I plants engage in
a three stage process to acquire iron. First, the surround-
ing rhizosphere is acidified via proton extrusion by a root

plasma membrane-localized proton ATPase, AHA2 (Arabidopsis
H+ATPase 2; Santi and Schmidt, 2009). This serves to increase
solubility of ferric iron complexes. Ferric iron chelates are then
reduced to ferrous iron by FRO2 (ferric reductase oxidase 2) and
Fe2+ ions are subsequently taken up into root cells by the divalent
metal transporter, IRT1 (iron regulated transporter 1; Eide et al.,
1996; Yi and Guerinot, 1996; Robinson et al., 1999; Vert et al.,
2002). In contrast, strategy II plants secrete phytosiderophores
(PSs), such as mugineic acid, which bind to ferric iron with high
affinity (Walker and Connolly, 2008). The resulting Fe(III)-PS
complexes are transported across the root plasma membrane via
the yellow stripe1 (YS1) iron transporter (Curie et al., 2001).

In this review, we focus on the roles of the FRO family of
metalloreductases in reduction of iron and copper in plants.
To this end, we briefly review what is known about reduc-
tion of iron at the root surface and highlight new work that
has demonstrated a role for FRO family members in reduc-
tion of copper for uptake by plants. In addition, we focus on
the emerging roles of FROs in trafficking of iron to subcellular
compartments.

THE FRO FAMILY OF METALLOREDUCTASES
The reduction of ferric iron to ferrous iron at the root surface is
a process that has been well documented and characterized across
several plant species including Arabidopsis (Yi and Guerinot,1996),
pea (Waters et al., 2002), and tomato (Li et al., 2004), as well as the
green alga Chlamydomonas reinhardtii (Eckhardt and Buckhout,
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1998). The first plant metalloreductase gene was cloned from Ara-
bidopsis (Robinson et al., 1999). FRO2 was identified based on its
sequence similarity to the yeast ferric reductase, FRE1, as well as
to a subunit of the human NADPH oxidase, gp91phox, which
is involved in the production of reactive oxygen species to pro-
tect against invading pathogens (Robinson et al., 1999; Vignais,
2002). FRO2 was shown to complement the phenotype of an Ara-
bidopsis ferric reductase defective-1 mutant (frd1), thus proving
that FRO2 encodes the root surface ferric chelate reductase. As
expected for an enzyme involved in iron acquisition from the soil,
FRO2 is expressed in the root epidermis and is strongly induced
by iron limitation (Connolly et al., 2003). Constitutive high-level
expression of FRO2 in soybean confers enhanced tolerance to iron
deficiency-induced chlorosis (Vasconcelos et al., 2006).

FRO2 belongs to a superfamily of flavocytochromes and is
involved in transfer of electrons from the cytosol across the
plasma membrane to reduce extracellular ferric iron to ferrous
iron. Studies of the topology of FRO2 show that the protein
contains eight transmembrane (TM) helices, four of which com-
prise the highly conserved core of the protein (Schagerlof et al.,
2006). This core is conserved throughout the flavocytochrome b
family. The large water-soluble domain of FRO2, which contains
NADPH, flavin adenine dinucleotide (FAD), and oxidoreductase
sequence motifs, is located in the cytosol. FRO2 also contains
four highly conserved histidine residues that likely coordinate
two intramembranous heme groups that are instrumental in
the electron transfer process (Robinson et al., 1999; Schagerlof
et al., 2006). Although FRO2 appears to be solely responsible for
reduction of ferric iron chelates in the rhizosphere, the Arabidop-
sis genome encodes a total of eight FRO family members. The
seven additional FRO proteins are believed to function as met-
alloreductases primarily involved in the reduction of iron and
possibly copper; here, we highlight new insight into the roles of
FRO family members in copper reduction and intracellular metal
trafficking.

PLASMA MEMBRANE-LOCALIZED ROOT COPPER
REDUCTASES
Studies of the yeast FRE family have uncovered roles for these pro-
teins in reduction of both iron and copper (Hassett and Kosman,
1995; Georgatsou et al., 1997; Martins et al., 1998). Consistent
with their roles in the high-affinity iron and copper uptake sys-
tems, their expression is regulated by both iron and copper status.
Like their FRE counterparts, Arabidopsis FRO genes are differen-
tially regulated by deficiencies of iron and/or copper (Mukherjee
et al., 2006). Studies of FRO2 have suggested that it may have a
role in the reduction of Cu2+ to Cu+ at the root surface, in addi-
tion to its role in iron reduction (Yi and Guerinot, 1996; Robinson
et al., 1999). Arabidopsis plants show an increase in root copper
reductase activity under iron limitation and frd1 mutants fail to
induce this activity in response to iron limitation (Robinson et al.,
1999). However, copper concentrations are not reduced in frd1
mutants, suggesting that reduction of copper by FRO2 is not
physiologically relevant; this result opens up the possibility that
other FROs function to reduce copper at the root surface. It is
possible that copper uptake may proceed without prior reduction
of Cu2+ to Cu+, perhaps via a ZRT, IRT-like protein (ZIP)-type

transporter. Interestingly, expression of ZIP2 and ZIP4 is upregu-
lated under copper limitation (Wintz et al., 2003). However, stable
isotope studies support a reduction-based pathway for copper
uptake (Jouvin et al., 2012). Indeed, recent studies have shown
that FRO4 and FRO5 act redundantly to reduce copper at the root
surface (Bernal et al., 2012)

The SPL7 (SQUAMOSA promoter binding-like7) transcrip-
tion factor functions as a master regulator of the copper deficiency
response in Arabidopsis (Yamasaki et al., 2009). Recently, RNA-
Seq revealed that FRO4 and FRO5 are strongly upregulated in
roots under copper limitation. In addition, induction of FRO4
and FRO5 in roots under copper limitation depends on SPL7
(Bernal et al., 2012). FRO4 and FRO5 lie in tandem on chro-
mosome 5 and share high sequence similarity at the amino acid
level (Mukherjee et al., 2006). SPL7 has been shown to bind to
a CuRE (Cu responsive element) in promoters of copper regu-
lated genes (Yamasaki et al., 2004; Yamasaki et al., 2009) similar
to its homolog in C. reinhardtii, CCR1 (COPPER RESPON-
SIVE REGULATOR1; Quinn and Merchant, 1995; Kropat et al.,
2005; Sommer et al., 2010). FRO4 and FRO5 each contain GTAC
motifs in their upstream promoter regions, suggesting that they
may be direct targets of SPL7 (Bernal et al., 2012). fro4, fro5,
and fro4fro5 double mutant lines display significant decreases in
copper deficiency-inducible copper reductase activity. In addi-
tion, use of a fluorescent dye [coppersensor-1 (CS1)] that binds
Cu+ showed that uptake of Cu+ in the fro4 and fro5 single
mutants was markedly lower than in wild type plants and fro4fro5
double mutant plants show hardly any detectable Cu+, demon-
strating that FRO4 and FRO5 function redundantly as copper
reductases in the high affinity copper uptake pathway (Bernal
et al., 2012). In addition, although spl7 plants lack expression
of FRO4 and FRO5 and corresponding Cu-deficiency inducible
root Cu reductase activity, spl7 does display elevated FRO2 tran-
script abundance and root ferric chelate reductase activity. These
results clearly establish that FRO4 and FRO5 (rather than FRO2)
are responsible for reduction of Cu at the root surface (Bernal
et al., 2012). It remains unclear whether FRO4 and FRO5 are
involved in Fe homeostasis, however, expression of FRO5 is
induced under iron deficiency (Wu et al., 2005; Mukherjee et al.,
2006).

PUTATIVE PLASMA MEMBRANE-LOCALIZED LEAF FERRIC
REDUCTASE
Following uptake from the soil, iron must be loaded into the
xylem, where it is found as a ferric-citrate complex (Rellan-
Alvarez et al., 2010). How iron is transported into leaf cells remains
unknown, but it is thought that Fe(III)-chelates may need to be
reduced prior to transport into leaf cells. FRO6 is expressed at
high levels in leaves (Mukherjee et al., 2006), and overexpression
of FRO6 in tobacco showed that FRO6 can facilitate the reduc-
tion of iron in leaves (Li et al., 2011). FRO6 expression is not
affected by iron status (Mukherjee et al., 2006). Instead, analysis
of FRO6-GUS lines has shown that FRO6 expression is controlled
in a light-dependent manner. Indeed, the FRO6 promoter con-
tains several light-responsive elements and etiolated FRO6-GUS
seedlings exhibit no FRO6 promoter activity (Feng et al., 2006).
Together, these data suggest that FRO6 may function to reduce iron
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in leaves when light is available, perhaps to enable the assembly of
new photosynthetic complexes.

INTRACELLULAR METALLOREDUCTASES
Chloroplasts and mitochondria represent significant sinks for Fe.
Indeed, the vast majority of Fe found within leaves is located within
chloroplasts. Essential cofactors such as heme and Fe–S clusters
are synthesized in chloroplasts and mitochondria. Despite this,
the molecular mechanisms by which iron is trafficked to these
two organelles are not well understood. Recent studies impli-
cate FRO family members in iron delivery to chloroplasts and
mitochondria. Intriguingly, although work in yeast has shown
that metalloreductases are important in vacuolar metal homeosta-
sis, to date there is no evidence to support an analogous role in
plants.

CHLOROPLASTIC FERRIC REDUCTASE
Although the precise mechanisms involved in chloroplast iron
acquisition are still somewhat murky (Landsberg, 1984; Terry
and Abadia, 1986; Bughio et al., 1997; Shikanai et al., 2003), it
seems likely that chloroplasts take up both Fe(II) and Fe(III)
via multiple pathways as observed in modern day cyanobacte-
ria. Free living cyanobacteria have been shown to acquire iron
through Fe2+ iron transporters from a pool of Fe(III)-dicitrate
complexes (Katoh et al., 2001) and it is thus clear that some
species of cyanobacteria are able to use a reduction-based mecha-
nism for iron uptake (Kranzler et al., 2014). Plant chloroplasts,
which are thought to have originated from ancient cyanobac-
teria, appear to utilize a similar strategy for iron uptake as
studies of Arabidopsis FRO7 demonstrate that chloroplasts employ
a reduction-based strategy for iron acquisition. FRO7 localizes
to chloroplasts and loss of FRO7 function results in a signifi-
cant reduction in chloroplast surface ferric reductase activity. In
addition, fro7 chloroplasts show a ∼30% reduction in chloro-
plast Fe content. fro7 grows poorly on medium lacking sucrose
and shows reduced photosynthetic efficiency, consistent with
the idea that FRO7 is critical for delivery of Fe for proper
assembly of photosynthetic complexes. When sown on alka-
line soil, fro7 seeds germinate but the resulting seedlings are
severely chlorotic and the plants fail to set seed unless supple-
mented with excess iron (Jeong et al., 2008). Recent work in
sugar beet further supports the existence of a reduction-based
mechanism for iron uptake by chloroplasts, as well (Solti et al.,
2012).

A presumptive Fe transporter, PIC1, has been identified that
localizes to the chloroplast envelope (Duy et al., 2007). Whether
FRO7 and PIC1 work together in chloroplast iron uptake cur-
rently remains unknown and it is not yet clear whether PIC1
transports ferric or ferrous iron. Other proteins that are presumed
to function in chloroplast Fe transport are MAR1 (a homolog
of ferroportin 1 and 2), which may transport an iron chela-
tor (Conte et al., 2009), MFL1/2 [which resemble mitoferrins
but function in chloroplasts; (Tarantino et al., 2011) and NAP14
(Shimoni-Shor et al., 2010)]. In addition, a chloroplast-and
mitochondria-localized NEET-type protein was recently identi-
fied which may be involved in Fe–S cluster transfer to apoproteins
(Nechushtai et al., 2012).

PUTATIVE MITOCHONDRIAL FERRIC REDUCTASES
Studies in Arabidopsis have identified a putative iron-chaperone
(Busi et al., 2006; Vazzola et al., 2007) and putative mitochon-
drial effluxer proteins involved in iron metabolism (Kushnir et al.,
2001; Chen et al., 2007). In addition, a recent report described the
identification of a mitochondrial Fe transporter in rice (MIT1)
which is essential for plant growth (Bashir et al., 2011). Despite
this, we are far from a comprehensive understanding of mito-
chondrial Fe homeostasis (Nouet et al., 2011; Vigani et al., 2013).
Although two Arabidopsis metalloreductases (FRO3 and FRO8)
have been predicted to localize to mitochondrial membranes, nei-
ther one has been functionally characterized. A mitochondrial
proteomics study has placed FRO8 at the mitochondrial mem-
brane (Heazlewood et al., 2004). The expression patterns of FRO3
and FRO8 are largely non-overlapping, suggesting that they do
not function redundantly (Jain and Connolly, 2013). Little infor-
mation is available for FRO8 but its expression is concentrated
in the vasculature of senescing leaves (Wu et al., 2005). FRO3 is
expressed most highly in the vasculature of young seedlings and
its expression is strongly induced under iron deficiency; for this
reason, FRO3 has been widely used as an iron deficiency marker
(Mukherjee et al., 2006; Tarantino et al., 2010). Interestingly, FRO3
expression is negatively regulated by the basic helix loop helix
(bHLH) transcription factor PYE (POPEYE); PYE appears to con-
trol a pericycle-specific Fe deficiency response in roots (Dinneny
et al., 2008; Long et al., 2010). FRO3 expression also is responsive
to copper status (Mukherjee et al., 2006; Yamasaki et al., 2009).
Despite this, the roles of FRO3 and FRO8 remain unclear. It is
interesting to note that although the yeast metalloreductase FRE5
localizes to mitochondria (Sickmann et al., 2003), there are no
reports to date that demonstrate a role for a metalloreductase in
mitochondria in any organism.

VACUOLAR IRON TRAFFICKING
Acidic compartments like vacuoles have a relatively oxidizing
atmosphere as compared to the cytosol. In yeast, iron in vacuoles
is largely present as ferric polyphosphate complexes (Raguzzi et al.,
1988). The remobilization of iron from the yeast vacuolar com-
partment is mediated by the FRE6 ferric chelate reductase (Singh
et al., 2007). FRE6 also plays a role in copper remobilization from
vacuoles; reduced copper is subsequently exported to the cytosol
via CTR2 (copper transporter 2; Rees and Thiele, 2007). Vacuolar
iron transporters have been reported in plants; Arabidopsis vac-
uolar iron transporter (VIT1), transports iron into the organelle
while NRAMP3 (natural resistance against microbial pathogens3)
and NRAMP4 mediate the export of iron (Lanquar et al., 2005;
Kim et al., 2006). However, no vacuolar metalloreductases have
been reported in plants, to date.

CONCLUSION
Plants require iron and copper for vital processes such as photosyn-
thesis, respiration, and nitrogen fixation. While it has been known
for some time that ferric chelate reductases play a vital role in iron
uptake from the soil by all plant species except for grasses, other
roles for FROs in metal homeostasis have only recently emerged.
Indeed, new studies have shown that FROs are important for
copper acquisition from the soil (Figure 1) and for intracellular
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FIGURE 1 | Mechanisms for iron and copper uptake by Arabidopsis roots.

Under iron-deficient conditions, expression of FRO2 and IRT1 is enhanced.
FRO2 serves to reduce solubilized Fe3+ to Fe2+, which is then transported

across the root plasma membrane via IRT1. Under copper-deficient
conditions, FRO4 and FRO5 are highly expressed in the roots and function to
reduce Cu2+ to Cu+ prior to uptake by COPT1.

FIGURE 2 | Arabidopsis ferric reductases and transporters that

contribute to cellular iron homeostasis. Evidence suggests that FRO6
functions to reduce Fe3+ to Fe2+ at the cell surface of leaf cells; Fe2+ is
subsequently transported across the membrane via an unknown
transporter(s), while other unknown transporters may be involved in the
uptake of Fe3+. Iron is then trafficked to a set of intracellular organelles.

Chloroplasts utilize a reduction-based mechanism for iron acquisition via
FRO7, whereas FRO3 and FRO8 may serve an analogous function in
mitochondria. PIC1 serves as a chloroplast iron transporter while rice MIT
mediates iron uptake by mitochondria. Although there is not yet any evidence
for vacuolar metalloreductases in plants, it is known that VIT1 is important for
iron uptake by vacuoles while NRAMP3/4 function in vacuolar Fe efflux.
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distribution of Fe (Figure 2). Together, these studies have shed
considerable light on the molecular mechanisms employed by
plants to maintain Fe and Cu homeostasis. In addition, this new
knowledge should facilitate novel strategies aimed at improving
crop yields on nutrient-poor soils and biofortification of plant
foods to help ameliorate nutrient deficiencies in humans. Future
studies will likely focus on the precise roles of mitochondrial FROs
in mitochondrial metal metabolism. Furthermore, our under-
standing of iron trafficking within cells is severely hampered by
our limited understanding of the various subcellular iron pools.
New tools that provide insight into the redox status and types of
iron species found in each of the various cellular compartments
will go a long way toward the development of a comprehensive
understanding of iron metabolism in plants.
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The mechanisms plants use to transport metals from roots to shoots are not completely
understood. It has long been proposed that organic molecules participate in metal
translocation within the plant. However, until recently the identity of the complexes
involved in the long-distance transport of metals could only be inferred by using indirect
methods, such as analyzing separately the concentrations of metals and putative ligands
and then using in silico chemical speciation software to predict metal species. Molecular
biology approaches also have provided a breadth of information about putative metal
ligands and metal complexes occurring in plant fluids. The new advances in analytical
techniques based on mass spectrometry and the increased use of synchrotron X-ray
spectroscopy have allowed for the identification of some metal-ligand species in plant
fluids such as the xylem and phloem saps. Also, some proteins present in plant fluids
can bind metals and a few studies have explored this possibility. This study reviews the
analytical challenges researchers have to face to understand long-distance metal transport
in plants as well as the recent advances in the identification of the ligand and metal-ligand
complexes in plant fluids.

Keywords: metals, metal complexes, phloem, transport, xylem

INTRODUCTION
To reach their final destination within the plant (e.g., organelles
such as chloroplast or mitochondria) micronutrients taken up
from the growth medium, including metals such as Fe, Mn, Zn,
and Cu, must follow a complex path through a number of differ-
ent plant compartments and membrane systems (Clemens et al.,
2002; Colangelo and Guerinot, 2006; Briat et al., 2007; Haydon
and Cobbett, 2007; Curie et al., 2009; Puig and Peñarrubia, 2009;
Conte and Walker, 2011; Sinclair and Krämer, 2012). The vascular
system, including the xylem and phloem conduits, is an essential
segment for long distance translocation of micronutrients within
this path. It has long been proposed that a significant fraction of
metals would be present in plant fluids not as free ions but in less
reactive chemical forms, e.g., non-covalently bound to organic
compounds, to prevent uncontrolled binding and also because
free metals often exert some degree of toxicity. The formation
of metal complexes provides both solubility and shielding during
long-distance transport, since the metallic atom is enveloped by
an array of bound molecules or anions (the so-called ligands; in
this review only ligands consisting in organic molecules are con-
sidered), which donate one or more electron pairs to the metal to
form the complexes.

Indirect evidence for long distance, organic ligand-assisted
transport of metals has been extensively reported. Possible lig-
and candidates are a range of small molecules, including organic
acids -carboxylates- such as citrate (Cit) and malate (Mal), amino
acids [including nicotianamine (NA), histidine (His), cysteine
(Cys) and high-affinity Fe(III) chelating compounds derived from
NA called phytosiderophores (PSs), such as mugineic (MA) and

2′-deoxymugineic (DMA) acids], as well as peptides and proteins
(e.g., metallothioneins). In the case of toxic metals such as Cd,
Hg, and others, plants also respond by synthesizing compounds
such as the poly-glutathione peptides phytochelatins (PCs) that
decrease the amount of free metal ions in plant fluids. Recent
papers have reviewed the roles of NA (Curie et al., 2009; Clemens
et al., 2013) and PCs (Pal and Rai, 2010) in plant metal homeosta-
sis, the intra- and extracellular excretion of carboxylates (Meyer
et al., 2010) and the plant metallo-chaperones (Tehseen et al.,
2010). During the last decade, the identification of many genes
involved in plant long-distance metal transport has also been
achieved, and many reviews have covered this issue in relation to
either several metals (Colangelo and Guerinot, 2006; Haydon and
Cobbett, 2007; Krämer et al., 2007; Curie et al., 2009; Palmer and
Guerinot, 2009; Puig and Peñarrubia, 2009; Krämer, 2010; Waters
and Sankaran, 2011) or to specific ones such as Fe (Briat et al.,
2007; Kim and Guerinot, 2007; Morrissey and Guerinot, 2009;
Conte and Walker, 2011; Sperotto et al., 2012; Thomine and Vert,
2013), Zn (Sinclair and Krämer, 2012), Cu (Yruela, 2009), Mn
(Pittman, 2005), and Cd (Mendoza-Cózatl et al., 2011).

To date, analytical data on the actual metal complexes exist-
ing in plant fluids are still scarce. This is relevant, because the
chemical forms in which a metal occurs in solution (metal specia-
tion) affect solubility, precipitation, acid/base equilibria, electron-
transfer reactions, diffusivity, ability to undergo photolysis and
others. The metal species existing in any given compartment
determine biological activity, including the capability to be a
substrate for membrane transport proteins involved in loading
and unloading to xylem and phloem, as well as the possibility
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that metal toxicity can occur. This review summarizes the cur-
rent knowledge on metal species occurring in plant fluids [xylem
sap, phloem sap and other fluids such as apoplastic fluid and
embryo sac liquid (ESL)], and discusses general problems rele-
vant to these studies as well as the methodological approaches
currently used.

METHODS FOR PLANT FLUID SAMPLING AND INHERENT
PROBLEMS
Metal translocation within plants is dynamic, with the compo-
sition of plant fluids often changing with time. This mandates to
establish an adequate standard sampling protocol, including sam-
pling time and others, which must be applied to all samples so that
results are fully comparable. A major limitation in the analysis of
plant fluids is the need for samples of adequate purity and in suf-
ficient volume to carry out measurements. The purity of the fluid
samples must always be assessed by measuring cytosolic and/or
vacuolar components associated to cell rupture. The activities of
cytosolic marker enzymes, such as Mal dehydrogenase (mdh) or
others (López-Millán et al., 2000), or the concentrations of K as
a vacuolar marker (Lohaus et al., 2001; Barabasz et al., 2012) are
generally used with that purpose.

Xylem sap, the fluid contained in xylem vessels -composed of
tracheary elements separated by rather large perforation plates-,
is relatively easy to sample (reviewed by Alexou and Peuke, 2013).
The most frequently used technique is de-topping plants and let-
ting xylem to bleed after discarding the first drops (López-Millán
et al., 2012). Other techniques involve centrifugation of excised
stems (López-Millán et al., 2000) or the use of a Schölander pres-
sure chamber (Larbi et al., 2003). With any of these extraction
techniques the xylem sap volume sampled could reach several
hundreds of μL.

The phloem sap, the fluid contained in sieve cells—separated
by sieve plates—, is a special case, because there is still con-
troversy about changes in composition induced by wounding
(Atkins et al., 2011) and the presence of different types of phloem
saps (Zhang et al., 2012). The purity of the phloem sap is usu-
ally assessed by measuring sugar concentrations and/or evaluating
the presence of Rubisco proteins or transcripts (Giavalisco et al.,
2006; Rodríguez-Medina et al., 2011; Lattanzio et al., 2013). Other
authors consider pH values around 8.0 indicative of phloem
purity (Ando et al., 2013). Some methods in use for phloem
sap sampling (reviewed by Dinant and Kehr, 2013) are those
involving an incision near the inflorescence (in Cucurbitaceae,
Brassicaceae and some Lupinus species; Lattanzio et al., 2013),
those using aphid or leaf-hopper stylectomy (with the disadvan-
tage of resulting in minute phloem sap volumes, ≤1 μL per cut
stylet; Ando et al., 2013), or by exudation of excised shoots main-
tained at >80% relative humidity in a closed chamber (the latter
being only a qualitative approach; Marentes and Grusak, 1998).
When using insect stylectomy, evaporation during sampling is a
relevant issue; accurate determination of the phloem volume has
been recently achieved by measuring the droplet diameter as it
forms on the tip of the severed aphid stylet (Palmer et al., 2013).

The fluid in the apoplastic space in the leaf (free space outside
the plasma membrane) is an interface between the xylem and the
symplast. Some methods for leaf apoplastic fluid sampling involve

direct centrifugation of leaves without petiole (previously cen-
trifuged at low speed to remove xylem sap from the mid vein;
López-Millán et al., 2000) or by using a Schölander pressure
chamber (Larbi et al., 2003). Other authors infiltrate the leaves
with a solution under vacuum and then obtain by centrifugation
a leaf apoplastic wash fluid (Lohaus et al., 2001). Since the latter
procedure leads to a dilution of the apoplastic fluid, concentra-
tions should be corrected considering estimations of apoplastic
volumes occupied by water and air, using vacuum infiltration
with a 14C-sorbitol labeled solution and silicone oil, respectively
(Lohaus et al., 2001).

Recently, the ESL has been successfully used to study the pro-
cesses of metal transport in pea seeds (Grillet et al., 2014). This
liquid is enriched by the bulk flow of nutrients delivered by the
seed coat and feeds the embryo.

METHODOLOGICAL APPROACHES TO UNRAVEL METAL
SPECIES OCCURRING IN PLANT FLUIDS
Until recently, researchers had to rely on indirect methods to
putatively identify the chemical forms of metals occurring in
plant fluids. These methods were based on separate measure-
ments of the concentrations of metals and possible ligands and
the prediction of the existent chemical species by means of titra-
tion in “artificial” saps (Liao et al., 2000; Irtelli et al., 2009; Alves
et al., 2011) or in silico by using a set of known, experimentally
determined stability constants of metal-containing complexes
and chemical speciation software; this was always done assum-
ing that chemical equilibrium was achieved (White et al., 1981;
López-Millán et al., 2000; Callahan et al., 2006; Harris et al.,
2012). However, chemical equilibrium is unexpected in plant flu-
ids, since continuous changes in composition usually occur in
these dynamic plant compartments.

Molecular biology approaches have provided key informa-
tion on putative metal ligands and metal complexes that could
play a crucial role in inter- and intra-organ metal transport (see
reviews by Briat et al., 2007; Haydon and Cobbett, 2007; Kim and
Guerinot, 2007; Milner and Kochian, 2008; Palmer and Guerinot,
2009; Pal and Rai, 2010; Waters and Sankaran, 2011; Leitenmaier
and Küpper, 2013; Thomine and Vert, 2013). Genotypes with
loss-of-function of genes involved in the trafficking of metals,
ligands and/or their metal complexes, as well as metal hyper-
accumulator (e.g., T. caerulescens) plant species have been stud-
ied. Other approaches include mutant and transgenic lines with
impaired or enhanced metal ligand synthesis; a classical example
of impaired synthesis is the tomato mutant “chloronerva,” which
lacks NA (Pich and Scholz, 1996). Transgenic genotypes have also
been constructed where the synthesis of ligands such as PCs is
restricted to a specific tissue (Gong et al., 2003).

Another approach is searching for molecules with affinity for
metals in plant fluids, using their immobilization by metal affinity
chromatography (IMAC) followed by identification of the iso-
lated molecules using some of the mass spectrometry (MS) tech-
niques described below (Lattanzio et al., 2013). In this approach,
the occurrence of the corresponding metal-ligand complex in
plant fluids is only inferred from the presence of suitable ligands.

A further approach to identify metal complexes in plant tis-
sues -including fluids- relies on the identification of the chemical
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environment surrounding the metal by means of synchrotron
X-ray absorption spectroscopy (XAS) techniques such as X-ray
absorption near edge spectroscopy (XANES) and extended X-ray
absorption fine structure spectroscopy (EXAFS) (Lombi et al.,
2011; Donner et al., 2012). This has been used for different metals
such as Fe (Yoshimura et al., 2000; Terzano et al., 2013), Mn (Yun
et al., 1998), Cu (Küpper et al., 2009; Song et al., 2013), Zn (Salt
et al., 1999; Küpper et al., 2004; Trampczynska et al., 2010; Lu
et al., 2013), Ni (McNear et al., 2010), Cd (Salt et al., 1995; Vogel-
Mikus et al., 2010; Huguet et al., 2012; Yamaguchi et al., 2012),
Hg (Carrasco-Gil et al., 2011, 2013; McNear et al., 2012), and Pb
(Tian et al., 2010; Chu et al., 2012). This technique allows direct
in situ metal speciation in plants, without any preliminary extrac-
tion or preparation (see reviews by Lombi et al., 2011; Donner
et al., 2012; Sarret et al., 2013). However, spectra are difficult to
interpret when more than two or three species are dominant,
and these techniques are generally used to confirm the presence
of known species rather than to find new ones (Monicou et al.,
2009). Furthermore, the applications of these techniques have
been usually restricted to tissues from metal hyper-accumulators,
due to the relatively low sensitivity (metal concentration should
be higher than 10 μg g−1 dry weight). In spite of that, some data
on metal speciation have been reported for sap and vasculature
tissues, although mainly in metal hyper-accumulator species. This
has been done for Zn in T. caerulescens (Salt et al., 1999; Küpper
et al., 2004; Trampczynska et al., 2010) and Sedum alfredii (Lu
et al., 2013), for Cd in Brassica juncea (Salt et al., 1995) and
Arabidopsis halleri (Huguet et al., 2012), and for Ni in Alyssum
murale (McNear et al., 2010). Recently, the use of highly brilliant
synchrotrons as X-ray sources has increased one order of mag-
nitude the sensitivity of EXAFS for trace elements (e.g., below
1 μg g−1 dry weight for Fe), thus allowing speciation of Fe in
tomato xylem sap (Terzano et al., 2013) and Cd around the vas-
cular bundles in node I -the one beneath the panicle- in Oryza
sativa (Yamaguchi et al., 2012). Unfortunately, artifacts can arise
from high intensity radiation damage to the sample (i.e., degrada-
tion of Fe(III) complexes with carboxylates and NA, as reported
in Terzano et al., 2013).

Recent advances in analytical techniques, and specifically in
MS, have enabled a new insight on metal speciation. The use of
highly selective and sensitive molecular and metal-specific MS
techniques has allowed the identification and quantification of
individual, well-defined metal species in plant tissues (including
metabolites and proteins), even at sub-nM levels (Meija et al.,
2006; Monicou et al., 2009). These approaches generally use
hyphenated techniques based on the separation of compounds by
high-resolution techniques [e.g., liquid chromatography (HPLC)
and capillary electrophoresis (CE)] and the determination of
the metals and/or metal complexes by MS techniques [includ-
ing inductively coupled plasma MS (ICP-MS), electrospray MS
(ESI-MS), and others]. These new methodologies (reviewed by
Monicou et al., 2009; Khouzam et al., 2012) offer unique advan-
tages for the de novo identification of metallo-metabolites occur-
ring at low concentrations, in particular in plant materials such
as plant fluids that do not require multi-step extraction from the
plant tissues. Metabolite structures can be elucidated using the
empirical formulas of the parent compound and fragment ions

(data provided by high-resolution and high-accuracy MS) and
the lineage of fragment ions observed in tandem MS or mul-
tistage MS (MSn). Furthermore, complexes with metals having
more than one stable isotope, such as Fe, Zn, Cu, Cd, and Hg,
provide metal-specific isotopic signatures that allow for identifi-
cation of MS signals corresponding to metal containing molecules
(see an example for metal-NA complexes in Rellán-Álvarez et al.,
2008). In the five past years, methods based on these analyti-
cal techniques have achieved the direct identification of several
metal complexes with possible relevance in long distance trans-
port, including carboxylate complexes with Fe(III) and Ni(II),
NA and PS complexes with Fe(III), Fe(II), Ni(II), Co(II), Mn(II),
Cu(II) and Zn(II), and His complexes with Cu(II) (Weber et al.,
2006; Xuan et al., 2006, 2007; Rellán-Álvarez et al., 2008, 2010;
Dell’mour et al., 2010; Köster et al., 2011a,b; Tsednee et al., 2012).
However, until now only a few of these metal-ligand complexes
have been really found in plant fluids (see below).

Another MS technique, high-precision multi-collection-ICP-
MS (developed 20 years ago), which yields high-precision mea-
surements of stable isotopes of transition elements (e.g., Fe, Cu,
and Zn), has allowed the study of their fractionation during plant
uptake and translocation (reviewed by von Blanckenburg et al.,
2009). This technique provides information on the mechanisms
involved in metal partitioning within the plant, but not on metal
speciation or specific binding environments. Recent studies on
fractionation of Fe and Cu stable isotopes, using plants relying
on Strategy I or II for Fe uptake, have revealed that both met-
als undergo redox cycling during root-to-shoot translocation in
Fe-deficient Strategy I plant species, but not in Strategy II ones
(Guelke-Stelling and von Blanckenburg, 2007, 2012; Kiczka et al.,
2010; Ryan et al., 2013). A recent in silico study predicted that
redox Fe changes affect Fe isotopic fractionation, with �56Fe
(56Fe/54Fe) being 3� heavier in Fe(III)-PS than in Fe(II)-NA
(Moynier et al., 2013). Even in the absence of redox Fe changes,
changes in speciation alone would create up to 1.5� differences
in �56Fe: Fe(III)-PS is up to 1.5� heavier than Fe(III)-Cit and
Fe(II)-NA is up to 1� heavier than Fe(II)-Cit (Moynier et al.,
2013). These estimations are in agreement with the fact that roots
of Strategy-II plants, which rely on Fe(III)-PS uptake, are iso-
topically heavier (by about 1�) than the shoots, where Fe had
presumably been transported as Fe(III)-Cit in the xylem or Fe(II)-
NA in the phloem. Isotopic variations observed between younger
and older leaves could also be explained by the occurrence of Fe
acquisition via xylem and phloem (Moynier et al., 2013). Zinc
sequestration in roots is mediated by a number of mass depen-
dent processes that favor the heavier isotopes, including binding
to cell walls, precipitation in intercellular spaces, binding to high
affinity ligands in the root cell and sequestration in the vacuole
(Aucour et al., 2011; Caldelas et al., 2011). Translocation pro-
cesses of Zn within the plant also lead to significant fractionation
of Zn stable isotopes, since shoots of several plant species were
enriched in light isotopes, with the tallest species showing the
largest fractionation in the youngest leaves (Moynier et al., 2009).
This effect can be modified by the Zn status in those Zn hyper-
accumulators that accumulate Zn mainly in the roots (e.g., A. hal-
leri), due to the large fractionation that occurs before shoot Zn’s
re-translocation.
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METALS IN PLANT FLUIDS
The study of long distance metal transport has traditionally
used differences in metal accumulation ratios (root to shoot
metal content ratios) within the plant, considering different sce-
narios (i.e., growth conditions, genotypes, etc.). Only recently,
high-throughput elemental analysis technologies have allowed the
characterization of the full ionome in a large number of lines of
several plant species (www.ionomicshub.org) (Baxter et al., 2008;
Singh et al., 2013). This information, in combination with bioin-
formatics and genetic tools, has yielded candidate genes coding
for transporters as well as gene networks involved in long distance
metal transport.

Direct analyses of metals in plant fluids have been carried out
in a number of studies, and their concentrations are generally
in the μM range (Table 1). Therefore, the use of sensitive ana-
lytical techniques such as graphite furnace atomic absorption
spectroscopy (GAAS) or inductively coupled plasma-mass spec-
trometry (ICP-MS) is mandatory for their determination. Prior
to the analyses and immediately after the sampling of plant flu-
ids, metals are usually stabilized in the solution by acidifying
it. To avoid metal cross-contamination, high purity acids (ultra
trace analysis quality grade) should be used for sample acidifica-
tion, and also for sample digestion and cleaning of all materials
(Husted et al., 2011; Ando et al., 2013). Concentrations found in
the xylem sap, phloem sap and leaf apoplastic fluid of different
plant species are in the ranges 4–168 μM for Fe, 0.5–245 μM for
Zn, 0.3–30 μM for Cu, 4–400 μM for Mn and nd–0.1 μM for
Cd and Ni (Table 1). These concentrations usually increase when
either the metals are in excess in the plant growth medium or
when plants (specially those genotypes known as metal stress tol-
erant) are treated with control metal concentrations after a period
of metal deficiency. In these cases concentrations may reach 120–
177 μM Fe in tomato xylem sap (Orera et al., 2010; Rellán-Álvarez
et al., 2010, 2011a), 148 μM Zn in sugar beet xylem sap (Sagardoy,
2012), 43 μM Cu in O. sativa phloem sap (Ando et al., 2013),
2300 μM Mn in O. sativa leaf apoplastic fluid (Führs et al., 2010)
and 1–100 μM Cd in O. sativa, B. vulgaris, and S. lycopersicum
(Mori et al., 2009; Kato et al., 2010; Sagardoy, 2012). Higher
concentrations of metals in plant fluids are also found in hyper-
accumulator species: up to 450 μM Ni (Mari et al., 2006) and
524 μM Zn (Lasat et al., 1998) in T. caerulense, up to 1750 μM
Ni in Alyssum lesbiacum (Kerkeb and Krämer, 2003) and up to
100 μM Cd and 486 μM Zn in A. halleri (Ueno et al., 2008)
(Table 1). Altered levels of metals in plant fluids are also found in
mutant genotypes as well as in transgenic plants overexpressing
or losing the function of either one or several gene components
of the uptake, sequestration or transport mechanisms (Nakamura
et al., 2008; Ishimaru et al., 2011; Sasaki et al., 2011). The addition
of protein synthesis inhibitors or ligands to the growth media has
also a large effect on the metal concentrations in plant fluids. For
instance, the addition of cycloheximide to the hyper-accumulator
A. lesbiacum led to a 70% reduction of the xylem sap Ni con-
centration, whereas the addition of His to the non-accumulator
B. juncea increased Ni in xylem sap (Kerkeb and Krämer, 2003).

Transport metal studies have also been approached using
radioactive or stable isotopes. Radioactive metal isotopes sup-
plied to plants can be detected by autoradiography, both at the

whole plant and/or organ level (Cakmak et al., 2000a,b; Erenoglu
et al., 2002). The application of 59Fe-citrate to source tissues of
pea plants showed that Fe is complexed prior to phloem loading
(Grusak, 1994). The high remobilization of 109Cd from the leaves
and stem to the maturing grain was associated with high accu-
mulation of Cd in durum wheat grain (Harris and Taylor, 2001).
A more recent example is the use of 109Cd autoradiography in
A. halleri (a Zn and Cd hyper-accumulator species) showing that
after 3 weeks an enrichment of the leaf petiole, central vein and
trichomes occurs, whereas after 9 weeks leaf edges were the most
Cd-enriched tissues and Cd concentrations were lower in regions
along leaf vascular bundles (Huguet et al., 2012). A visualiza-
tion of metals at the microscopic level can be obtained using thin
sections. For instance, 109Cd radioisotope imaging using 30-μm
thickness sections has demonstrated Cd xylem-phloem transfer
immediately after root uptake in O. sativa (Kobayashi et al., 2013).

The use of stable metal isotopes and highly selective and sen-
sitive ICP-MS detection has also allowed tracing long-distance
transport of metals within plants. Metal sources labeled with sta-
ble isotopes and applied to the roots or to leaves were used to
evaluate the translocation within the plant of 67Zn (Watmough
et al., 1999; Benedicto et al., 2011), 57Fe (Rodríguez-Castrillón
et al., 2008; Rojas et al., 2008; Orera et al., 2010), 54Fe (Orera et al.,
2010), and 207Pb (Watmough et al., 1999). Recently, the applica-
tion of stable isotopes combined with laser ablation ICP-MS has
allowed to localize and quantify the metal tracer together with
other metals in plant tissue thin sections. This has been applied
for the quantitative imaging of Cu and other essential elements
(such as K, Mg, Mn, P, S, and B) in the leaves of the Cu-tolerant
plant Elsholtzia splendens treated with 65Cu (Wu et al., 2009).
Whereas these are useful approaches for analyzing the spatial dis-
tribution or temporal changes of metals within the plant, only
a snapshot of the distribution of metal at a given moment can
be obtained. In contrast, the Positron-Emitting Tracer Imaging
System technique, PETIS, allows for real-time, image quantifica-
tion studies of the movement of elements in intact plants. The
uptake and translocation of metals has been investigated in sev-
eral graminaceous species using PET tracers 52Fe, 52Mn, 62Zn,
and 107Cd (Tsukamoto et al., 2006, 2009; Suzuki et al., 2008;
Fujimaki et al., 2010; Ishikawa et al., 2011). For instance, this tool
demonstrated the direct translocation of Fe from roots to young
leaves via phloem in H. vulgare (Tsukamoto et al., 2009).

LIGANDS IN PLANT FLUIDS
Organic ligands involved in xylem and phloem metal translo-
cation have been revealed mainly by physiological, genetic, and
molecular studies, with the exception of some recent studies
performing metabolite profiling using a combination of power-
ful analytical techniques (e.g., the LC-MS, GC-MS, and NMR
analyses of latex of the Ni hyper-accumulator tree Sebertia
acuminata by Callahan et al., 2008). Metal transport is associ-
ated with the occurrence in plant fluids of different classes of
metal ligands, including: (i) compounds with just only O atoms
as electron donors, such as different carboxylates (mainly Cit
and Mal but also some less known ones such as methylated
aldaric acid Callahan et al., 2008) and some ortho-dihydroxy
phenolic compounds (e.g., protocatechuic acid; Ishimaru et al.,
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Table 1 | Metal concentrations (in μM) in xylem sap, leaf apoplastic fluid and phloem sap in different plant species.

Species Stress Fe Mn Cu Zn Ni Cd References

XYLEM SAP

A. lesbiacumH Ni nd–1750S Kerkeb and Krämer, 2003

A. serpyllifoliumH Ni 1000S Alves et al., 2011

A. halleri H Cd 486S nd–100S Ueno et al., 2008

A. thaliana 5G–10 Durrett et al., 2007

B. vulgaris Fe 2S–6 López-Millán et al., 2000

Fe 2S–4–11SA Larbi et al., 2010

Fe 4S–15–30SA Orera et al., 2010

Zn 5–9S 20–148S Sagardoy, 2012

Cd 5–11S 20–26S <0.1–10S Sagardoy, 2012

B. carinata Cu 0.3–1S Irtelli et al., 2009

B. junceaH Ni 175S–500SA Kerkeb and Krämer, 2003

Cd nd–50S Salt et al., 1995

Cd nd–61S Wei et al., 2007a

B. napus Cd 10–15S 23–26S 0.6–4S 0.5–0.6S nd–12S Nakamura et al., 2008

Cd 0.7S–7 nd–11S Mendoza-Cózatl et al.,
2008

B. oleracea 11–80 9–70 Shelp, 1987

H. vulgare Fe 2S–30 8–58S 2–5S 5–20S Alam et al., 2001

Fe nd–100SA Kawai et al., 2001

G. leucopteris 20 4 0.6 14 Hocking, 1983

G. max Zn 1S–6 7S–10 1S–6S 3–28S White et al., 1981

N. glauca 11 4 2 22 Hocking, 1980

O. sativa 8G–14 Yokosho et al., 2009

Fe 4G,S–6S Yokosho et al., 2009

Fe 2S–11 Kakei et al., 2009

Cu 36S–40 107S–134–175S 5–9S 8–16S Ando et al., 2013

Cu 0.2G–1G–5 Deng et al., 2013

30G–100 8–9G nd Ishimaru et al., 2011

Cd 15GS–50S 8GS–8S 5GS–8S Ishimaru et al., 2011

Cd 40S–122S 12S–32S 0.1S–0.6S Yoneyama et al., 2010

Cd 3S–12S Kato et al., 2010

Cd <0.1–2S Uraguchi et al., 2009

P. communis Fe 0.5S–4 Larbi et al., 2003

P. persica Fe 1S–6 Larbi et al., 2003

S. lycopersicum Fe 10S–150SA Orera et al., 2010

Fe 5S–20–121SA Rellán-Álvarez et al., 2010

Fe 5S–15–177SA Rellán-Álvarez et al.,
2011a

Fe 4S–6S Terzano et al., 2013

Cu 13GSA–43 15–56GS 1G–6 2GSA–4G Pich and Scholz, 1996

Zn 3S–9 5S–7 1S–7 2–84S White et al., 1981

Zn 32–89GS 12–214GS Barabasz et al., 2012

Cd 2S–10 3–12S nd–95S Sagardoy, 2012

T. arvense Zn 15–100S Lasat et al., 1998

T. caerulenseH Zn 54–524S Lasat et al., 1998

Ni nd–450S Mari et al., 2006

LEAF APOPLASTIC FLUID

B. vulgaris Fe 3S–6 López-Millán et al., 2000

Fe 7S–19–65SA Larbi et al., 2010

H. vulgare Mn 11–22S Führs et al., 2010

O. sativa Mn 400–2300S Führs et al., 2010

Mn 150S–600GS Sasaki et al., 2011

(Continued)

www.frontiersin.org March 2014 | Volume 5 | Article 105 | 116

http://www.frontiersin.org
http://www.frontiersin.org/Plant_Nutrition/archive


Álvarez-Fernández et al. Long-distance metal transport in plants

Table 1 | Continued

Species Stress Fe Mn Cu Zn Ni Cd References

P. communis Fe 2S–5 López-Millán et al., 2001

S. lycopersicum Zn 2S–4GS 1S–8GS Barabasz et al., 2012

PHLOEM SAP

B. oleracea 4–76 78–245 Shelp, 1987

G. leucopteris 83 24 8 66 Hocking, 1983

N. glauca 168 16 19 243 Hocking, 1980

O. sativa Cu 54S–67–74S 7S–10 20S–30–43S 14S–22–24S Ando et al., 2013

Cd nd–18S Tanaka et al., 2007

Cd 50S–63S 34S–115S 0.1S–0.5S Yoneyama et al., 2010

Cd 1S–3S Kato et al., 2010

R. communis 40–64 8–12 16–28 40–74 Schmidke and Stephan,
1995

37 Schmidke et al., 1999

Specific cases are marked as follows: SHigh or low metal supply; AHigh or low metal supply in combination with a chemical (e.g., histidine, ABA, metal resupply);
GMutant or transgenic genotypes; and HHyper-accumulator plant species. nd: not detected.

2011); (ii) compounds with O and N atoms as electron donors,
such as amino acids (proteinogenic ones such as His and non-
proteinogenic ones such as NA) and PSs (e.g., MA and DMA);
and (iii) compounds with S atoms in which at least one of them
acts as an electron donor, such as Cys, S-containing peptides
(e.g., glutathione and their derivatives, PCs) and Cys-containing
proteins (e.g., metallothioneins).

Carboxylates are usually found in the μM-mM range in plant
fluids, whereas NA, DMA, His, PCs and others are generally in
the μM range (examples are given in Table 2). Difficulties in
determining ligands in plant fluids are inherent to their ability to
form metal complexes. The total concentration of ligand (often
very low) is distributed in different chemical forms: uncom-
plexed, complexed to different metals and even complexed to
specific metals in different stoichiometries. Therefore, to prevent
errors in ligand quantification, the conditions used during sample
extraction, treatment and analytical determination seek either the
complete dissociation of the existing metal-complexes (while pre-
venting the formation of new ones) or the quantitative formation
of the metal complexes [e.g., Fe(III)-PSs]. Also, derivatization of
the ligands may be used. An example of the latter is the use of
compounds such as fluorenylmethyloxycarbonyl to protect the
amino groups of NA by blocking ligand atoms involved in metal
complexation (these compounds also tag the ligand with a moiety
that favors its detection) (Wada et al., 2007).

Classical analytical methodologies for organic ligands were
based on direct HPLC-UV/VIS analyses for carboxylates (López-
Millán et al., 2000), NA (Pich et al., 1994), PSs (Alam et al.,
2001) and also for PCs (in the latter case, HPLC-UV/VIS is
used in combination with pre- or post-column derivatization
with UV/VIS-active tags, such as Ellman’s reagent). New method-
ologies, based generally on HPLC-ESI-MS, have been developed
using high resolution MS such as time-of-flight (TOF) MS for
carboxylates (Rellán-Álvarez et al., 2011b and references therein)
and NA and PSs (Wada et al., 2007; Kakei et al., 2009; Schmidt
et al., 2011), Fourier transform ion cyclotron resonance-MS for

NA and PSs (Weber et al., 2006), and quadrupole-TOF MS for
NA and PSs (Tsednee et al., 2012). Other techniques have also
been used, including CE coupled to UV/VIS (Xuan et al., 2007)
or MS detection (Dell’mour et al., 2010), and GC-MS (for NA
and/or PSs; Wirth et al., 2009; Rellán-Álvarez et al., 2011a).
Nicotianamine and PSs have been analyzed, either using previous
derivatization (Wada et al., 2007; Kakei et al., 2009; Schmidt et al.,
2011) or by direct analysis (Xuan et al., 2007; Tsednee et al., 2012).
In the case of PCs, analytical methods are also based on HPLC-
MS techniques using either molecular detection (HPLC-ESI-MS
and HPLC-ESI-MS/MS) or elemental detection (ICP-MS), and
are often combined with derivatization (reviewed by Wood and
Feldmann, 2012). For instance, N-(2-ferrocene-ethyl)maleimide
is an electroactive pre-column tag that yields thiol-PCs con-
jugates, which can be separated and quantified by ESI-MS or
ICP-MS detection, with detection limits for S at the nM level.

Quantification of ligands in plant fluids has been always done
using external calibration with or without internal standard-
ization. The latter is required when using HPLC-ESI-MS-based
technologies, because the degree of ionization of a given analyte
in different matrices can vary significantly and signal suppression
(or enhancement) commonly occurs. Ideally, an isotope-labeled
compound should be used as internal standard (IS) per each
analyte to achieve accurate quantification; however, since iso-
tope labeled compounds have a limited commercial offer and are
quite expensive, either one or two isotope-labeled compounds
or structural analogues are generally used. For instance, 13C-
labelled Mal and succinate have been used for quantification
of carboxylates (Rellán-Álvarez et al., 2011b). For quantification
of NA and PSs, different ISs, including structural NA analogs
such as nicotyl-lysine (Wada et al., 2007) and nicotine (Tsednee
et al., 2012), or 15N-labelled NA produced using a recombinant
Schizosaccharomyces pombe strain expressing NAS (Schmidt et al.,
2011) have been used.

Since many carboxylates have more than one carboxylate group
and some also have a α-hydroxycarboxylate binding center (i.e.,
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Table 2 | Metal ligand concentrations (malate and citrate in mM and the rest in μM) in xylem sap, leaf apoplastic fluid and phloem sap.

Species Stress Malate Citrate NA DMA His PCs References

XYLEM SAP

A. lesbiacumH Ni 40–500S Kerkeb and Krämer, 2003

A. serpyllifoliumH Ni 2S 0.5S nd Alves et al., 2011

A. deliciosa Fe 0.2–0.4S Rombolà et al., 2002

A. halleri H Cd 0.02S 0.3S 12S Ueno et al., 2008

A. thaliana 0.06G–0.09 Durrett et al., 2007

0.2–0.9G Schuler et al., 2012

B. vulgaris Fe 2–30S 0.2–5S nd–4S López-Millán et al., 2000

Fe 2–14S 1–3S Larbi et al., 2010

Zn 0.5C–2S 0.06–0.3S Sagardoy et al., 2011

B. carinata Cu 64–271S 17–140S Irtelli et al., 2009

B. junceaH Ni 40S–50 Kerkeb and Krämer, 2003

Cd 0.02–0.23S 0.01S–0.7 Wei et al., 2007a

B. napus Cd 0.7–0.9S 0.5–0.6S 66S–76 Nakamura et al., 2008

H. vulgare Fe 0.01–0.03S <0.01–0.02S 30–450S Alam et al., 2001

Fe 90S Kawai et al., 2001

Fe 0.8–5S 0.3–1.3S López-Millán et al., 2012

G. max Zn 0.04S–0.9 0.08S–1.5S 26S–62S White et al., 1981

N. glauca 10 Hocking, 1980

O. sativa 0.15–0.18G 0.05G–0.1 Yokosho et al., 2009

Fe 0.3S–0.4GS 0.1GS–0.2S Yokosho et al., 2009

Fe 10–18S 10–48S Kakei et al., 2009

Cu 0.08 28 34 Ando et al., 2013

P. communis Fe 0.1–3 0.03–0.5S Larbi et al., 2003

P. persica Fe 0.7–2S 0.05–0.8S Larbi et al., 2003

Q. suber Cd 1–2S 0.5–1.2S Gogorcena et al., 2011

S. lycopersicum Fe 0.6–4S 0.04–0.6S López-Millán et al., 2009

Fe 0.01–0.17S Rellán-Álvarez et al., 2010

Cu ndGS–20S Pich and Scholz, 1996

Zn 0.06S–0.8S <0.04S–0.3S 6S–18 White et al., 1981

Cd 0.1–0.3S 0.01S–0.03–0.06S Sagardoy, 2012

T. arvense Zn 0.1–0.3S nd 110–140S Lasat et al., 1998

Ni ndS–57 Persans et al., 1999

T. caerulenseH Zn 0.1–0.2S nd nd Lasat et al., 1998

T. goesingenseH Ni 8–18S Persans et al., 1999

LEAF APOPLASTIC FLUID

B. vulgaris Fe 0.7–2S 0.7–4S <1–4S López-Millán et al., 2000

Fe 0.2–4S Larbi et al., 2010

P. communis Fe 1.6S–2 0.8–1.8S López-Millán et al., 2001

PHLOEM SAP

C. maxima 1.6 2.1 Fiehn, 2003

L. texensis 5.5 1.1 Lattanzio et al., 2013

N. glauca 370 Hocking, 1980

O. sativa Cu >0.08 66 152 Ando et al., 2013

Cd >0.001–>0.002S 66–83S 152–176S nd–63S Kato et al., 2010

SHigh or low metal supply; GMutant or transgenic genotypes; and HHyper-accumulator plant species. Nd, not detected; NA, nicotianamine; DMA, 2’-deoxymugineic

acid; His, histidine; PCs, phytochelatins.

α-hydroxy acids such as Cit and Mal), they can act as mono- or
poly-dentate (bidentate and so on) ligands, and form complexes
with several metals (e.g., Fe, Mn, Cu, Ni, Zn, Pb, etc.). Carboxylates
with shorter chains or closely packed carboxyl groups with adja-
cent alcohol groups (α-hydroxy acids) form stronger complexes.

These characteristics, as well as the increases in carboxylate levels
found in some metal-stressed plants (Table 2), have supported
that carboxylates could be associated to long-distance metal trans-
port. For instance, Fe-deficiency causes a well-known increase in
carboxylate concentrations (mainly Cit) in xylem sap (Abadía
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et al., 2002; Rellán-Álvarez et al., 2010) and leaf apoplastic fluid
(López-Millán et al., 2000, 2001; Larbi et al., 2010). This occurs
not only in several Strategy I plant species (Table 2; Abadía et al.,
2002 and references therein; Rellán-Álvarez et al., 2010 and ref-
erences therein) but also in Strategy II plant species (Alam et al.,
2001; Yokosho et al., 2009; López-Millán et al., 2012), likely as
a result of an increased anaplerotic C fixation mediated by the
root phospoenolpyruvate carboxylase (López-Millán et al., 2000;
Andaluz et al., 2002; López-Millán et al., 2012). This increased
carboxylate flux in xylem sap would supply C to the Fe-deficient
foliage that is deprived of C skeletons (López-Millán et al., 2000,
2012) and could also increase Fe supply via formation of Cit com-
plexes with extracellular Fe pools (see below). This is in line with
the use of citric acid in industry for cleaning and prevention of the
clogging of pipes with colloidal and particulate Fe. An increased
activity of citrate synthase (CS) and/or an overexpression of CS
genes has been reported in plants grown with low Fe supply (e.g.,
Beta vulgaris López-Millán et al., 2000, Pyrus communis López-
Millán et al., 2001, A. thaliana Thimm et al., 2001, Actinidia
deliciosa Rombolà et al., 2002, S. lycopersicum López-Millán et al.,
2009, Pisum sativum Jelali et al., 2010, Malus xiaojinensis Han
et al., 2012 and citrus Martínez-Cuenca et al., 2013) and more
recently in M. xiaojinensis plants grown with excessive Fe supply
(Han et al., 2012). In fact, overexpression of an apple CS gene
increased tolerance to Fe stress (low and excessive Fe supply) in
transgenic A. thaliana and Nicotiana tabacum plants (Han et al.,
2012, 2013). Increases in xylem carboxylate concentrations have
also been described with other metal stresses, including excess of
metals in crop (e.g., Zn in sugar beet Sagardoy et al., 2011 and Cd
in tomato Sagardoy, 2012), and forest species (Cd in Quercus suber
Gogorcena et al., 2011), as well as in metal hyper-accumulators
(e.g., the Zn hyper-accumulator T. caerulescens Lasat et al., 1998,
the Cd hyper-accumulator genotype of B. juncea L. Wei et al.,
2007a and the Ni hyper-accumulator tree S. acuminata Callahan
et al., 2008). It has been hypothesized that the increases in xylem
carboxylates may constitute a general mechanism to cope with
situations causing reduced photosynthetic activity (Sagardoy et al.,
2011).

Catechols such as caffeic and protocatechuic acids are pheno-
lic compounds with two adjacent hydroxyl groups in the aromatic
ring, which have very high affinity for Fe(III). These compounds
are involved in long-distance transport of Fe in O. sativa, since the
mutant phenolics efflux transporter (pez1) had reduced concentra-
tions of Fe, protocatechuic and caffeic acids in the xylem, along
with increased root apoplasmic Fe (Ishimaru et al., 2011).

Histidine (His) is one of the strongest metal-coordinating lig-
ands among the proteinogenic amino acids, and has three metal
binding sites: carboxylate, α-amino and imidazole groups. The
coordination to metals through the latter group forms rigid bonds
and strong complexes, especially with Ni and Cu. However, evi-
dence for a role of His in long-distance metal transport in plants
is mostly related to Ni in the xylem of hyper-accumulators of the
genus Allysum. Histidine (in the μM-mM range) and Ni xylem
sap concentrations are significantly and linearly correlated in
several Alyssum Ni hyper-accumulators (such as A. lesbiacum) in
response to increased metal concentrations in the growth media
(Krämer et al., 1996). This increased xylem loading of Ni is

associated with constitutively higher root concentrations of His.
Moreover, exogenous applications of His to either the roots or
shoots of the non-accumulator plant species Alyssum montanum
and Brassica juncea greatly increases the root-to-shoot mobility
of Ni (Kerkeb and Krämer, 2003). In A. lesbiacum shoot His con-
centrations only increased when plants were exposed to Ni, and
the levels of transcripts of the enzymes of the His biosynthesis
pathway were constitutively higher in A. lesbiacum than in the
non-accumulator A. montanum, especially for the first enzyme in
the biosynthetic pathway, ATP-phosphoribosyltransferase (ATP-
PRT) (Ingle et al., 2005). Moreover, the overexpression of an
ATP–PRT cDNA in A. thaliana resulted in increases in shoot
His and Ni tolerance (Wycisk et al., 2004). However, it has been
recently reported that His does not play a role in Ni transloca-
tion in the xylem sap of Alyssum ssp. under field conditions (Alves
et al., 2011; Centofanti et al., 2013). The Ni-His complex could
occur in xylem sap under N-sufficient conditions, whereas under
N-limited conditions, such as those usually found in the field,
Ni translocation would occur as a free ion or complexed with
carboxylates (Alves et al., 2011).

Nicotianamine (NA) and related molecules such as PSs are
multi-dentate aminoacid chelators having more than one α-
aminocarboxylate binding centers, which confer high affinity not
only for Fe but also for other metals such as Zn, Cu, Mn, Ni, and
Cd. Nicotianamine has affinity for Fe(III) and Fe(II), whereas PSs
have an α-hydroxycarboxylate binding center that confers selec-
tivity for Fe(III). Nicotianamine is ubiquitous in higher plants
and present in all tissues, and is involved in plant metal trafficking
(Curie et al., 2009; Clemens et al., 2013). In the NA-free tomato
mutant chloronerva, which displays a strong interveinal chlorosis
in young leaves, the long-distance transport of Cu but not that
of Fe is impaired, indicating the importance of NA in Cu traf-
ficking (Pich and Scholz, 1996). Unlike NA, PSs are restricted to
grasses and secreted to the rhizosphere, and they are responsi-
ble for Fe and Zn acquisition (Suzuki et al., 2006). Both NA and
PSs form metal stable complexes at the pH values occurring in
plant fluids (von Wirén et al., 1999, 2000; Rellán-Álvarez et al.,
2008). Furthermore, hydroxylated PSs such as MA and epi-MA
have a higher affinity for Fe(III) than the non-hydroxylated DMA
at the pH values from 5 to 7 typical of xylem sap, and this repre-
sents a competitive advantage when moving through slightly acid
environments (von Wirén et al., 2000).

In xylem sap of O. sativa, NA and DMA concentrations are
in the ranges 10–20 μM and 10–50 μM, respectively (Kakei et al.,
2009), whereas in phloem sap higher concentrations were found,
in the range of 66–83 for NA and 152–176 μM for DMA (Kato
et al., 2010). Metal stresses caused increases in xylem sap NA or
PSs concentrations in several species, including MA and DMA
in Fe-deficient H. vulgare (Alam et al., 2001; Kawai et al., 2001),
DMA in Fe-deficient O. sativa (Kakei et al., 2009), and NA
in Cu-deficient Brassica (Irtelli et al., 2009) and Fe-deficient
Prunus persica (Rellán-Álvarez et al., 2011a). Nickel-induced NA
root-accumulation occurred in T. caerulescens, a Cd/Zn/Ni hyper-
accumulator, but not in T. arvense, and this suggests that NA
could be involved in Ni translocation via xylem in T. caerulescens,
resulting in a higher capacity to transport Ni to shoots (Mari et al.,
2006).
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Phytochelatins are oligomers of the tri-peptide glutathione (-
GluCysGly) and act as metal (Cd, Hg, Zn, and others) chelators
through the thiol (-SH) group of Cys. Phytochelatins form a
family of structures with increasing repetitions of the -Glu-Cys
dipeptide units, followed by a terminal Gly, (-Glu-Cys)n-Gly or
(-EC)n-Gly, where n generally ranges from 2 to 5 but can be
as high as 11. A number of structural variants have been iden-
tified in a wide variety of plant species, and different metals,
including Cd, Pb, Zn, and Hg, have been found to induce PCs
production (reviewed by Pal and Rai, 2010). The occurrence of
long-distance transport (either from shoot-to-root or from root-
to-shoot) of PCs and some intermediates of their biosynthesis
(e.g., γ-glutamylcysteine) during heavy-metal detoxification was
first shown with transgenic and grafted Arabidopsis plants where
PCs synthesis was restricted to specific tissues (Gong et al., 2003;
Chen et al., 2006; Li et al., 2006). However, the direct determina-
tion of PCs in plant fluids has only been achieved more recently:
glutathione and PCs were found in the phloem of Cd-treated
B. napus (by HPLC coupled to both fluorescence and ESI-MS;
Mendoza-Cózatl et al., 2008) and O. sativa (by CE-MS; Kato
et al., 2010), and As-treated R. communis (by HPLC-ESI-MS; Ye
et al., 2010). Lower concentrations of PCs (or trace levels) were
found in the xylem of B. napus (Mendoza-Cózatl et al., 2008) and
R. communis (Ye et al., 2010), suggesting that phloem is the major
vascular system for PC-facilitated long-distance metal transport.

Proteins can also be involved in metal transport in fluids. A
significant fraction of metals has been associated with the high
molecular weight fraction in the phloem sap of R. communis (Fe
Krüger et al., 2002) and O. sativa (Cu Ando et al., 2013 and
Cd Kato et al., 2010). Among metal-binding proteins, metalloth-
ioneins (MTs) are low molecular weight (5–10 kDa), Cys-rich
proteins, which are able to bind a variety of metals by the forma-
tion of mercaptide bonds with the numerous Cys residues present
in the proteins (see review by Freisinger, 2011). Metallothioneins
are implicated in several processes related to metal homeostasis,
detoxification, distribution, and redox regulation, in particular
under normal (non-stressed) physiological conditions. Evidence
supports its role as metal carriers, mainly in the phloem sap.
An up-regulation of MTs in H. vulgare was found during senes-
cence (when metal remobilization occurs from senescing leaves),
heavy metal treatments and Cu deficiency (Heise et al., 2007).
Metallothioneins have been reported to occur in the phloem of
Apium graveolens (Vilaine et al., 2003), R. communis (Barnes et al.,
2004), O. sativa (Aki et al., 2008) and L. texensis (Lattanzio et al.,
2013), when grown under non-stressed conditions. The induc-
tion of MTs (MT1) expression in leaf veins (and to a lesser extent
in mesophyll cells) in response to Cu stress in A. thaliana sug-
gest that this MT could be important for scavenging Cu in leaf
veins (García-Hernández et al., 1998). Also, in hyper-accumulator
plants, MTs could help detoxify the excess Cu accumulated by the
high expression of the Cd/Zn ATPase HMA4 (Leitenmaier and
Küpper, 2011, 2013).

CHALLENGES ANALYZING METAL COMPLEXES IN PLANT
FLUIDS
Several challenges are faced when studying metal speciation in
plant fluids, because of the changes in metal speciation that may

occur at sampling and/or during storage, and especially dur-
ing sample preparation, separation and determination (Husted
et al., 2011). Challenges when attempting the analysis of the
metal chemical form(s) existing in a plant fluid occur because:
(i) dynamic metal–ligand systems such as those in plant fluids
inevitably include labile or transient metal species; (ii) biochem-
ical processes such as enzymatic activities may cause degradation
of metal complexes, (iii) metal species occur in plant fluids at very
low concentrations (in the μM range; see below; Table 1), (iv) the
metal complex distribution strongly depends not only on pH, but
also on the metal-to-ligand ratios (Weber et al., 2006; Xuan et al.,
2006, 2007; Rellán-Álvarez et al., 2008). The latter is specially
important in plant fluids, since unlike stable metal chelates with
the hexadentate ligands NA and PSs, which always occur with 1:1
stoichiometry, many of the known metal ligands existing in xylem
and phloem saps (e.g., amino acids and carboxylates) may act as
bi- and tri-dentate ligands, resulting in numerous metal-ligand
species with different stoichiometries and charge states (see exam-
ples for Fe-Cit complexes in Silva et al., 2009; Rellán-Álvarez et al.,
2010). For instance, in a solution with a 1:2 Fe:Cit ratio and pH
4, up to thirteen different Fe-Cit species were detected in aqueous
solution by ESI-MS, whereas only two species occurred in a solu-
tion prepared at 1:100 Fe:Cit ratio at the same pH (Silva et al.,
2009). Also, even for stable metal species, ligand exchange reac-
tions may occur (altering the actual composition of the sample) at
any step previous to detection, due to the presence of competing
ligands and/or redox mediators. Ligand exchanges have already
been reported in the cases of Fe(III)-NA (with Cit; Rellán-Álvarez
et al., 2008) and Fe(III)-DMA (with NA; Weber et al., 2006).
Some of these challenges are especially critical in separation-based
methods (e.g., HPLC, CE), because the separation of the free lig-
and does change the metal-to-ligand ratio, and also because the
pH may change considerably when organic solvent modifiers are
used (Rellán-Álvarez et al., 2008, 2010; Köster et al., 2011a).

Sampling and storage procedures (temperature, light, etc.),
can be considered as key aspects to preserve the metal species
occurring in samples during the whole analytical process
(reviewed by Mesko et al., 2011). Temperature needs to be as low
as possible to reduce metal species transformation. For this pur-
pose, lyophilization and shock-freezing in liquid N are the most
common procedures used to preserve metal species in fluids. The
latter is considered the safest technique to prevent metal species
changes because it can be performed immediately at the sampling
site and also because sample is stored in an inert gas atmosphere.
Light can cause changes in metal speciation because it can induce
electron transfer reactions affecting the stability of the metal com-
plexes and also the structural integrity of the ligands. For instance,
photochemical reduction of Fe(III) complexes with ligands such
as di- and tri-carboxylic acids is well known (Bennett et al., 1982),
and are accompanied by oxidative decarboxylation of the ligand.
This issue could limit the use of irradiation with high intensity
synchrotron X-rays for metal speciation (Terzano et al., 2013).

Finally, accurate quantification of metal species, generally per-
formed either on-line or off-line after separation, is currently
carried out using metal (ICP-MS) or molecular (ESI-MS) detec-
tion, in combination with isotope dilution analysis (IDA) that
requires the use of an isotopolog of the analyte. When ICP-MS
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is used, a stable isotope of the metal is added after the separation
of the metal complexes. For instance, Rellán-Álvarez et al. (2010)
used 57Fe post-column addition to quantify Fe-Cit species in
tomato xylem sap. When molecular detection such as ESI-MS
is used, the isotopolog should be either a metal complex with
a stable isotope-labeled ligand, or alternatively a structural ana-
logue of the ligand. As mentioned above, the limited supply of
stable isotope labeled ligands is an additional constraint for metal
speciation.

METAL SPECIES IN XYLEM SAP
Most of the studies exploring the chemical forms of metal com-
plexes in plant fluids have been conducted using xylem sap. Metals
occurring in the xylem sap may be preferentially complexed by the
more acidic carboxylic acids (existing at concentrations from 2 to
9 mM in the xylem) rather than the much more basic amino acids
(existing at concentrations from 1 to 3 mM in the xylem) due to
the relatively acidic pH of this fluid, which is generally in the pH
range from 5 to 6.5 (Harris et al., 2012).

A Fe(III)-Cit complex [tri-Fe(III), tri-Cit complex (Fe3Cit3)]
was found for the first time in the xylem sap of tomato, using an
integrated HPLC-MS approach, consisting in hydrophilic inter-
action liquid chromatography (HILIC) coupled to both ICP-MS
and ESI-MS(TOF), combined with the use of stable isotope (54Fe)
labeling; the identification was based on exact molecular mass,
isotopic signature, Fe determination and retention time (Rellán-
Álvarez et al., 2010). Citrate had been considered for many
years a likely candidate for Fe xylem transport, but the possible
Fe-Cit species in the xylem sap were only predicted from the co-
migration of Fe and Cit during paper electrophoresis of xylem
sap (Tiffin, 1966) or from in silico calculations (von Wirén et al.,
1999; López-Millán et al., 2000, 2001; Rellán-Álvarez et al., 2008).
The Fe3Cit3complex was only found in xylem samples with Fe
concentrations above 20 μM (the limit of detection for the com-
plex), such as those in Fe-deficient plants after Fe-resupply. The
complex could not be detected in Fe-deficient and control plants,
which have lower xylem sap Fe concentrations. The existence of
other Fe-Cit complexes is likely, and the complex Fe2Cit2 was also
detected in Fe-Cit standards along with Fe3Cit3, with the alloca-
tion of Fe between the two complexes depending on the Fe:Cit
ratio. Since in plant xylem sap a wide range of Fe to citrate ratios
could exist, it is likely that both Fe(III)-Cit species could occur
in different conditions (Rellán-Álvarez et al., 2010). Later, other
Fe-Cit species were found along with Fe3Cit3 in H. vulgare leaf
extracts using HILIC coupled to high-resolution Fourier trans-
form ion cyclotron resonance (FT-ICR) MS (Köster et al., 2011a).
More recently, the Fe speciation in tomato xylem sap was assessed
for the first time using XANES on a highly brilliant synchrotron
(PETRA III, beamline P06; Terzano et al., 2013). Although this
study confirmed the occurrence of Fe(III)-Cit and also found
Fe(III)-acetate complexes in xylem sap, the authors indicated that
complexes found could be artifacts as a result of the high inten-
sity radiation used. Studies with FRD mutants (i.e., Atfrd3 and
Osfrdl1), which lack a protein responsible for efflux of Cit in
cells of the xylem vasculature, also support the role of Cit as
a major ligand responsible for Fe complexation (Durrett et al.,
2007; Yokosho et al., 2009). These mutants showed leaf chlorosis

and low levels of Fe in xylem and leaves, as well as decreased Cit
levels of in the xylem sap. Taken together, all these studies support
that Fe-Cit is responsible for the translocation of an important
fraction of Fe to the shoot, and that FRD mediated-Cit efflux
is required to sustain normal rates of root–shoot Fe delivery.
More recently, it was shown that FRD mediated-Cit efflux is also
a major player in mobility of Fe in inter-cellular spaces lacking
symplastic connections (Roschzttardtz et al., 2011).

The possible role of NA in long-distance Fe transport in the
xylem is still being explored (Curie et al., 2009). However, strong
evidence supports that this amino acid is not essential for xylem
Fe transport: the NA-deficient tomato mutant chloronerva does
accumulate Fe in old leaves (Pich et al., 1994) and the A. thaliana
NA synthase (NAS) quadruple mutant (with low levels of NA)
also accumulates Fe in leaves (Klatte et al., 2009). Until now, Fe-
NA chelates have not been detected in xylem sap (Rellán-Álvarez
et al., 2010), and in silico and/or in vitro speciation studies tend
to exclude NA as a possible xylem Fe carrier at the slightly acidic
pH values typical of xylem (von Wirén et al., 1999; Rellán-Álvarez
et al., 2008). However, it has been recently suggested that NA
may play a role in long distance transport of Fe when carboxy-
lates are in short supply, as it occurs in FRD mutants (Schuler
et al., 2012) or in plant species with less acidic xylem such in
field-grown Prunus persica trees (where the xylem sap pH is in
the range from 6.5 to 7.5 Larbi et al., 2003; Rellán-Álvarez et al.,
2011a). The most accepted role of NA is in intra-organ Fe distri-
bution, where this ligand could be crucial for xylem Fe unloading.
Iron distribution within leaves is impeded in the tomato mutant
chloronerva (Pich et al., 1994) that also showed a lower presence
of Fe(II) ions in the veins when leaves were analyzed by XANES
(Yoshimura et al., 2000). This suggests that the occurrence of Fe
as Fe(II)-NA complex in leaf veins is crucial for the intra-organ
Fe allocation (Yoshimura et al., 2000). No transporter responsible
for moving Fe-complexes into the xylem sap has been conclusively
identified so far, but it has been suggested that Fe-NA could be
effluxed into the xylem by a yellow-stripe-like (YSL) transporter
(Colangelo and Guerinot, 2006). Regarding PSs, only a minor
peak assigned to Fe(III)-DMA was found in press sap from the
roots of Fe-deficient wheat plants by HILIC-ESI-MS (Xuan et al.,
2006).

The Zn species present in the xylem are still an open ques-
tion (Clemens et al., 2013). Three studies tackling Zn speciation
in xylem sap were carried out using EXAFS or XANES with the
hyper-accumulators T. caerulescens (Salt et al., 1999; Monsant
et al., 2011) and S. alfredii (Lu et al., 2013). In all cases, although
the major fraction of Zn consisted in free hydrated Zn2+ ions,
the remaining fraction was coordinated with carboxylates such
as Cit and Mal. The occurrence of Zn-Cit in xylem sap was also
predicted by in silico studies in non hyper-accumulator species
(White et al., 1981; Mullins et al., 1986). However, other EXAFS
study indicated that most of the Zn in petioles and stems of
T. caerulescens is present as Zn-His (Küpper et al., 2004) and
a recent study (including the re-evaluation of previous EXAFS
spectra from this species) proposes His as a Zn ligand within
cells and NA as Zn chelator involved in long distance trans-
port (Trampczynska et al., 2010). In a recent room temperature
XANES study with T. caerulescens intact plants, Zn-His and
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Zn-phytate complexes were found in roots, whereas Zn(II)-Mal
and Zn(II)-Cit were the major species in shoots (Monsant et al.,
2011). In vitro metal exchange experiments also support the exis-
tence of the complex Zn(II)-NA in the xylem sap (Rellán-Álvarez
et al., 2008). It has also been speculated that Zn would be asso-
ciated with S ligands in Cys, GSH or PCs in hyper-accumulators
(Milner and Kochian, 2008). In the Zn hyper-accumulator A. hal-
leri, suppression of NA synthase (NAS2) resulted in strongly
reduced NA root accumulation, and a concomitant decrease in
root-to-shoot translocation of Zn (Deinlein et al., 2012). This
study found NA and thiols as the dominant Zn ligands in the low
molecular weight fraction of root extracts by using size-exclusion
chromatography (SEC)-ICP-MS combined with off-line ESI-MS
ligand detection in the Zn-containing LC fractions. The overex-
pression of A. thaliana ZINC-INDUCED-FACILITATOR1 (ZIF1)
altered the subcellular partitioning of NA, which was accumu-
lated in roots, and led to a Zn accumulation in roots at the
expense of shoots (Haydon et al., 2012). This indicates that
the formation of Zn(II)-NA could be responsible for Zn hyper-
accumulation. However, the complex Zn(II)-NA has never been
found in the xylem sap yet. In grasses, a Zn(II)-DMA complex
was detected in press sap from roots of Fe-deficient wheat plants
using HILIC-ESI-MS (Xuan et al., 2006).

The Cu(II)-DMA complex has been recently been found in
xylem sap of O. sativa (Ando et al., 2013). The Cu(II)-DMA
complex was identified by SEC combined with both off-line Cu
determination (using GFAAS) and off-line molecular detection
of the complex by ESI-MS, based on exact molecular mass and
isotopic signature. In this study, the Cu, NA, and DMA xylem
sap concentrations were 5, 28, and 34 μM, respectively (the molar
ratio DMA:Cu was ca. 7). The same complex was already found
in press sap from roots of Fe-deficient wheat plants, both using
HPLC-MS (Xuan et al., 2006) and CE and UV-VIS detection
(Xuan et al., 2007). The presence of Cu(II)-DMA is not unex-
pected, since it has a quite high stability constant (18.7; Murakami
et al., 1989). Nicotianamine and DMA are present in comparable
concentrations in the xylem, but Cu(II)-NA has not been found
in xylem sap so far, in spite of having a similar stability constant
to that of Cu(II)-DMA (18.6; Callahan et al., 2006). A preferen-
tial Cu complexation by DMA vs. NA was already predicted by
in silico speciation (von Wirén et al., 1999). In plant species other
than grasses, the low leaf Cu concentration found in the NA-free
tomato mutant chloronerva is in strong support that Cu(II)-NA
is involved in xylem Cu transport (Pich and Scholz, 1996). The
EXAFS spectra of T. caerulescens shoots also suggested the pres-
ence of Cu(II)-NA (Mijovilovich et al., 2009). Further support
for the role of NA in xylem Cu transport was obtained when the
NA aminotransferase gene from H. vulgare was introduced into
the non-graminaceous plant N. tabacum. When compared to wild
type, these transgenic plants showed decreased Cu concentration
in young leaves and flowers (Takahashi et al., 2003), attributable
to the depletion of endogenous NA. The occurrence of a Cu-His
complex has been reported in the xylem sap from the Ni hyper-
accumulator A. lesbiacum by EXAFS (Krämer et al., 1996) and
in H. vulgare leaf aqueous extracts by HILIC-FT-ICR/MS (Köster
et al., 2011a).

Long-distance Ni transport has been demonstrated in hyper-
accumulators (Allysum and Thlaspi species) coordinated with
several ligands, including different carboxylates (e.g., Cit, Mal,
etc.) and amino acids (e.g., NA and His). An in depth study
of Ni ligands using a combination of advanced MS and NMR
techniques in the latex of the Ni hyper-accumulator tree S. acumi-
nata revealed the presence of Ni in complexes with methylated
aldaric acid and Cit (Callahan et al., 2008). In this latex, contain-
ing 26% dry matter of Ni, Ni(II) was forming complexes of 1:2
stoichiometry [Ni(II):carboxylate] with these two carboxylates as
well as with Mal, aconitate, erythronate, galacturonate, tartarate,
aconitate, and saccharate. A Ni(II)Cit2 complex (accounting for
99.4% of the Ni) was previously identified in an aqueous extract
of S. acuminata using SEC monitorized on-line with ICP-MS,
followed by off-line ESI-MS/MS analyses of the Ni-containing
SEC-fractions (Schaumlöffel et al., 2003). In leaf extracts of sev-
eral New Caledonia Ni hyper-accumulator plant species, Ni-Cit
complexes were also found as the most prominent Ni contain-
ing ions detected by SEC-ESI-MS/MS (Callahan et al., 2012). In
another Ni hyper-accumulator, A. murale, EXFAS studies indi-
cated that Ni was found coordinated with Mal, His and other
low molecular weight compounds in the plant sap and vascula-
ture (McNear et al., 2010), and an in silico speciation study of
the xylem sap of the hyper-accumulator A. serpyllifolium pre-
dicted approximately 18% of Ni bound to organic acids (Alves
et al., 2011). However, a detailed study of the metal and ligand
concentration in the xylem sap of Alyssum species treated with
Ni for long periods indicated that most of the Ni in xylem sap
of this species is present as the hydrated cation, and that the
increases in His and other chelators may constitute only a short
term response (Centofanti et al., 2013). The Ni(II)-NA complex
is quite stable (log K = 16.1) and accordingly Ni has also been
found complexed by NA in hyper-accumulators as well as model
plant species. Nickel(II)-NA was found in the xylem sap (Mari
et al., 2006) and plant extracts (Vacchina et al., 2003; Ouerdane
et al., 2006) of T. caerulescens, in a water extract of the latex
in S. acuminata (Schaumlöffel et al., 2003), and in leaf extracts
of New Caledonia Ni hyper-accumulator plant species (Callahan
et al., 2012), using SEC-ESI-MS/MS or SEC in combination with
ICP-MS detection and off-line ESI-MS/MS. In Arabidopsis xylem
sap, the Ni(II)-NA complex was also detected using both HPLC-
MS (Xuan et al., 2006) and CE coupled to UV-VIS (Xuan et al.,
2007). On the other hand, studies on natural variation among
Arabidopsis accessions indicated that a Ni(II)-Mal complex may
also be involved in translocation of Ni from roots to shoots
(Agraval et al., 2013).

In the case of toxic metals such as Cd, complexation with
organic ligands in xylem vessels may not be necessary, because
toxicity exerted in this apoplastic, extracellular system is low and
may not require a metal detoxification strategy. In fact, using
113Cd NMR analysis combined with a stable isotope (113Cd)
labeling technique, Cd was found as an ionic form in A. halleri
xylem sap (Ueno et al., 2008). However, several EXAFS spec-
troscopy studies indicate that Cd is coordinated with O or N
ligands in B. juncea xylem sap (Salt et al., 1995) and with O
in aerial parts of T. caerulescens (Küpper et al., 2004), A. halleri
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(Huguet et al., 2012) and T. praecox (Vogel-Mikus et al., 2010).
In roots of B. juncea, a possible coordination of Cd with S lig-
ands was also reported (Salt et al., 1995), with the bond length
being similar to that of a purified Cd(II)-PC complex, support-
ing the occurrence of Cd(II)-PC complexes in plants (Salt et al.,
1995). The occurrence of Cd association with PCs in the xylem
sap of B. juncea has been proposed using SEC and off-line metal
GFAAS, and using the retention times of several Cu-complexes
with low molecular weight ligands (including PCs, GSH, Cys,
organic acids, and inorganic anions) as a mean for identification
(Wei et al., 2007b).

The chemical form of Al in xylem sap has been identi-
fied as the Al-Cit complex using 27Al-NMR analysis in several
Al hyper-accumulators, including Fagopyrum esculentum (Ma
and Hiradate, 2000), Melastoma malabathricum (Watanabe and
Osaki, 2001) and Camellia sinensis (Morita et al., 2004). Since
Al in roots was as an Al-oxalate (1:3) complex, ligand exchange
from oxalate to Cit should occur in these plant species (Ma and
Hiradate, 2000; Watanabe and Osaki, 2001).

METAL SPECIES IN PHLOEM SAP
The distribution of micronutrients to developing organs of plants
depends to a great extent on phloem transport. Unlike xylem,
phloem consists of columns of living cells. Metals are sparingly
soluble at the alkaline pH values typical of the phloem sap (pH
range from 7 to 8), and they are also highly reactive species, with
some of them such as Fe undergoing easily changes of valence
that favor the production of highly reactive oxygen species via
Fenton reactions. Therefore, metal complexation with appropri-
ate ligands can provide solubility and shielding during phloem
transport of metals to the nutrient sinks.

In the phloem sap of O. sativa, Fe has been found predom-
inantly (77%) associated with high molecular weight molecules
(using a 3 kDa membrane filter; Nishiyama et al., 2012). In this
study, Fe-containing compounds or complexes of 10–30 kDa and
the Fe(III)-DMA complex were detected in the phloem sap using
anion exchange HPLC separation followed by an identification
based on Fe determination and the comparison of the retention
time with those of standards, in combination with exact molecu-
lar mass and Fe isotopic signature obtained using ESI-MS(TOF).
A protein capable to bind Fe was described in the phloem sap of
R. communis (ITP; Iron Transport Protein; Krüger et al., 2002)
using two-dimensional gel electrophoresis protein separation (2-
DE SDS-PAGE) followed by electro-blotting to PVDF membranes
and staining of Fe-containing proteins with Ferene. Recently, two
more low molecular weight Fe-binding proteins were also identi-
fied in L. texensis phloem sap using a similar approach combined
with Fe affinity chromatography, although none of them are con-
sidered candidates for Fe transport (Lattanzio et al., 2013). The
Fe(II)-NA complex has not been found so far in the phloem sap,
although in silico and/or in vitro studies support that the Fe-NA
complex is likely to occur at the neutral to basic pH values of
the phloem sap (von Wirén et al., 1999; Rellán-Álvarez et al.,
2008), and YSL transporters able to transport Fe-NA complexes
have been described in Arabidopsis and O. sativa phloem vas-
cular tissues (Curie et al., 2009). Perhaps NA is only important
in Fe phloem loading (Schuler et al., 2012), and once in that

compartment Fe may be transported in another form such as
bound to proteins.

Almost all Zn in the O. sativa phloem sap was found associated
with low molecular weight molecules when a 3 kDa membrane fil-
ter was used as a cut-off (Nishiyama et al., 2012). In this study, Zn
was identified as the Zn(II)-NA complex, using SEC and off-line
Zn determination and off-line ESI-MS, based on exact molecular
mass, isotopic signature, and retention time. In L. texensis phloem
sap, four low molecular weight Zn-binding proteins were iden-
tified using 2-DE SDS-PAGE, nanoLC-MS/MS and Zn affinity
chromatography, one of them being a metallothionein-like pro-
tein type 2B, but they were not considered as good candidates for
Zn transport (Lattanzio et al., 2013).

Regarding Cu, the phloem sap of O. sativa has been shown
to contain the complexes Cu(II)-NA, Cu(II)-His and high-
molecular-weight compounds >3 kDa (the latter being at least
30% of the total Cu) (Ando et al., 2013). Copper(II)-NA and
Cu(II)-His were identified using SEC combined with both off-line
Cu determination by GFAAS and molecular detection of the com-
plex in the major Cu-containing fractions. Copper-containing
proteins detected in phloem sap so far include Cu/Zn-superoxide
dismutase, a Cu-chaperone (CCH homolog) and several MTs in
O. sativa (Aki et al., 2008) and L. texensis (Lattanzio et al., 2013).

A Cd-containing complex has not been directly identified in
the phloem sap so far. However, 90% of the Cd in the phloem sap
from Cd-treated O. sativa plants was found in a complexed form
using SEC-ICP-MS (Kato et al., 2010). Based on the elution times
of in vitro prepared Cd-complexes with glutathione and several
PCs and on the changes caused on Cd elution by sap digestion
with proteinase K, it was proposed that Cd was found associated
with a 13 kDa protein and SH-containing compounds. Cadmium
has also been associated with S in the phloem and companion cells
of A. thaliana using energy-dispersive X-ray microanalysis (van
Belleghem et al., 2007). This, along with the occurrence of PCs in
phloem of Cd-treated plants (see above) suggest the occurrence
of Cd-PC complexes in the phloem sap.

Much less information is available on the chemical forms
of other metals in the phloem sap. In R. communis, Mn was
detected in association with low molecular peptides (van Goor
and Wiersma, 1976), while Ni was shown to be complexed with
negatively charged organic compounds with a molecular weight
in the range of 1000–5000 Da (Wiersma and van Goor, 1979).

METAL SPECIES IN OTHER FLUIDS
The ESL is a fluid that facilitates metal transport from the seed
coat to the embryo. Iron speciation in isolated P. sativum ESL
was achieved using an integrated analytical approach, combin-
ing XANES, HILIC-ICP-MS, and HILIC-ESI-MS (Grillet et al.,
2014). The application of the XANES technique indicated that
most of the Fe was present as Fe(III), probably associated to
carboxylates—although the XANES spectra of Fe-Cit and Fe-Mal
could not be distinguished—with only a minor amount of Fe(II)
species being present. Most (88%) of the Fe occurring in the
ESL was found as the species Fe(III)3Cit2Mal2, Fe(III)3Cit3Mal
(both are mixed ligand species) and Fe(III)Cit2; only a minor
amount of Fe(II)-NA was found using HILIC separation cou-
pled to the two cited MS detectors. Metal species were identified
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based on elution time, Fe determination, exact mass determi-
nation, isotopic signature, and MS2 fragmentation pattern of
the Fe species as identification tools. Pea embryos are capable
of reducing Fe(III) in these complexes by effluxing to the ESL
high amounts of ascorbate that chemically reduce Fe(III) from
the Fe-Cit and Fe-Mal complexes. Ascorbate efflux also occurs
in A. thaliana embryos and is significantly decreased, along with
Fe concentrations, in ascorbate deficient mutants (Grillet et al.,
2014). These data provide support for a new local Fe transport
system that may play a major role to control Fe loading in seeds
in dicotyledonous plants.

Apoplastic fluid composition is determined by the balance of
import via xylem, absorption by cells, and export by phloem,
and plays important roles in the transport and storage of min-
eral nutrients (Sattelmacher, 2001). However, as far as we know,
there are no reports tackling direct metal speciation on apoplastic
fluids. In silico calculations have been carried out to speciate Fe
in leaf apoplastic fluid of B. vulgaris (López-Millán et al., 2000;
Larbi et al., 2010) and field-grown P. communis (López-Millán
et al., 2001) using experimental concentrations of Fe, inorganic
ions, carboxylates, sugars and amino acids measured from flu-
ids isolated from Fe-sufficient and Fe-deficient plants. In both
plant species, Fe was predicted to occur in the leaf apoplastic
fluid as Fe-Cit complexes, with FeCitOH and Fe(III)Cit2 being
the major species. The effect of Fe deficiency altered the bal-
ance between these two Fe-Cit species and the contribution of
Fe(III)Cit2 increased with Fe deficiency in B. vulgaris, whereas in
P. communis Fe(III)Cit2 was lower in Fe-deficient trees.

SUMMARY AND CONCLUDING REMARKS
The new developments in MS techniques and the increased use of
X-ray spectroscopy methods at synchrotron facilities have permit-
ted the discovery of a number of natural metal species (ca. 19) in
xylem and phloem saps (Figure 1; clear symbols). Moreover, evi-
dence supporting the occurrence in such fluids of further putative
metal species (ca. 15) has been provided by means of physio-
logical studies, many of them applying molecular biology tools
(Figure 1; faded symbols). Approximately 50% of the confirmed
metal species and 27% of the putative ones have been reported
in the xylem sap of plants (mostly hyper-accumulators) treated
with high metal supply including Zn, Ni, and Cd. The second
most abundant group of metal species has been described in
the phloem sap of plants (including grasses) grown at low and
adequate metal supply, and accounts for 37% of the confirmed
metal species and 33% of those considered putative. This second
(phloem) group includes mainly species containing Fe and Cu.
Metal carboxylate complexes have always been found in xylem,
whereas metals associated with proteins or high molecular weight
compounds have been reported in phloem. Complexes with high
affinity metal ligands (e.g., NA for Cu and Zn, PSs for Fe and
PCs for Cd) have been commonly found in phloem sap, where
complexation is needed to ensure metal solubility at the exist-
ing high pH as well as to avoid uncontrolled binding of metals in
living cells, ensuring metal transport and delivery to sinks. Also,
high affinity metal ligands have been found as metal carriers in
the xylem sap when plants are grown with low or high metal
supply. When metal availability is scarce, organic ligand-assisted
xylem transport (e.g., Fe complexed by carboxylates or DMA)

can increase transport efficiency, because complexation ensures
metal delivery, while avoiding unwanted reactions and scaveng-
ing any metal pools occurring in the apoplast. Under conditions
of high metal supply, organic ligand-assisted xylem transport
(e.g., Ni-NA or Cd-PCs) may attenuate the toxicity derived of
the exceptionally high metal concentrations as well as to ensure
a correct delivery of other metals.

Most of the knowledge on metal complexes in xylem
and phloem has been gained using plants (mostly hyper-
accumulators) grown on hydroponics with either a short-time
excess metal supply treatment or with a established metal defi-
ciency followed by a short-time metal re-supply treatment (the
latter in the case of Fe or Zn). Since these conditions are far from
the natural ones, some of the reported metal species can differ
from the actual complexes existing in plants in natural conditions
(Centofanti et al., 2013). The reason to use such growth condi-
tions is to force upwards the metal concentrations usually found
in plant fluid samples (which rarely are >50 μM; Table 1). These
low concentrations make particularly challenging the speciation
of metals in plant fluids in natural conditions. Also, plant fluids
contain ions, sugars, proteins and other biomolecules along with
the metal of interest and the rest of metals. This leads to a delicate
balance among several metal species, which can include free metal
ions and metal complexes having a great diversity of size, charge,
and stability. Therefore, the direct analysis of the metal species in
plant fluids requires of highly conservative (avoiding any alter-
ation of sample that can damage metal species), sensitive and
selective analytical techniques. Unfortunately, none of different
techniques available comply with all of these characteristics.

X-ray spectroscopy methods are non-invasive and apparently
conservative, although damage of the sample can occur, but they
are much less sensitive than ICP-MS and much less selective than
ESI-MS/MS. In contrast, MS-based techniques need to be com-
bined with separation methodologies that are inherently invasive
since they carry out the separation of the sample in fractions of
different characteristics (e.g., molecular size in SEC), and this can
significantly affect the distribution of metal chemical forms, par-
ticularly in the case of weak metal complexes specially sensitive
to changes in pH and ligand-to-metal ratios. For these reasons,
metal species found using MS techniques usually require confir-
mation using alternative separation methods to validate the actual
existence of such metal-complexes in the samples, and sometimes
alternative detection methods (e.g., NMR of isolated fractions)
are needed to elucidate identity. Ultimately, the occurrence of the
metal complexes identified via MS should be also confirmed in
intact samples with XAS methods. On the other hand, the use
of X-ray spectroscopy methods requires having pure standards of
putative metal species, because data interpretation relies on linear
combination fitting procedures where the sample spectra is fitted
using those of standard compounds. Also, XAS techniques can
hardly give any information on well-defined metal species when
the sample contains several species with similar XANES spectra
(e.g., metal complexes with carboxylates). Therefore, XAS also
needs complementary techniques (e.g., ESI-MS/MS) to provide
putative metal species as well as to confirm the correct identity of
the metal species occurring in the samples.

The path of any given metal to its final destination (e.g.,
the chloroplast) involves transport across multiple membranes
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FIGURE 1 | Schematic representation showing the metal species

found in the xylem and phloem saps of non-grass (upper panels)

and grass plant species (lower panels) grown at low and adequate

metal supply (left panels) or at high metal supply (right panels).

Metals occurred in free ionic forms and in complexes with different
ligands such as nicotianamine (NA), 2′-deoxymugineic acid (DMA),

carboxylates (e.g., citrate), histidine (His), phytochelatins (PCs) and
proteins. Putative metal species proposed to occur in plant fluids as
supported by strong evidence from indirect approaches (e.g., molecular
biology and others) are shown with faded symbols. ∗Most of the data
with high metal supply have been described in metal hyper-accumulator
plant species.

mediated by different transporter proteins and most likely metal
complexation by different ligands in each compartment within
the path. Although a complete picture of this complex process is
still lacking even for one metal, an increasingly more complete
and accurate knowledge of the metal species in plant fluids would
be achieved performing studies that integrate molecular biology
approaches, untargeted analyses of plant fluids using complemen-
tary MS-based and NMR techniques, and targeted XAS methods.
The limits of detection and quantification of the techniques actu-
ally used are still far from ideal to analyze fluids coming from
plants grown in natural conditions, and therefore more analytical
efforts are required to completely decipher the metal species
transported in plant fluids.
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Nutrient deficiency in soil poses a widespread agricultural problem. Boron (B) is an
essential micronutrient in plants, and its deficiency causes defects in both vegetative
and reproductive growth in various crops in the field. In Arabidopsis thaliana, increased
expression of a major borate transporter gene AtBOR1 or boric acid channel gene AtNIP5;1
improves plant growth under B-deficient conditions. In this study, we examined whether
high expression of a borate transporter gene increases B accumulation in shoots and
improves the growth of tomato plant, a model of fruit-bearing crops, under B-deficient
conditions. We established three independent transgenic tomato plants lines expressing
AtBOR1 using Agrobacterium-mediated transformation of tomato (Solanum lycopersicum
L. cv. Micro-Tom). Reverse transcription-polymerase chain reaction (RT-PCR) analysis
confirmed that two lines (Line 1 and Line 2) more strongly expressed AtBOR1 than Line 3.
Wild-type plants and the transgenic plants were grown hydroponically under B-sufficient
and B-deficient conditions.Wild-type and Line 3 (weakly expressing transgenic line) showed
a defect in shoot growth under B-deficient conditions, especially in the development of
new leaves. However, seedlings of Line 1 and Line 2, the transgenic lines showing strong
AtBOR1 expression, did not show the B-deficiency phenotype in newly developing leaves.
In agreement with this phenotype, shoot biomass under low-B conditions was higher in
the strongly expressing AtBOR1 line. B concentrations in leaves or fruits were also higher
in Line 2 and Line 1. The present study demonstrates that strong expression of AtBOR1
improved growth in tomato under B-deficient conditions.

Keywords: AtBOR1, boron-deficiency, nutrient, tomato, transgenic, transporter

INTRODUCTION
Boron (B) is an essential micronutrient for plants (Waring-
ton, 1923). B mediates cross-linking of rhamnogalacturonan-II
(RG-II), a component of the pectic polysaccharide, and proper
formation of the RG-II dimer is essential for maintenance of the
cell wall structure and plasticity (Hu and Brown, 1994; Matoh
et al., 1996; O’Neill et al., 1996, 2001). Hence, B is important for
root elongation (Kouchi and Kumazawa, 1975), leaf expansion
(Kirk and Loneragan, 1988; Huang et al., 1996; Dell and Huang,
1997), viable pollen grain production, and pollen tube elonga-
tion (Garg et al., 1979; Cheng and Rerkasem, 1993). B-deficient
growth conditions impair vegetative and/or reproductive growth
(Dell and Huang, 1997; Shorrocks, 1997), and B-deficiency has
been observed in various agricultural soils, which limits crop
production globally (Shorrocks, 1997). Application of B fertil-
izer is one approach to grow crops under B-deficient conditions
in the field (Schon and Blevins, 1990), but excess B is also
toxic to plants (Nable et al., 1997). A narrow B concentration
range exists between deficient and toxic levels for plants, which
complicates B fertilizer application (Francois, 1984; Gupta et al.,
1985; Schon and Blevins, 1990). Thus, understanding the plant

B transport mechanisms is important to improve B nutrition of
crops.

Passive diffusion was believed to be the major process
of transmembrane B transport prior to the identification of
B-transporting molecules (Takano et al., 2008). Physiological evi-
dence of preferential B transport is suggestive of the contribution
of transporter molecules to B transport in plants (Dannel et al.,
2000; Matoh and Ochiai, 2005; Uraguchi and Fujiwara, 2011). In
Arabidopsis thaliana roots, AtNIP5;1, a boric acid channel, plays
a role in B uptake (Takano et al., 2006). AtBOR1, an efflux B
transporter, mediates xylem loading of B (Takano et al., 2002).
Another A. thaliana B transporter, AtBOR2, contributes to RG-II
dimer formation in roots subjected to limited B environments
(Miwa et al., 2013). AtNIP6;1, another boric acid channel in A.
thaliana, mediates preferential B distribution to developing leaves
under B-deficiency (Tanaka et al., 2008). These findings suggest
that long-distance B delivery and local B distribution/supply are
important for plant growth under B-deficient conditions.

Using the identified transporters, transgenic plants tolerant to
low-B conditions have been generated by artificially upregulating
expression of B transporters in A. thaliana plants. Overexpression
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of AtNIP5;1, a boric acid channel for root B uptake, and/or
AtBOR1, an efflux B transporter for xylem loading, improves
the vegetative and reproductive growth of A. thaliana under
B-deficient conditions (Miwa et al., 2006; Kato et al., 2009). The
generation of B-deficiency-tolerant A. thaliana plants suggests that
upregulating B-transporter expression can improve the growth of
crops under B-deficiency.

AtBOR1 homologous genes have been isolated from crops such
as rice (Nakagawa et al., 2007; Tanaka et al., 2013), grapevine
(Pérez-Castro et al., 2012), wheat (Leaungthitikanchana et al.,
2013), and Brassica napus (Sun et al., 2012). In addition,
B-deficiency-tolerant cultivars of rice, maize, and wheat show
increased BOR1 transcript levels (Leaungthitikanchana et al.,
2014). This indicates that BOR1 homologs are highly conserved in
crops and can be used to improve B-deficiency-tolerance. How-
ever, the effects of overexpressing BOR1 on B-deficiency-tolerance
have not been examined in crops.

In this study, we introduced the AtBOR1 gene into a tomato
model cultivar (Solanum lycopersicum L. cv. Micro-tom) and
established AtBOR1-overexpressing tomato plants. Tomato is a
model plant of fruit-bearing crops. The occurrence of B-deficiency
in tomato cultivation fields has been reported in several coun-
tries from Europe, Asia, South America, and Africa (Shorrocks,
1997). We examined the growth and B accumulation in these
plants subjected to different B conditions. Two independent lines
strongly expressing AtBOR1 showed normal leaf development,
even under B-deficient conditions, and higher B accumulatioin
in shoots/fruits compared with non-transgenic tomato plants.
These results suggest that upregulating B-transporter expression
may improve the growth of fruit-bearing crops under B-deficient
conditions.

MATERIALS AND METHODS
PLANT MATERIAL AND CONSTRUCTION
Seeds of tomato cv. Micro-Tom, a dwarf tomato culti-
var (Scott and Harbaugh, 1989) were obtained from Kazusa
DNA Research Institute (Chiba, Japan) and University of
Tsukuba (Ibaraki, Japan). A plasmid carrying the CaMV 35S
RNA promoter (P35S):AtBOR1 was constructed for the trans-
formation of tomato plants based on hygromycin selection.
The P35S:AtBOR1 fragment of pTF469 (Miwa et al., 2006)
was amplified by polymerase chain reaction (PCR) using the
primers 5′-CACCAGATTAGCCTTTTCAATTTCAG-3′ and 5′-
GATCTAGTAACATAGATGACACCGC-3′. The amplified frag-
ment was subcloned into pENTR/D-TOPO (Invitrogen, Carlsbad,
CA, USA). P35S:AtBOR1 was then subcloned into pMDC99 (Cur-
tis and Grossniklaus, 2003) using the LR recombination reaction.
The resulting plasmid was named pHH104.

PLANT TRANSFORMATION
pTF469 and pHH104 were used for transformation of tomato
plants to obtain plants expressing AtBOR1. Kanamycin (Wako
Pure Chemicals, Osaka, Japan) and hygromycin (Roche Diag-
nostics, Basel, Switzerland) were used for selecting the trans-
formants carrying pTF467 and pHH104, respectively. Agrobac-
terium-mediated transformation of Micro-Tom was performed as
described previously (Sun et al., 2006) with minor modifications.

Briefly, for hygromycin selection, 5 mg/L of hygromycin
was added to the callus induction and shoot induction
media. Antibiotic selection was not applied during the rooting
step.

PCR-BASED CONFIRMATION OF THE T-DNA INSERTION
Genomic DNA was extracted from the leaf (about 5 mg) as
described previously (Kasajima et al., 2004). Obtained DNA was
used as template to confirm T-DNA integration into the genome
by PCR. Primers specific to AtBOR1 and NOS-terminator in
the T-DNA were designed as 5′-CGTGGAAACCGTTCCATTC-
3′ and 5′-GCCAAATGTTTGAACGATCGG-3′, and were used to
amplify the T-DNA fragment. Tomato EST SGN-E341940 was
selected as a gene with homology to AtACTIN2 (At3G18780)
and was referred to as the Actin-like gene. The primers spe-
cific to Actin-like were 5′-TGTTGCTATTCAGGCTGTGC-3′ and
5′-AATCACGACCAGCAAGATCC-3′.

REVERSE TRANSCRIPTION (RT)-PCR ANALYSIS
Seeds of non-transgenic and transgenic plants (T1) were ger-
minated on vermiculite and grown for 14 days (22◦C, 16 h
light/8 h dark). T-DNA insertion was then examined by PCR
as described above. PCR-positive transgenic plants and non-
transgenic plants were transferred to MGRL hydroponic solu-
tion (Fujiwara et al., 1992) containing 100 μM boric acid.
The solution was replaced weekly. Fourteen days after trans-
fer, roots of the plants were harvested for RNA extraction.
Total RNA was extracted using the RNeasy Plant Mini Kit
(Qiagen, Hilden, Germany). The RNase-Free DNase Kit (Qia-
gen) was used to eliminate DNA contamination. Reverse tran-
scription was conducted using PrimeScript RT reagent Kit
(Takara Bio, Shiga, Japan). PCR was performed using obtained
cDNA as template. Primers 5′-AATCTCGCAGCGGAAACG-
3′ and 5′-TGGAGTCGAACTTGAACTTGTC-3′ were used for
AtBOR1 expression analysis. The expression of the Actin-like
gene was also examined as a control using the primers described
above.

PLANTS CULTURED UNDER DIFFERENT B SUPPLIES
Plants were incubated at 25◦C under a 16 h light/8 h dark cycle.
Seeds of non-transgenic and transgenic plants (T1) were sown
on vermiculite and grown for 19 days, after which the T-DNA
insertion was examined by PCR as described above. PCR-positive
transgenic plants and non-transgenic plants were transferred to
MGRL hydroponic solution supplemented with 0.1 or 100 μM
boric acid. The solution was renewed twice a week for the 0.1 μM
boric acid treatment and once a week for the 100 μM boric acid
treatment.

DETERMINATION OF BORON CONCENTRATIONS IN PLANT TISSUES
To determine the shoot B concentration, whole shoots were har-
vested after 20 days of hydroponic culture and then dried at
60◦C for at least 3 days. After determination of total shoot dry
weight, samples were acid-digested and subjected to inductively
coupled plasma mass spectrometry (ICP-MS; SPQ-9000, Seiko
Instruments Inc., Chiba, Japan) for quantifying the B concentra-
tion (Takano et al., 2002). Plants were also grown hydroponically
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until fruit ripening and harvest. After drying and acid digestion, B
concentrations in the fruits were determined by ICP-MS.

STATISTICAL ANALYSES
To verify the statistical significance of differences among the lines,
the data were analyzed using the Student’s t-test (p < 0.05).

RESULTS
GENERATION OF TRANSGENIC TOMATO EXPRESSING AtBOR1
After several batches of transformation, 11 independent candidate
lines were obtained. Among them, three lines showed good fertility
and more than 100 seeds were obtained from each line. These three
lines were used for the following experiments. Genomic DNA
was extracted from a leaf of regenerated plants (T0). The T-DNA
integration into the genome was examined on these plants by PCR
analysis using the specific primers for T-DNA (Figure 1A). All
tested regenerated T0 plants showed a band at the expected size.
No band corresponding to the T-DNA fragment was obtained
from non-transgenic plants using PCR. The Actin-like gene was
used as a positive control and all plants (including non-transgenic
plants) showed a band at the expected size. These results indicated
that the regenerated plants contained the T-DNA insertion in their
genome. These three lines were named L1, L2, and L3.

Reverse transcription-polymerase chain reaction analysis was
conducted to investigate whether the introduced AtBOR1 gene was
expressed in these transgenic lines (Figure 1B). AtBOR1 expres-
sion was clearly observed after 20 cycles of PCR in L1 and L2,
whereas no signal was detected in non-transgenic plants and L3.
A relatively weak signal of AtBOR1 was obtained from L3 after 30
cycles of PCR compared to L1 and L2, but not from non-transgenic
plants. These results suggest that introduced AtBOR1 is expressed
relatively strongly in L1 and L2 compared to L3.

FIGURE 1 | Establishment of transgenic tomato expressing AtBOR1.

(A) Genomic DNA was extracted from non-transgenic (NT) and regenerated
T0 plants (L1, L2, and L3). PCR was performed using genomic DNA as a
template with primers specific to the T-DNA or tomato Actin-like gene.
pHH104 was also used as a control for T-DNA. (B) Total RNA was extracted
from the roots of non-transgenic plants (NT) and transgenic T1 plants (L1,
L2, and L3). Semiquantitative RT-PCR was performed using primers
specific to AtBOR1 or the Actin-like gene.

TRANSGENIC TOMATO PLANTS WITH STRONG EXPRESSION OF
AtBOR1 DID NOT SHOW B-DEFICIENCY SYMPTOMS UNDER LOW-B
GROWTH CONDITIONS
To investigate the effect of heterologous AtBOR1 expression on
growth of tomato plants under B-deficiency, non-transgenic plants
and three transgenic T1 lines were grown hydroponically in the
presence of 0.1 or 100 μM boric acid. Experiments were performed
with at least four replications and representative individuals are
shown in Figure 2. Under B-sufficient conditions (100 μM B),
shoot growth and development were normal in all tested lines
(Figures 2A,D,G,J), although L3 showed relatively small shoots
(Figure 2J) compared to other samples (Figures 2A,D,G). Phe-
notypic differences among lines were clear under the low-B
conditions (0.1 μM B). In non-transgenic plants under the low-B
conditions, shoot growth was retarded compared to the control
(Figures 2A,B). Curly leaves were observed and development
of newly growing leaves was often inhibited by the B-deficient
treatment (Figure 2C). These phenotypes were also observed
in L3 subjected to the low-B treatment (Figures 2K,L), but not
observed in L1 and L2 plants (Figures 2E,F,H,I). In L1 and L2,
development of new leaves was normal, even under the low-B
condition (Figures 2F,I). These results indicated that heterolo-
gous expression of AtBOR1 increases tolerance of tomato plants
to B-deficiency stress.

ENHANCED BORON ACCUMULATION IN TOMATO PLANTS EXPRESSING
AtBOR1 UNDER THE LOW-B GROWTH CONDITION
Shoot dry weight and B concentration were measured after 20 days
of hydroponic culture under the B-sufficient and B-deficient con-
ditions. L1 was not tested in this experiment due to the limited
seed numbers. Shoot dry weight of L2, which showed improved
B-deficiency-tolerance (Figures 2H,I), was slightly higher than
those of the non-transgenic plants and L3, although not signifi-
cantly (Figure 3A). This tendency was not observed in the 100 μM
boric acid treatment.

The B concentration in shoots was compared among the lines
(Figure 3B). Under the low-B treatment, shoot B concentra-
tion was 1.4-fold higher in L2 than in non-transgenic plants
and L3. When plants were supplied with 100 μM boric acid, B
accumulation in shoots did not differ significantly between the
non-transgenic plants and L2. L3 tended to accumulate less B
than non-transgenic plants.

We also examined fruit yields of non-transgenic and transgenic
plants. In all lines, low-B treatment impaired fruit yield; however,
no consistent result was obtained due to the large variation among
plants (data not shown). We next measured B concentration in
fruits harvested from the plants grown under B-sufficient and B-
deficient conditions (Figure 4). For the low-B treatment, the fruits
of L1 accumulated significantly higher B than non-transgenic
plants (Figure 4A). Fruit B concentration under the B-deficient
condition appeared higher in L2 than in non-transgenic plants,
although the difference was not significant. This tendency of an
increased B concentration in L1 and L2 was not observed under B-
sufficient conditions (Figure 4B). The B concentrations in fruits of
L3 was relatively lower than in non-transgenic plants under both
B treatments. These results suggest that B accumulation in shoots
and fruits is enhanced in the stronger AtBOR1 expression lines.
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FIGURE 2 | Shoot development of transgenic tomato plants

expressing AtBOR1 under B-deficiency and sufficiency.

Non-transgenic (NT) plants (A–C), transgenic plants L1 (D–F), L2 (G–I),
and L3 (J–L) were grown for 15 days with a hydroponic solution

supplied containing 100 μM (control) or 0.1 μM (low-B) boric acid.
Representative plants under control (A,D,G,J) and low-B (B,E,H,K)

conditions and their developing leaves under low-B conditions (C,F,I) are
shown.

DISCUSSION
As discussed in a recent review (Schroeder et al., 2013), regulation
and manipulation of plant membrane transporters can be used
to improve crop production under various soil-derived stresses
such as aluminum toxicity and nutrient deficiency. B-deficiency
occurs in various fields globally (Shorrocks, 1997). Based on the
molecular mechanisms of B transport, we generated A. thaliana
plants tolerant to low-B conditions by upregulating B-transporter
genes (Miwa et al., 2006; Kato et al., 2009). Increased expres-
sion of AtNIP5;1 and/or AtBOR1 significantly improved vegetative
and reproductive growth of A. thaliana with limited B supply.
Since the concentration range between B-deficiency and toxicity
is rather narrow in many plants, improper B fertilization can lead

to an excess dosage and negatively affect crop growth (Francois,
1984; Gupta et al., 1985; Schon and Blevins, 1990). Therefore,
as established in A. thaliana, molecular breeding of crops with
enhanced B-transport activity is a promising approach to address
B-deficiency (Miwa et al., 2006; Kato et al., 2009). However, no
attempt has been made to establish B-deficiency-tolerant crops by
enhancing BOR1 expression.

In this study, tomato was selected as a test plant because it
is a common model of fruit-bearing crops. The occurrence of
B-deficiency has been reported for tomato cultivation in many
countries (Shorrocks, 1997). Genotypic variation of B-uptake
activity and B-deficiency-tolerance among tomato cultivars has
been observed (Brown and Jones, 1971; Bellaloui and Brown,

Frontiers in Plant Science | Plant Nutrition April 2014 | Volume 5 | Article 125 | 135

http://www.frontiersin.org/Plant_Nutrition/
http://www.frontiersin.org/Plant_Nutrition/archive


Uraguchi et al. Generation of boron-deficiency-tolerant tomato

FIGURE 3 | Shoot dry weights and B concentrations in transgenic

tomato plants expressing AtBOR1 under B-deficiency and sufficiency.

Non-transgenic (NT) and transgenic (L2 and L3) plants were grown for
20 days in a hydroponic solution containing 0.1 or 100 μM boric acid. Shoot
dry weight (A) and B concentration in shoots (B) were measured. Values
represent the means ± standard deviation (n = 3–4). An asterisk indicates
significant differences from non-transgenic plants (Student’s t -test,
p < 0.05).

1998), which indicates that enhancement of B-transport efficiency
confers B-deficiency-tolerance in tomato. B-deficiency symptoms
of tomato plants are represented by shoot growth inhibition, curly
and yellowish leaves of young seedlings, and defects in quality
fruit setting during the reproductive growth stages (Johnston and
Fisher, 1930; Brown and Jones, 1971; Yamauchi et al., 1986).

In the present study, wild-type tomato plants showed retarded
whole shoot growth, curled leaves, and abnormal and poor devel-
opment of new leaves in the presence of 0.1 μM boric acid
(Figures 2A–C and 3A). These phenotypes are typical B-deficiency
symptoms reported in early tomato seedlings, suggesting that
our experimental condition was suitable for evaluating the effects
of AtBOR1 overexpression in young tomato plants grown under
limited B availability. We performed several batches of transfor-
mation experiments and obtained three independent transgenic
tomato lines carrying P35S-AtBOR1 (Figure 1A) with substantial
seed yields. Expression analysis of introduced AtBOR1 in these

lines demonstrated that L1 and L2 were strongly expressing lines
and L3 was a rather weakly expressing line (Figure 1B). These
strongly expressing lines did not show severe B-deficiency symp-
toms, which were observed in non-transgenic plants as well as in
weakly expressing L3 (Figure 2). Furthermore, shoot and fruit B
accumulation under the low-B conditions significantly increased
in L1 and L2, respectively, compared to non-transgenic plants,
but not in L3 (Figures 3B and 4A). These results suggest that

FIGURE 4 | Fruit B concentrations in transgenic tomato plants

expressing AtBOR1 under B-deficiency and sufficiency. Non-transgenic
(NT) and transgenic (L1, L2, and L3) plants were grown in a hydroponic
solution supplied with 0.1 or 100 μM boric acid until fruit setting. Fruits
were harvested from plants grown under 0.1 μM (A) or 100 μM (B) B
treatment. B concentrations in the fruits were measured using ICP-MS.
Values represent the means ± standard deviation (n = 3–4). An asterisk
indicates significant differences from the non-transgenic plants (Student’s
t -test, p < 0.05).
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enhanced expression of a B transporter improves the root-to-shoot
translocation of B in tomato under low-B availability, which con-
tributes to maintaining proper shoot development. Since the effect
of AtBOR1 expression on yield remains unclear due to the consid-
erable variation observed under our hydroponic conditions, this
should be further examined with an improved cultivation system
and moderate B-deficiency conditions.

Optimal B concentrations in culture media are narrow, and
overdose of B leads to increased B accumulation in plant tissues
and plant growth inhibition (Francois, 1984; Gupta et al., 1985;
Schon and Blevins, 1990). Excess B increases DNA damage, which
may cause B toxicity in plants (Sakamoto et al., 2011). Concen-
trations of B in shoot and fruits under B-sufficient conditions
were similar between the non-transgenic and AtBOR1-expressing
plants (Figures 3B and 4B). Growth under the 100 μM boric acid
condition was comparable among the non-transgenic and trans-
genic plants (Figures 2 and 3A), suggesting that overexpression of
AtBOR1 has a negligible adverse effect on tomato young seedlings
under B-sufficient conditions. In A. thaliana roots, AtBOR1 pro-
tein levels are regulated by post-translational mechanisms, and
protein degradation is promoted under B-sufficient conditions
through ubiquitination of AtBOR1 (Takano et al., 2005; Kasai
et al., 2011). This regulation of AtBOR1 likely prevents B overac-
cumulation in plants. In fact, AtBOR1-overexpressing A. thaliana
accumulates wild-type levels of B under excess B treatments (Miwa
et al., 2006). In this study, we examined the effects of heterolo-
gous AtBOR1 expression in tomato, but similar mechanisms may
regulate AtBOR1 levels in tomato under B-sufficient conditions.

CONCLUSION
In the present study, we established transgenic tomato plants toler-
ant to B-deficient environments by upregulating a B-transporter
gene. Since B-deficiency is a serious issue in various crop pro-
ductions, our findings suggest that application of AtBOR1 or its
ortholog to crop breeding may improve growth under B-deficient
cultivation conditions.
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Manganese (Mn), an essential trace element, is important for plant health. In plants, Mn
serves as a cofactor in essential processes such as photosynthesis, lipid biosynthesis
and oxidative stress. Mn deficient plants exhibit decreased growth and yield and are
more susceptible to pathogens and damage at freezing temperatures. Mn deficiency
is most prominent on alkaline soils with approximately one third of the world’s
soils being too alkaline for optimal crop production. Despite the importance of Mn
in plant development, relatively little is known about how it traffics between plant
tissues and into and out of organelles. Several gene transporter families have been
implicated in Mn transport in plants. These transporter families include NRAMP (natural
resistance associated macrophage protein), YSL (yellow stripe-like), ZIP (zinc regulated
transporter/iron-regulated transporter [ZRT/IRT1]-related protein), CAX (cation exchanger),
CCX (calcium cation exchangers), CDF/MTP (cation diffusion facilitator/metal tolerance
protein), P-type ATPases and VIT (vacuolar iron transporter). A combination of techniques
including mutant analysis and Synchrotron X-ray Fluorescence Spectroscopy can assist
in identifying essential transporters of Mn. Such knowledge would vastly improve our
understanding of plant Mn homeostasis.

Keywords: manganese, metal transport, Arabidopsis, rice, synchrotron x-ray fluorescence

INTRODUCTION
With an increasing human population, there is a growing demand
for improvements in crop production. Mineral nutrients such
as iron (Fe), copper (Cu), and zinc (Zn) are essential for both
plants and animals, but maintaining optimal micronutrient lev-
els presents challenges in both the plant and animal kingdoms.
To combat human nutrient deficiency, efforts are being made to
increase the bioavailability of nutrients in the edible portions of
plants (Schroeder et al., 2013). Another concern is contamina-
tion of the soil with non-essential metal(oid)s such as arsenic
(As), lead (Pb), cadmium (Cd), and mercury (Hg) (Salt et al.,
1998). These elements are detrimental to both plants (through
direct uptake from the soil) and humans (through consumption
of contaminated plant products). One strategy for remediating
soil contaminated with metals is using hyperaccumulator plants,
which can tolerate and store remarkably high levels of metals
in the aerial portion of the plant (Kramer, 2010). Mn is an
example of an element that is both required in humans but can
potentially be toxic. In excess, Mn can induce neurological symp-
toms that resemble Parkinson’s disease (Martinez-Finley et al.,
2013). Therefore, reducing human exposure to high levels of Mn
is a major worldwide health concern. By better understanding
the molecular mechanisms, specifically which transport proteins
allow plants to take up and store metals, steps can be taken toward
improved crop growth and the engineering of biofortified plants
for improved human nutrition.

This review will focus on the micronutrient Mn. Despite its
importance in cellular processes, such as photosynthesis and pro-
tecting cells against reactive oxygen species (ROS), little is known
about transporters essential for Mn uptake and storage in the cell.
We describe common and emerging techniques for assaying Mn
localization and accumulation within the plant. In addition, we
detail the protein families implicated in Mn transport. Particular
emphasis will be placed on the model plant species Arabidopsis
thaliana and Oryza sativa (rice), on which the majority of char-
acterization work has been carried out. The transporter families
will be organized based on their putative function of transporting
Mn into or out of the cytoplasm. Table 1 summarizes the trans-
porters discussed in this review. The subcellular localization (in
A. thaliana and rice) and tissue localization (in A. thaliana) of the
transporters is shown in Figures 1 and 2, respectively.

SYMPTOMS OF Mn DEFICIENCY AND Mn TOXICITY
Mn is a micronutrient element required for normal plant growth
and development. It is essential for most photosynthetic organ-
isms as a component of the oxygen-evolving complex in photo-
system II (PSII), which catalyzes the water-splitting reaction to
produce oxygen and provides electrons for the photosynthetic
electron transport chain (Goussias et al., 2002; Nickelsen and
Rengstl, 2013). Mn is also required for multiple steps in car-
bohydrate, lipid and lignin biosynthesis in plants (Marschner,
2012). Mn acts as a direct cofactor of a variety of enzymes
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Table 1 | Putative Mn transporters referenced in the text.

Transporter Tissue expression Subcellular

localization

Transcript

response to Mn

deficiency

Transcript

response to

Mn toxicity

Other

proposed

substrates

References

NRAMP FAMILY

AtNRAMP1 Root (all tissues) > shoot PM Up in root - - Fe, Cd Curie et al., 2000;
Thomine et al., 2000;
Cailliatte et al., 2010

AtNRAMP3 Shoot and root
vasculature, developing
seed

VM None - - Fe, Cd Thomine et al., 2000

AtNRAMP4 Shoot vasculature > root
vasculature, developing
seed

VM None - - Fe, Zn, Cd Thomine et al., 2000

OsNRAMP3 Nodes > root and leaf
vasculature, panicle,
husk, flower

PM None None (PTM) Yamaji et al., 2013

OsNRAMP5 Root exodermis and
endodermis

PM None – Cd Ishimaru et al., 2012;
Sasaki et al., 2012

DMTI Root, leaf, stems PM/peri-
bacteroid
membrane

- - - - Fe, Zn, Cu Kaiser et al., 2003

LeNRAMP1 Root VM - - - - Bereczky et al., 2003

LeNRAMP3 Root > shoot VM - - - - Bereczky et al., 2003

YSL FAMILY

AtYSL4 Shoot, silique, root,
flower, developing seed

VM/EM/CM None - - Ni, Fe** Conte et al., 2013; Divol
et al., 2013

AtYSL6 Shoot, flower, silique,
developing seed

VM/EM/CM None - - Ni, Fe** Conte et al., 2013; Divol
et al., 2013

OsYSL2 Leaf and leaf sheath
phloem, root phloem,
developing seed

PM None - - Fe Koike et al., 2004

OsYSL6 Root, shoot Un-
determined

None - - - - Sasaki et al., 2011

ZmYS1 Root epidermis, leaf
mesophyll

PM - - - - Fe, Zn, Cu, Ni,
Cd

Roberts et al., 2004;
Schaaf et al., 2004; Ueno
et al., 2009

ZIP FAMILY

AtIRT1 Root epidermis, flower PM None - - Fe, Zn, Cu, Cd,
Co

Eide et al., 1996;
Korshunova et al., 1999;
Vert et al., 2002

HvIRT1 Root PM, ER None - - Fe, Zn Pedas et al., 2008

PsIRT1 Root PM - - - - Fe, Zn, Cd Cohen et al., 2004

LeIRT1 Root, flowers - - - - - - Fe, Zn, Cd Eckhardt et al., 2001

LeIRT2 Root - - - - - - Fe, Zn, Cd Eckhardt et al., 2001

AtZIP1 Root vasculature > shoot
vasculature

VM Up in shoot - - Zn Milner et al., 2013

AtZIP2 Root vasculature > shoot
vasculature

PM Down in shoot - - Zn Milner et al., 2013

AtZIP5 Root > shoot - - - - - - Milner et al., 2013

AtZIP6 Root > shoot - - - - - - Milner et al., 2013

AtZIP7 Shoot > root - - - - - - Zn, Fe Milner et al., 2013

AtZIP9 Root, shoot - - - - - - Milner et al., 2013

MtZIP4 Leaf, root* MM
(predicted)

Down in leaf - - Lopez-Millan et al., 2004

(Continued)
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Table 1 | Continued

Transporter Tissue expression Subcellular

localization

Transcript

response to Mn

deficiency

Transcript

response to

Mn toxicity

Other

proposed

substrates

References

MtZIP7 Leaf PM
(predicted)

None - - Lopez-Millan et al., 2004

CAX FAMILY

AtCAX2 Root, shoot and flower
vasculature, fruit, stem

VM - - None Ca, Cd, Zn Hirschi et al., 2000;
Schaaf et al., 2002;
Shigaki et al., 2003;
Pittman et al., 2004;
Edmond et al., 2009

AtCAX4 Root, leaf, stem, flower,
silique

VM - - Up Cd Cheng et al., 2002

AtCAX5 Root, stem, fruit, flower,
leaf

VM - - Up Edmond et al., 2009

OsCAX1a Root, shoot, flower - - - - - - Ca Kamiya and Maeshima,
2004; Kamiya et al., 2005

OsCAX3 Root, shoot, flower - - - - - - Ca Kamiya and Maeshima,
2004; Kamiya et al., 2005

LeCAX2 Leaf, fruit - - - - - - Ca Edmond et al., 2009

HvCAX2 Root, shoot, seed - - - - None Ca Edmond et al., 2009

CCX FAMILY

AtCCX3 Flowers, stem, leaf, root VM, EM - - Up in root and
flowers

Na, K Morris et al., 2008

CDF/MTP FAMILY

AtMTP11 Leaf hydathodes, guard
cells, root tip

Golgi/PVC - - None Delhaize et al., 2007;
Peiter et al., 2007

OsMTP8.1 Shoot VM None Up in shoot Chen et al., 2013

ShMTP8 - - Internal
organelle

- - - - - - Delhaize et al., 2003

PtMTP11.1 - - GLC - - - - Peiter et al., 2007

PtMTP11.2 - - GLC - - - - Peiter et al., 2007

BmMTP10 Root, shoot Golgi - - Up in root and
shoot

Erbasol et al., 2013

BmMTP11 Root, shoot Golgi - - None Erbasol et al., 2013

P-type ATPase FAMILY

AtECA1 Root vasculature, flower,
leaf vasculature, stem,
silique

ER - - - - Ca, Zn, Ni Wu et al., 2002

AtECA3 Root vasculature and tip,
Leaf vasculature,
hydathodes, guard cells,
flower, stem, silique

Golgi/EM None - - Ca Mills et al., 2008

LeLCA1 - - - - - - - - Ca Johnson et al., 2009

VIT/CCC1-LIKE FAMILY

AtVIT1 Developing seed,
vasculature

VM - - - - Fe Kim et al., 2006

OsVIT1 Leaf > root, stem,
panicle, embryo

VM - - - - Fe, Zn Zhang et al., 2012

OsVIT2 Leaf > root, stem,
panicle, embryo

VM - - - - Fe, Zn Zhang et al., 2012

*Only during Zn deficiency. **Not observed by Conte et al. (2013). At, Arabidopsis thaliana; Hv, Hordeum vulgare; Ps, Pisum sativum; Le, Lycopersicon escu-

lentum (Solanum lycopersicum); Mt, truncatula; Os, Oryza sativa; Zm, Zea mays; Bm, Beta vulgaris; PM, Plasma Membrane; ER, Endoplasmic Reticulum; VM,

Vacuolar Membrane; MM, Mitochondrial Membrane; EM, Endomembrane Compartment; PVC, Pre-Vacuolar Compartment; GLC, Golgi-Like Compartment; PTM,

Post-Translational Modification; - -, not tested.
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FIGURE 1 | Subcellular localization of putative Mn transporters. A
diagram of a plant cell showing the Mn transport pathways in
(A) A. thaliana and (B) O. Sativa. Squares, import into the cytosol;
Circles, export out of the cytosol; Gray, unknown; Red, ZIP family;

Magenta, Calcium-permeable channels; Orange, YSL family; Light
blue, CAX family; Dark Blue, CCX family; Yellow, VIT family; Purple,
NRAMP family; Brown, P2A-Type ATPase family; Green, CDF/MTP
family.

(∼35 in plants), which include decarboxylases of the TCA cycle,
RNA polymerases and numerous glycosyl transferases. In some
enzymes, other metals can replace Mn as an enzymatic cofactor
(Hebbern et al., 2009). Typically magnesium (Mg) replaces Mn
because it is 50–100 times more abundant in the cell. Conversely,
when Mn is in excess, it can replace Mg, which can have detri-
mental effects on the cellular processes in which Mg is involved.
There are some enzymes that specifically require Mn such as
those involved in cellular redox reactions. Mn is an indispensable
component of Mn superoxide dismutase (MnSOD), a principal
antioxidant enzyme of the mitochondria. A recent study analyz-
ing the effect of Mn deficiency on Chlamydomonas showed that
MnSOD activity decreases before that of PSII (Allen et al., 2007).
This finding suggests intracellular regulation of Mn to support
PSII function in the chloroplast in preference to MnSOD function
in the mitochondria.

Plant uptake of Mn is a function of the Mn oxidation state
in the soil. While Mn can exist in a range of oxidation states
(Mn1+, Mn2+, Mn3+, Mn4+, Mn6+, and Mn7+), the most com-
monly found forms in biological systems are Mn2+, Mn3+ and
Mn4+with Mn4+ being the least stable (Marschner, 2012). The
most soluble species in soil is the divalent cation, Mn2+, which
is also the form of Mn that is most efficiently accumulated in
plants (Marschner, 2012). Soil pH is a major determinant of Mn
oxidation state in soil. At neutral or higher pH, Mn3+ and Mn4+

predominate and insoluble Mn oxides will form (Rengel, 2000;
Marschner, 2012). Mn solubility is also influenced by microor-
ganisms, which can either reduce or oxidize Mn, thereby affecting
its availability to the plant (Lovley et al., 2011; Geszvain et al.,
2012).

Despite its necessity, Mn is required in relatively small amounts
(∼20–40 milligrams per kilogram of dry weight in most crop
species) (He et al., 2005; Jiang, 2006; Marschner, 2012). However,
it is one of the most prevalent trace element deficiencies seen in
cereals including wheat and barley (Jiang, 2006). Fertilizers con-
taining Mn sulphate can be added to the soil, however this is costly
and the added Mn can be oxidized making it unavailable for plant
acquisition. A more cost-effective and eco-friendly alternative is
to preferentially breed plants that are able to thrive in low Mn
soil. There has been a significant effort to identify crop species
that are considered Mn efficient and can tolerate growth on low
Mn, either by storing more Mn or by having an increased ability
to absorb Mn from the soil (Jiang, 2006; Pedas et al., 2008). The
genetic basis of Mn efficiency is not well understood.

Mn-deficient plants exhibit inhibited growth and decreased
biomass (Marschner, 2012). Interveinal chlorosis due to decreases
in net photosynthesis and chlorophyll content are common. This
is most likely because the Mn-complex is needed to stabilize
the PSII reaction center protein, D1 (Krieger et al., 1998; Allen
et al., 2007; Yanykin et al., 2010). Mn-deficient plants are also
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FIGURE 2 | Tissue localization of Mn transporters. The probable role of transporter family members in translocating Mn from the soil into the aerial portion
of the plant in A. thaliana. The transporters listed to the left of the cells are not yet localized to a specific tissue.

characterized by tissue necrosis due to a decrease in MnSOD lev-
els and an increase in oxygen free radicals (Allen et al., 2007;
Marschner, 2012). Because Mn is a cofactor in the biosynthesis
of cinnamic acid and its polymerization into lignin, decreased
lignin concentration is especially prominent in the roots of Mn
deficient plants (Marschner, 2012; Salvador et al., 2013). This
is believed to be a contributing factor to an increased suscep-
tibility to damage by freezing temperatures and root-infecting
pathogens (Marschner, 2012). Mn deficiency can result from
multiple factors including high concentrations of other miner-
als in the soil [i.e., Fe, Mg, calcium (Ca), phosphorus (P)] that
can interfere with Mn absorption as well as soil alkalinity (pH
>7.5) (Lynch and St. Clair, 2004; Marschner, 2012). Highly cal-
careous soils and soils found in arid and semi-arid regions are
described as too alkaline for vegetative growth (Lynch and St.
Clair, 2004).

Mn toxicity can also be detrimental to plants. Toxicity can
occur in poorly drained acidic soils (pH < 5.5), where there is
a predominance of Mn2+ (Lynch and St. Clair, 2004). Excess Mn
can also prevent the uptake and translocation of other essential
elements such as Ca, Mg, Fe, and P, presumably due to the simi-
larity in ionic radius or binding strength for ligands (Marschner,
2012; Millaleo et al., 2013). In addition, toxicity can inhibit PSII
and increase the accumulation of oxidized Mn and oxidized phe-
nolic compounds in the leaf apoplast (Fecht-Christoffers et al.,
2003; Marschner, 2012). As a result, common symptoms of Mn
toxicity include interveinal chlorosis and tissue necrosis, which
manifests as brown spots on mature leaves of plants, ultimately
resulting in reduced plant biomass (Marschner, 2012). There
are multiple mechanisms proposed to combat the deleterious

effects of excess Mn. For example, plants can sequester Mn in
the apoplast or vacuole (Horst and Maier, 1999; Hirschi et al.,
2000; Schaaf et al., 2002). In fact, ectopic expression of vacuolar
Mn transporters can increase the plant’s tolerance to excess Mn
(Delhaize et al., 2003). Free Mn ions can be chelated in metabol-
ically inactive Mn2+-organic acid complexes (Horst and Maier,
1999; Pittman, 2005; Fernando et al., 2010). In addition, Mn2+
can be mobilized into the endoplasmic reticulum (ER), thereby
reducing cytoplasmic Mn (Wu et al., 2002).

TECHNIQUES FOR STUDYING METAL TRANSPORT AND
ACCUMULATION IN PLANTS
The range of metals transported by a particular transport protein
can be determined by expressing the gene in a simpler model, usu-
ally yeast. Some of the yeast strains commonly used to test metal
transport capabilities are smf1, fet3fet4, ctr1, and zrt1zrt2, which
are unable to transport Mn, Fe, Cu, and Zn, respectively, across
the plasma membrane (Dancis et al., 1994; Dix et al., 1994; Supek
et al., 1996; Zhao and Eide, 1996a,b). Specific metal transport by
a protein of interest is indicated by rescued growth of these yeast
strains in a low Mn, Fe, Cu or Zn media or in the presence of
a divalent metal chelator. For example, the smf1 mutant strain is
unable to grow on media containing the divalent cation chelator
EGTA. Another commonly used yeast strain to assay metal trans-
port is pmr1. The P2-type Ca-ATPase, PMR1 (plasma membrane
ATPase related 1) pumps both Ca2+ and Mn2+ in the Golgi for
detoxification purposes or for use as a cofactor for Golgi-localized
proteins (Rudolph et al., 1989; Durr et al., 1998). When PMR1
is defective, yeast are more sensitive to high concentrations of
Mn2+ (Durr et al., 1998). Therefore, complementation of pmr1
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yeast with a Mn efflux transporter should restore growth when
Mn in the media is high. Indirect studies using yeast, such as
competition assays, are sometimes used to determine if a trans-
porter has broad specificity (examples can be found in Grotz et al.,
1998; Kaiser et al., 2003). However, further studies are necessary
to confirm biological function.

Xenopus oocytes, immature eggs of an aquatic frog, are
used to study the physiological function of a transporter.
Electrophysiological measurements can be recorded in this system
as well as uptake of radioactively labeled metals like 54Mn. This
system also allows for the addition of any potential metal chelators
necessary for Mn translocation across the membrane. While it is
not clear whether Mn-specific metallochaperones exist in plants,
Mn can complex with nicotianamine (NA), phytosiderophores
(PS), phytate and organic acids (Koike et al., 2004; Haydon and
Cobbett, 2007; Fernando et al., 2010).

Mn content in plant tissues or in yeast expressing a plant trans-
porter is measured to demonstrate difference in Mn transport
efficiency. To date, the most accurate and sensitive method to
measure metal content in a sample is Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) (Baxter et al., 2008; Donner et al.,
2012). However, because ICP-MS requires the total digestion of
a sample, it does not collect spatial information about an ele-
ment in vivo. For some metals, ion specific fluorophores exist,
which, in conjunction with confocal microscopy, can image the
subcellular localization of a metal (Burdette et al., 2001; Miller
et al., 2006, 2008; Yoon et al., 2007), but there is currently no Mn-
specific fluorescent probe. Therefore, other techniques are needed
to spatially resolve Mn localization in a cell.

Quantitative in vivo cryo-scanning electron microscopy
(SEM)/energy dispersive X-ray analysis (EDAX) has been used to
provide detailed electron micrographs of tissue from hyperaccu-
mulator plants along with energy dispersive X-ray spectra from
regions of interest (Fernando et al., 2006b).The samples are pre-
pared by rapidly freezing them in liquid nitrogen, which preserves
the metal location during processing and microbeam exposure
(Fernando et al., 2013). Further analysis using Particle-Induced
X-ray Emission induced by a focused ion beam (µPIXE) was used
to confirm the cryo-SEM/EDAX results (Fernando et al., 2006a).
Synchrotron X-Ray Fluorescence (SXRF) technology is a method
used to localize metals in vivo at resolutions down to 250 nm. For
a review on how SXRF can be used to study gene function see
Punshon et al. (2013). It is important to recognize that no one
method stands alone in determining the role of a protein in Mn
translocation and multiple methods must be used in parallel.

MANGANESE LOCALIZATION IN PLANTA
Intracellular Mn is found in multiple locations in the cell includ-
ing the chloroplast, cell wall, mitochondria and Golgi apparatus
(Pittman, 2005). Mn is also located in the vacuole, an organelle
that is critical for cellular metal homeostasis, where it serves as
an intracellular sink when metals are in excess and as a source
when metals are limited (Pittman, 2005; Fernando et al., 2006a;
Lanquar et al., 2010). Much of the Mn imaging in plant tis-
sues has been performed on Mn hyperaccumulators, due to their
unique metabolism and ease of imaging Mn-enriched tissues
(Leitenmaier and Kupper, 2013). To date, there are around 22 Mn
hyperaccumulators identified around the world (Fernando et al.,

FIGURE 3 | Elemental distribution of Mn, Zn and Fe in A. thaliana
seeds collected using Synchrotron X-Ray Florescence. Two dimensional
map of a cross-section of an A. thaliana seed collected at 1 micron
resolution at the Advanced Photon Source. Mn (blue), Zn (magenta), and Fe
(green) are shown.

2013). The majority of hyperaccumulator plants’ primary seques-
tration sites are in non-photosynthetic tissues such as trichomes
(leaf hairs) and epidermal tissue. However, Mn hyperaccumula-
tors can sequester excess Mn in photosynthetic tissues as well as
non-photosynthetic tissues. In previous studies of five different
Mn hyperaccumulators, excess foliar Mn was concentrated in the
double layer of chloroplast containing palisade mesophyll cells in
the leaf (Fernando et al., 2006a,b). In contrast, the Mn hyperaccu-
mulator, Maytenus founieri, exhibited increased Mn accumulation
in the non-photosynthetic leaf epidermal tissues, which is rem-
iniscent of other metal hyperaccumulators such as the Zn/Cd
hyperaccumulator A. halleri (Fernando et al., 2008).

SXRF can be used to spatially localize and quantify Mn in
A. thaliana seeds at a resolution high enough to resolve met-
als at a subcellular level (Donner et al., 2012). Recent studies
using µPIXE confirmed SXRF data that Mn is localized to spongy
mesophyll on the abaxial side of the embryonic leaf (Kim et al.,
2006; Schnell Ramos et al., 2013) (Figure 3). Donner et al.
(2012) pointed out that, due to its requirement for photosynthe-
sis, Mn needs to relocate to the palisade mesophyll cells during
germination.

MANGANESE TRANSPORTERS
Studying the metal transport mechanisms of other species can
greatly assist our understanding of how plants take up and
distribute Mn. While Mn transport is relatively understudied
in plants, it is well understood in bacterial and yeast systems
(Jakubovics and Jenkinson, 2001; Culotta et al., 2005; Papp-
Wallace and Maguire, 2006; Reddi et al., 2009). In the yeast,
Saccharaomyces cerevisiae, Mn is transported into the cell through
the high affinity Mn2+ transporter SMF1 of the NRAMP family
(Supek et al., 1996) and the high affinity phosphate transporter,
PHO84 (Jensen et al., 2003). PHO84-type phosphate transporters
prefer neutral metal-phosphate complexes; therefore the substrate
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is presumed to be MnHPO4 (Jensen et al., 2003). The photosyn-
thetic alga Chlamydomonas also encodes an NRAMP protein that
is predicted to be involved in high affinity Mn2+ influx (Allen
et al., 2007). Photosynthetic autotrophs such as cyanobacteria
require Mn for PSII assembly and a gene product with sequence
similarity to an ABC (ATP binding cassette)-type transporter
is implicated in Mn uptake in this organism (Bartsevich and
Pakrasi, 1995).

There are few Mn-only transporters identified in plants. One
possible explanation is that Mn shares many of the same trans-
porters as other divalent cations such as Fe. One study found
that it might not be possible to uncouple Mn and Fe transport in
one high affinity Fe transporter after systematically introducing
point mutations into the metal binding domain of IRT1 (Rogers
et al., 2000). In fact, the majority of transporters implicated in Mn
translocation have broad specificity for several divalent cations
including Fe, Zn, Cu, Cd, Ca, Co (cobalt), Ni (nickel). The trans-
porter families discussed below are organized based on transport
of Mn into or out of the cytosol.

TRANSPORT INTO THE CYTOSOL
NRAMP family
NRAMP1 was first characterized in mice as a gene involved in
resistance to intracellular pathogens (Nevo and Nelson, 2006).
Like many of the transporter families implicated in Mn transport,
the NRAMPs transport a broad range of metals and can trans-
port Mn2+ as well as Fe2+, Zn2+, Cd2+, Cu2+, Ni2+, Co2+, and
Al3+ (Nevo and Nelson, 2006; Xia et al., 2010). The plant NRAMP
proteins are predicted to be ion transporters based on sequence
and predicted structural homology to the NRAMPs characterized
in organisms such as humans and yeast. NRAMPs have between
10 and 12 transmembrane domains and a consensus transport
sequence between transmembrane domains 8 and 9 that is shared
with other ion channels and transporters (Cellier et al., 1995).

NRAMP proteins have been characterized in a number of plant
species including Solanum lycopersicum, Glycine max, Malas bac-
cata, Thlaspi japonicum and hyperaccumulators A. halleri and
Thlaspi caerulescens (Bereczky et al., 2003; Kaiser et al., 2003;
Mizuno et al., 2005; Xiao et al., 2008; Oomen et al., 2009). There
are 6 and 7 NRAMP transporter proteins in A. thaliana and Oryza
sativa, respectively. The first NRAMP genes cloned from plants
were from rice in 1997 (Belouchi et al., 1997). However, not all are
functionally characterized (Bennetzen, 2002; Nevo and Nelson,
2006).

Functional characterization of AtNRAMP1, AtNRAMP3, and
AtNRAMP4 was first reported in 2000 (Thomine et al., 2000).
AtNRAMP1 is believed to be a high affinity Mn transporter in
the root due to the transcriptional upregulation of AtNRAMP1 in
the root under Mn deficiency and its PM localization (Cailliatte
et al., 2010). In addition, AtNRAMP1 expression increases in
Fe deficiency and the protein complements yeast defective in
Fe or Mn transport (Curie et al., 2000). Studies show that
Arabidopsis Atnramp1 knockout lines are more susceptible to Mn
deficiency, accumulate less Mn in the shoot when grown with-
out Mn and have decreased Mn in the root when grown under
Mn replete conditions (Cailliatte et al., 2010). Plants overexpress-
ing AtNRAMP1 are more resistant to Mn deficiency. Elemental

images of Mn in Atnramp1–1 mutant seeds shows wild type distri-
bution of Mn, therefore it is unlikely that these genes are necessary
for Mn loading into the embryonic cotyledons (Donner et al.,
2012).

AtNRAMP3 and AtNRAMP4 are also able to complement
yeast deficient in either Mn or Fe uptake. Atnramp3–1 mutants
show increased Mn in the roots of plants grown in Fe limited
conditions while Mn accumulation decreased when AtNRAMP3
is expressed in the cell under control of the strong 35S pro-
moter (Thomine et al., 2003). This phenotype is possibly due
to the vacuolar localization of this transporter. Expression data
and transcriptional fusions to the promoters of AtNRAMP3 and
AtNRAMP4 show that the transporters are expressed in the root
stele and the vasculature of leaves and cotyledons and are highly
upregulated during Fe deficiency (Thomine et al., 2000, 2003;
Lanquar et al., 2005). AtNRAMP4 was identified as part of the
vacuolar proteome in A. thaliana mesophyll cells (Carter et al.,
2004). Translational fusions of both AtNRAMP3 and AtNRAMP4
proteins show that they are localized to the vacuolar membrane;
therefore they are thought to be important for metal remobiliza-
tion from the vacuole, in planta (Thomine et al., 2003).

AtNRAMP3 and AtNRAMP4 transporters are function-
ally redundant; only Atnramp3nramp4 double mutants exhibit
a strong phenotype in response to metal deficiency. Both
AtNRAMP3 and AtNRAMP4 are considered necessary for Fe
remobilization during early germination due to their high expres-
sion levels at this growth stage (Lanquar et al., 2005). Lanquar
et al. (2010) demonstrated that AtNRAMP3 and AtNRAMP4
are necessary for Mn export from the vacuole in the mesophyll
cells of adult plant leaves. Double mutants have increased Mn
accumulation in vacuoles. Under Mn deficiency, double mutants
exhibit stunted growth and chlorosis when compared to wild
type. Expression of either AtNRAMP3 or AtNRAMP4 in the dou-
ble mutant can restore growth in Mn deficiency. Interestingly, it
has been shown in other photosynthetic organisms that MnSOD
activity decreases before there is a loss of function PSII in
response to Mn deficiency (Allen et al., 2007). However, in
Arabidopsis Atnramp3nramp4 double mutants, the level of active
PSII decreases while there is no loss of MnSOD activity (Lanquar
et al., 2010). These results suggest intra-organellar crosstalk
between the chloroplast and vacuole that mediate proper Mn
distribution in the cell.

To date, it is not known whether AtNRAMP2, AtNRAMP5 or
AtNRAMP6 are important for Mn homeostasis.

Of the 7 NRAMPs in rice, only 4 have been functionally
characterized. O. sativa plants utilize OsNRAMP3 to respond to
environmental changes in Mn availability. OsNRAMP3 is con-
stitutively expressed in the node of rice, which connects the
vasculature of the root to aerial tissues of the plant (including
the leaves, panicles and stems) (Yamaji et al., 2013). Under Mn
deficiency, the PM localized OsNRAMP3 transports Mn from the
transpiration stream in the xylem of enlarged vascular bundles to
the younger tissues and panicles to meet minimal growth require-
ments. In contrast, when Mn is in excess, OsNRAMP3 is internal-
ized in vesicles and rapidly degraded. Then, Mn is preferentially
loaded into the older leaves, which are directly connected to the
xylem-enlarged vascular bundles, thereby protecting developing
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tissue from Mn toxicity. This study demonstrates the importance
of post-translational regulation in response to environmental
nutrient availability.

OsNRAMP5, on the other hand, does not respond to varying
levels of environmental Mn, although gene expression increases
slightly in the roots when plants are under Fe or Zn deficiency
(Sasaki et al., 2012). Expression is seen in the mature zones of the
root, more specifically at the PM of the exodermal and endoder-
mal layers. Knockdown and RNAi lines accumulate less Mn in the
roots and shoots and growth is stunted in response to Mn defi-
ciency (Ishimaru et al., 2012; Sasaki et al., 2012). This phenotype
is specific to Mn and not to other metal deficiencies tested, such as
Fe-deficiency (Sasaki et al., 2012). Supplementing the plant with
excess Mn does not rescue the growth defect. Therefore, it is likely
that OsNRAMP5 is essential for Mn uptake from the soil in rice.

YSL family
The YSL transporters belong to a poorly characterized family
of oligopeptide transporters (OPTs), which can transport amino
acid-containing compounds and their derivatives (Yen et al.,
2001). They are not found in all kingdoms, rather they are only
found in plants, bacteria, fungi and archaea (Yen et al., 2001).
The family is named after maize YS1 (ZmYS1), which accumu-
lates in the root PM when Fe is scarce (Von Wiren et al., 1994;
Roberts et al., 2004; Schaaf et al., 2004; Ueno et al., 2009). The
characteristic interveinal chlorosis in the leaf of ys1 knockdown
mutants prompted the name “yellow stripe.” Transport studies in
both yeast and oocytes suggest that it can transport metals such as
Mn, Zn, Cu, Ni, Cd as well as Fe (Schaaf et al., 2004). Therefore, it
is reasonable to hypothesize that YSLs can transport Mn in other
plant species.

YSL proteins mediate cellular uptake of metals complexed to
non-proteinogenic amino acids: PS or its biosynthetic precur-
sor NA (Yen et al., 2001). There is evidence that PS and NA
are ligands for Mn (Schaaf et al., 2004; Haydon and Cobbett,
2007). Graminaceous plants (grasses) that include many crop
species, use PS and NA for metal uptake and translocation,
respectively (Palmer and Guerinot, 2009). PS is not produced
by non-graminaceous plants (such as A. thaliana). Therefore,
YSLs in non-grasses most likely use NA for intercellular and
intracellular metal transport (Bashir et al., 2011).

There are eight predicted YSL genes in A. thaliana based on
sequence similarity to YS1 (Curie et al., 2001). Knocking out a
single AtYSL gene does not produce a strong visible phenotype
(Didonato et al., 2004; Waters et al., 2006; Curie et al., 2009;
Conte et al., 2013; Divol et al., 2013). However, it was discov-
ered that if crosses are made between Atysl knockouts whose genes
are in the same AtYSL subclass, a visible phenotype is observed.
Examples include Atysl1ysl3, Atysl4ysl6, and Atysl5ysl7 (Curie
et al., 2009; Conte et al., 2013; Divol et al., 2013). Proteomics
studies of the Arabidopsis vacuole predicted AtYSL4 and AtYSL6
to be vacuolar-localized (Jaquinod et al., 2007). Evidence shows
that they are either located at the vacuole/endocompartments
(shown via translational fusions) or the chloroplast (shown via
immunofluorescence) (Conte et al., 2013; Divol et al., 2013). Data
suggests that these proteins may be effluxers of heavy metals from
an internal cellular compartment. Conte et al. (2013) observed

that in comparison to wild type and single mutants, the dou-
ble mutant is more resistant to prolonged growth on excess Mn.
This phenotype was not reported by Divol et al. (2013). Thus far,
the physiological role of AtYSL4 and AtYSL6 in Mn homeostasis
remains to be clarified.

In rice, there are 18 putative YSL genes (Koike et al., 2004;
Conte et al., 2013). OsYSL2 and OsYSL6 are implicated in Mn
homeostasis. Electrophysiological and localization studies suggest
the OsYSL2 is involved in lateral movement of Mn2+-NA com-
plexes via the phloem and loading into developing seeds (Koike
et al., 2004). OsYSL6 is required for Mn detoxification when soil
Mn is in excess (Sasaki et al., 2011). OsYSL6 is expressed con-
stitutively in all cells of the roots and the shoots, particularly
in senescing leaves. GFP-fusions of the protein disrupt localiza-
tion, but due to successful complementation of the smf1 yeast
mutant, it is hypothesized to localize to the PM. When expressed
in yeast, OsYSL6 translocates Mn2+-NA. In Osysl6 knockouts,
plants exhibit symptoms of toxicity and excess Mn accumulates in
the apoplast of the roots and shoots. When Mn2+ accumulates in
the apoplast, it is oxidized into Mn3+, which in turn will oxidize
proteins and lipids (Fecht-Christoffers et al., 2003). Therefore, it
is probable that when plants are exposed to high levels of Mn,
OsYSL6 translocates Mn from the apoplast to the symplast where
it is properly sequestered.

ZIP family
The ZIP gene family members are known to transport a broad
range of metals including Fe2+, Zn2+, Cd2+, Co2+, and Mn2+
in both eukaryotes and prokaryotes (Korshunova et al., 1999;
Guerinot, 2000). Structurally, they are composed of eight trans-
membrane domains with the N- and C- termini facing outside the
PM. Their length and amino acid composition varies within the
cytoplasmic variable region between transmembrane domains 3
and 4. The variable region contains a conserved histidine motif
that is believed to be important for metal binding and point
mutations of inter-membrane domains can alter metal selectivity
(Guerinot, 2000; Rogers et al., 2000).

The ZIP family of metal transporters is named for its found-
ing members in both S. cerevisae and A. thaliana, respectively
(Grotz et al., 1998). Of the 16 ZIP transporters in Arabidopsis,
few have been functionally characterized (Maser et al., 2001;
Rampey et al., 2013). IRT1 (Iron Regulated Transporter 1) is a
high affinity Fe transporter that also has low affinity for other
metals including Mn (Eide et al., 1996; Korshunova et al., 1999;
Vert et al., 2002; Yang et al., 2008). It is upregulated in Fe deficient
roots. In addition, exogenous Mn cannot rescue the chlorotic
phenotype of irt1 mutants, which only grow in the presence
of excess Fe (Vert et al., 2002). However, irt1 mutant plants
accumulate less Mn in their tissues during Fe deficiency, sug-
gesting that IRT1 is a major pathway for Mn2+ uptake when
Fe is scarce (Connolly et al., 2002). Because Mn uptake is still
required for the plant during Fe replete conditions, there is likely
another PM membrane localized transporter on the root epider-
mis that can transport Mn. Interestingly, under Mn2+ deficiency,
IRT1 transcript levels decrease and Fe transport increases as
evidenced by high Fe concentrations in the plant (Yang et al.,
2008).
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A more recent study found that in addition to AtIRT1, six
A. thaliana ZIPs could restore growth to the Mn uptake defec-
tive smf1 mutant: AtZIP1, AtZIP2, AtZIP5, AtZIP6, AtZIP7, and
AtZIP9 (Milner et al., 2013). AtZIP3, AtZIP4, AtZIP10, AtZIP11,
AtZIP12 did not. AtZIP8 is a pseudogene in Arabidopsis and this
did not complement any of the yeast strains used in the study.
Under normal conditions, AtZIP1, AtZIP2, and AtZIP6 are more
highly expressed in the root while AtZIP7 transcript is more
highly concentrated in the shoot. AtZIP5 and AtZIP9 transcripts
are not very abundant and can be found in the root and shoot.
The physiological roles of AtZIP6, AtZIP7, and AtZIP9 in Mn
homeostasis in planta remain to be explored.

AtZIP1 is most highly expressed in the root stele and is local-
ized to the vacuole (Milner et al., 2013). AtZIP1 is believed to
remobilize Mn from vacuoles into the cytoplasm to allow for their
translocation to the shoot. This function is supported by the phe-
notype of Atzip1 T-DNA insertion lines, which are more sensitive
to low Mn and accumulate more Mn in the root. AtZIP2 is pro-
posed to supply Mn to the aerial tissues in the plant via the root
vasculature and not through direct uptake from the soil based on
it localization to the PM in the root stele. In addition, mutant
plants lacking functional AtZIP2 are more tolerant to Mn toxicity
and less tolerant to Mn-deficiency, suggesting their importance
in Mn translocation to the shoot for sequestration of excess Mn
or normal plant health. However, it is unlikely that AtZIP2 is the
primary transporter of Mn in the root because gene expression
decreases during Mn deficiency.

To date, the literature does not detail any OsZIPs that are
able to transport Mn. However, OsZIP5 transcript was slightly
induced in the root upon Mn deficiency (Lee et al., 2010). Yet,
it was not able to rescue smf1 mutants and is therefore unlikely to
be a direct transporter of Mn. ZIPs are described in other plant
species, aside from Arabidopsis, that transport Mn. These species
include Solanum lycopersicum, Pisum sativa, Hordeum vulgare,
and Medicago truncatula (Eckhardt et al., 2001; Bereczky et al.,
2003; Cohen et al., 2004; Lopez-Millan et al., 2004; Pedas et al.,
2008). Tomato LeIRT1 and LeIRT2 along with PsIRT1, HvIRT1,
MtZIP4, and MtZIP7 can restore growth to smf1 mutants in Mn
limited media. In barley, Mn efficiency correlates with increased
expression of HvIRT1, an OsIRT1 ortholog, in roots (Pedas et al.,
2008).

Calcium-permeable channels
Calcium-permeable channels located in the PM of the root cells
are a Ca2+ influx pathway that may be permeable to Mn2+(White
et al., 2002). Initial studies of these channels used biochemical
and electrophysiological experiments to characterize their role in
catalyzing cation influx because the genes encoding these chan-
nels had not been identified. A subset of cation channels that may
be permeable to Mn2+(as well as a broad range of other cations)
are found in the apical PM of Arabidopsis root hairs (Very and
Davies, 2000), protoplasts from the endodermis, cortex and root
elongation zone and the epidermis of a developing root tip (Kiegle
et al., 2000). They are also identified in the stele of maize roots
(White et al., 2002). In addition, LCT1, a gene in wheat roots that
is potentially a Ca2+-permeable channel, was cloned and heterol-
ogously expressed in a yeast mutant where the transport of Ca2+

is blocked by the addition of Mn2+to the media (Clemens et al.,
1998). There is further evidence based on competition assays that
Ca2+-permeable channels transport Mn2+ in A. thaliana root
hair tips (Wymer et al., 1997) and maize roots (Marshall et al.,
1994).

EXPORT FROM THE CYTOSOL
CAX family
The CAX proteins are one of five transporter families that con-
stitute the Ca2+/cation antiporters (CaCA) superfamily (Shigaki
and Hirschi, 2006; Emery et al., 2012). Although the CAX family
members were originally identified as Ca2+transporters, further
study revealed their ability to transport a wide array of ions,
hence their name modification from “calcium exchanger” to
“cation exchanger.” Typically, the CAXs contain 11 transmem-
brane domains and are found in plants, fungi and bacteria and
in lower vertebrates. They facilitate the redistribution of cations
across a membrane using electrochemical energy generated by a
proton pump in order to maintain optimal ionic concentrations
in the cell.

There are six CAX proteins in A. thaliana, which are split into
two distinct phylogenetic groups: AtCAX1, AtCAX3, and AtCAX4
are part of the Type IA subgroup and AtCAX2, AtCAX5, and
AtCAX6 are part of the Type 1B subgroup (Shigaki et al., 2006).
The biological significance of the subgroups is unclear. In plants,
the CAXs mediate efflux of ions into the vacuole. AtCAX2 con-
tains a three-amino acid Mn2+ binding domain (Cys-Ala-Phe)
between transmembrane domain 4 and transmembrane domain
5 (Shigaki et al., 2003). Expression of AtCAX2 in yeast can con-
fer tolerance to Mn2+ toxicity (Schaaf et al., 2002; Shigaki et al.,
2003). Furthermore, ectopic expression of AtCAX2 in tobacco
(Nicotiana tabacum) can mediate vacuolar sequestration of Mn
and confer resistance to high Mn stress (Hirschi et al., 2000),
indicating a Mn transport function. In A. thaliana, AtCAX2
is expressed at low levels in all tissues and does not respond
to changes in Mn availability (Hirschi et al., 2000). However,
Arabidopsis Atcax2 mutants accumulate significantly less Mn in
the vacuole compared to wild type (Pittman et al., 2004). The
Atcax2 knockout mutants display no obvious phenotype, even
under Mn stress, and some Mn does continue to accumulate
in the vacuole, suggesting that there are other vacuolar trans-
porters that can compensate for the absence of AtCAX2 (Pittman
et al., 2004). Candidates include AtCAX4 and AtCAX5 along with
the AtCCX3 and AtVIT1 transporters, which will be discussed
below.

AtCAX4 and AtCAX5 are likely involved in Mn2+/H+ antiport
activity. Like AtCAX2, AtCAX4, and AtCAX5 are located at the
vacuolar membrane and are constitutively expressed at low levels
in all tissues (Cheng et al., 2002; Edmond et al., 2009). AtCAX5 is
most highly expressed in the stem and root and AtCAX4 is more
highly expressed in the roots (determined via qRT-PCR) and plays
a role in root growth under ion stress, such as Mn2+ toxicity
(Edmond et al., 2009; Mei et al., 2009). Interestingly, AtCAX4
and AtCAX5 RNA levels increase when plants are exposed to
high Mn2+(Cheng et al., 2002; Edmond et al., 2009; Mei et al.,
2009). AtCAX4 increases Mn stress tolerance when expressed in
tobacco and AtCAX5 can rescue Mn-sensitive yeast, indicating
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their ability to transport Mn (Korenkov et al., 2007; Edmond
et al., 2009).

Thus far, single Atcax mutants do not exhibit strong phe-
notypes, even when exposed to Mn stress. This is possibly due
to functional redundancy of the AtCAX proteins. A subset of
double mutants in Arabidopsis are reported in the literature:
Atcax1cax3, Atcax2cax3, and Atcax1cax2 (Connorton et al., 2012;
Punshon et al., 2012). AtCAX1 appears to be important for
determining the phenotype of a double mutant plant. A study
by Connorton et al. (2012), found that Atcax2 and Atcax2cax3
mutants are both more sensitive to high Mn than wild type.
However, the Atcax1cax2 double mutant does not display any
signs of Mn toxicity, suggesting that by deleting Atcax1 from the
Atcax2 mutants, Mn is once again able to accumulate in the vac-
uole. The phenotype of the Atcax1cax2 mutant is consistent with
the phenotype of the plants lacking a functional AtCAX1 gene,
which are also more tolerant to Mn toxicity. Therefore, it will
be important to understand the apparent cross-talk that occurs
between the AtCAX proteins, which confers their Mn transport
capabilities.

There are five CAX proteins in the rice genome, all of which
have been cloned and their transport specificities assessed in yeast
(Kamiya et al., 2005). OsCAX1a and OsCAX3 confer Mn toler-
ance in yeast, therefore they are potentially Mn2+/H+ exchangers
in planta (Kamiya and Maeshima, 2004; Kamiya et al., 2005). It
is important to note that CAX proteins can also transport Mn
in other plant species. Examples include HvCAX2 in barley and
LeCAX2 in tomato (Edmond et al., 2009). Future work is needed
to confirm that they are also localized to the vacuole in planta,
where they mediate Mn tolerance.

CCX family
CCXs are one of five families of transporters, (along with the
CAXs) which make up the CaCA superfamily (Shigaki et al.,
2006; Emery et al., 2012). There are five CCX proteins (CCX1-5),
which were previously identified as CAX7-11. They were reclas-
sified due to their higher sequence homology to the mammalian
PM K+-dependent Na+/Ca2+ exchangers (NCXs). Expression of
AtCCX3 in yeast rescues mutants defective in either PM or vac-
uolar import of Mn2+ (Morris et al., 2008). However, GFP and
HA tagged versions of the protein support localization to intra-
cellular compartments. Wild type yeast expressing AtCCX3 had
nearly double the Mn concentration when compared to yeast
expressing the control vector. Also, when ectopically expressed
in tobacco, plant Mn2+ concentration significantly increased as
leaves matured, which led to tissue necrosis. This phenotype
is likely due to the defects in ion homeostasis in the plant
resulting in increased ROS as evidenced by higher oxidation of
proteins compared to controls. In plants, treatment with Mn
induces AtCCX3 expression in roots and flowers (Morris et al.,
2008). Like Atcax single mutants, there are no apparent growth
defects in Arabidopsis Atccx3 mutant plants, which could be
due to functional redundancy. Interestingly, AtCCX3 can trans-
port both monovalent and divalent cations. However, the only
divalent cation that can be transported by AtCCX3 is Mn2+.
Whether other AtCCXs can translocate Mn2+ remains to be
studied.

CDF/MTP family
The CDF family, also known as MTP, is ubiquitous among all
kingdoms of life (Maser et al., 2001; Montanini et al., 2007).
The CDFs act as proton antiporters, which efflux metals such as
Zn2+, Fe2+, Co2+, Ni2+, Cd2+, and Mn2+out of the cytoplasm
or into subcellular compartments (Gustin et al., 2011). However,
one CDF protein is reported to be responsible for Zn uptake
into the cytoplasm (Cragg et al., 2002). The plant CDFs are clus-
tered into three functional groups based on phylogenetic analysis:
Zn-CDFs, Fe/Zn-CDFs, and Mn-CDFs (Montanini et al., 2007;
Gustin et al., 2011). Metal selectivity of the proteins is inferred
from metal transport activity (either confirmed or hypothesized)
of the respective members of the three subgroups. Mn-CDFs also
contain amino acid residues that may predict metal specificity.
The CDFs typically have six transmembrane domains and Mn-
CDFs contain the highly conserved consensus sequence DXXXD
(where X = any amino acid) in transmembrane domains 2 and 4,
which is not found in the Zn- or Fe/Zn-CDFs (Montanini et al.,
2007). Studies show that even single point mutations within key
structural sites can alter metal ion specificity of the MTPs. For
example, single point mutations in AtMTP1 (Podar et al., 2012)
and OsMTP1 (Menguer et al., 2013) allow Mn uptake, which is
not observed with the wild type protein.

In plants, the CDFs are identified as MTPs due to their
role in detoxification of heavy metals (Ricachenevsky et al.,
2013). The first characterized Mn-CDF transporter was identi-
fied in the Mn hyperaccumulating tropical legume, Stylosanthes
hamata (Delhaize et al., 2003). ShMTP8 (previously annotated
ShMTP1) can confer Mn2+ tolerance when ectopically expressed
in Arabidopsis or yeast by sequestering excess metal in the vac-
uole. Of the twelve identified CDFs in A. thaliana, there are
four in the Mn-CDF subgroup, which are also highly sim-
ilar to ShMTP8, suggesting similar function. These proteins
are AtMTP8, AtMTP9, AtMTP10, AtMTP11. The Mn-CDFs
are further divided into subgroup 8 (including AtMTP8 and
ShMTP8) and subgroup 9 (including AtMTP9, AtMTP10, and
AtMTP11). To date, AtMTP11 is the only functionally character-
ized Arabidopsis Mn-CDF. Yeast transformed with AtMTP11are
more tolerant to Mn2+ (Delhaize et al., 2007; Peiter et al., 2007).
In addition, increased Mn2+ dependent proton-transport activ-
ity was recorded in yeast microsomal vesicles prepared from yeast
expressing AtMTP11 in comparison to vesicles prepared from the
control yeast strain (Delhaize et al., 2007). These data further
support the role of AtMTP11 as an Mn2+/H+ antiporter. Two
independent studies localized AtMTP11 to the pre-vacuolar and
Golgi-like compartments. Surprisingly, AtMTP11 is most highly
expressed in the leaf hydathodes and the root tip rather than in
tissues that typically accumulate excess Mn such as the trichomes
(Peiter et al., 2007). Hydathodes are involved in secretion of
water containing salts and metals from the leaf. Therefore, Peiter
et al. (2007) hypothesized that AtMTP11 is involved in vesicu-
lar trafficking and exocytosis of excess Mn at secretory tissues
where Mn will be excreted rather than stored. This hypothesis
is supported by the phenotype of both knockout mutants and
plants overexpressing AtMTP11. Arabidopsis Atmtp11 mutants
are hypersensitive to high Mn while overexpression lines are
hypertolerant to high Mn (Delhaize et al., 2007; Peiter et al.,
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2007). Also, the Atmtp11 mutants accumulate more Mn in the
shoot and root, presumably due to their inability to secrete Mn
from tissues (Peiter et al., 2007).

In rice there are five Mn-CDFs: OsMTP8 and OsMTP8.1 from
Group 8 and OsMTP9, OsMTP11, and OsMTP11.1 from group
9. Recently, OsMTP8.1 was identified in a screen of rice shoot
cDNAs that conferenced Mn tolerance in yeast (Chen et al., 2013).
pmr1 yeast mutants expressing OsMTP8.1 also accumulated more
Mn. In rice, OsMTP8.1 is mainly expressed in shoots under
all conditions tested, and expression increases in response to
excess Mn. Osmtp8.1 knockdown and knockout mutants exhib-
ited toxicity symptoms in the presence of elevated Mn and Mn
accumulation in the roots and shoot compared to wild type was
reduced. The protein is localized to the vacuole, resulting in the
hypothesis that OsMTP8.1 is important for Mn detoxification by
sequestering Mn into the vacuole in rice plants.

Two MTP11 orthologs (PtMTP11.1 and PtMTP11.2) in poplar
are believed to have a similar function as AtMTP11 due to their
localization to Golgi-like compartments and ability to comple-
ment Arabidopsis Atmtp11 plants (Peiter et al., 2007). Another
study in beets (Beta vulgaris) identified two genes, BmMTP10 and
BmMTP11, which were named after their orthologs in A. thaliana.
Much like AtMTP11, these proteins are associated with the Golgi
and are hypothesized to efflux excess Mn via the secretory path-
way. The conservation of Mn-CDF function among multiple
plant species supports the importance of these transporters in Mn
detoxification and cellular homeostasis.

P-type ATPase family
The endomembrane system is essential for coordinating ion
homeostasis in the cell. Several transporters that localize to the
vacuolar membrane are described to facilitate metal uptake and
release. However, there are also transporters in other endomem-
brane compartments that are equally important. Currently, there
are two characterized proteins in Arabidopsis, AtECA1 (ER-type
calcium ATPases) and AtECA3, which are localized to the ER and
Golgi Apparatus, respectively (Liang et al., 1997; Wu et al., 2002;
Li et al., 2008; Mills et al., 2008). AtECA1 and AtECA3 function
as Mn2+ pumps that remove Mn2+ from the cytosol and deliver
it into their respective endomembrane compartment.

The ECAs belong to the Ca2+-ATPase subfamily within the P-
type ATPase superfamily of transporters, which use energy from
ATP hydrolysis to catalyze the translocation of cations across
membranes (Baxter et al., 2003; Huda et al., 2013). Plant Ca2+-
ATPases are categorized into P2A and P2B-types, both of which are
generally described as Ca2+ pumps (Evans and Williams, 1998;
Mills et al., 2008). There are four predicted P2A-type ECA proteins
in A. thaliana (AtECA1-4) and three in rice (OsECA1-3) (Baxter
et al., 2003). P2A-type ATPases show sequence homology to the
sarcoplasmic/ER Ca2+-ATPases (SERCA type) found in mam-
mals. SERCAs, PMCAs (plasma membrane Ca2+-ATPases) and
SPCAs (secretory pathway Ca2+-ATPases) comprise three distinct
subfamilies of P2-type Ca-ATPases in animal cells (Pittman et al.,
1999; Mills et al., 2008). PMCAs are homologous to P2B-type
PMCAs, while there are no known SPCAs in plants.

Both AtECA1 and AtECA3 are able to restore the growth of
pmr1 yeast when Mn is high (Wu et al., 2002; Li et al., 2008;

Mills et al., 2008). Proteomics analysis of Arabidopsis organelles,
translational fusions and co-localization with marker proteins
supports the ER localization of AtECA1 as well as the Golgi
localization of AtECA3 (Wu et al., 2002; Dunkley et al., 2006;
Mills et al., 2008; Nikolovski et al., 2012). AtECA1 is expressed
in all major organs (especially in the root and flower) where it
is believed to play a major role in managing Mn toxicity in the
cell (Wu et al., 2002). Ateca1 mutants appear wild type when
grown under standard conditions, yet are smaller and chlorotic
in the presence of high Mn. Two different Ateca3 mutants exhibit
opposite phenotypes to Mn stress. Ateca3-2 mutants are more
susceptible to Mn deficiency (Mills et al., 2008). When grown
without Mn, they display stunted growth and leaf chlorosis, which
can be rescued by the addition of even trace amounts of Mn.
The Ateca3-4 mutant allele is more sensitive to Mn toxicity (Li
et al., 2008). The phenotypes of plants carrying these alleles sug-
gest that AtECA3 is important for pumping Mn into the Golgi
for proper plant nutrition as well as detoxification via the Golgi
compartments. Further investigation is needed to understand the
variation between the alleles that uncouples the proposed dual
function of the AtECA3 transporter.

There is no evidence that the Arabidopsis AtECA2 or AtECA4
transporters play a role in Mn homeostasis. In fact, Ateca2
mutants appear similar to wild type when grown under high or
low Mn (Mills et al., 2008). A tomato ECA, LCA1 (Lycopersicon
esculentum Ca2+-ATPases), shows high amino acid sequence
similarity to ECA2 (77%) in comparison to ECA1 and ECA3
(Pittman et al., 1999). LCA1 can also complement the pmr1 yeast
mutant, suggesting that it is also an endocompartment-localized
Mn2+ pump (Johnson et al., 2009). Additional study of ECAs in
A. thaliana, rice and other crop species is required to clarify their
role in Mn homeostasis in planta.

VIT/CCC1-like family
CCC1 (Ca2+-sensitive cross complementer 1), which transports
Fe and Mn into the vacuole in yeast (Li et al., 2001), has six
orthologs in Arabidopsis referred to as CCC1-like (Rampey et al.,
2006; Gollhofer et al., 2011). To date, AtVIT1 is the best char-
acterized CCC1-like transporter and is likely involved in Mn
uptake into the vacuole. As hypothesized, ccc1 mutant yeast,
when expressing AtVIT1, could accumulate Mn in the vacuoles
(Kim et al., 2006). High-resolution SXRF images of Atvit1 mutant
seeds display highly localized Mn in the Arabidopsis embryo in
a pattern identical to that seen in wild type. This is not wholly
surprising considering the multitude of transporters that are
implicated in Mn transport in the absence of AtVIT1. Therefore,
although AtVIT1 is a potential route for Mn transport in planta,
it does not appear to be essential for localization of Mn in the
seed. The functional orthologs of AtVIT1 in rice (OsVIT1 and
OsVIT2) are localized to the vacuole. They transport Mn, Fe and
Zn in yeast, however physiological studies of mutants suggest that
they are only Fe and Zn transporters in planta (Zhang et al., 2012).

CONCLUSIONS AND FUTURE PERSPECTIVES
Mn, although essential for plant survival, can be toxic to plants.
Over the past few decades, several transporter families have been
identified that play a role in Mn homeostasis. Interestingly, many
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of the transporters that translocate Mn have broad specificity
for other ions, particularly divalent cations. For example, trans-
porters such as IRT1, originally described as an Fe transporter in
the root, can also transport Mn into the plant. In addition, CAX
family members along with ECA proteins were originally thought
to transport Ca; it was only subsequent research that discovered
their roles in Mn transport as well. Despite the advancements in
identifying Mn transporters, there is still a lot unknown regarding
the molecular mechanisms controlling Mn homeostasis in plants.
Many Mn transporters are not differentially regulated at the tran-
scriptional level in response to Mn stress. Further research can
explore the possibility that many of the transporters are under
post-transcriptional or post-translational control. The degrada-
tion of OsNRAMP3 in response to Mn toxicity in rice may be a
common mechanism used by plants to tolerate stress conditions
(Yamaji et al., 2013).

Further characterization of orthologs of Mn transporters
found in A. thaliana in crop species is a necessary step toward
agronomic advancement. Research involving identification of
genes involved in Mn homeostasis can be exploited to generate
plants that are able to thrive in suboptimal soil conditions which
would increase crop production and guarantee food security. For
example, if we breed plants with high Mn uptake efficiency in the
root, we can grow plants in highly alkaline soils where plants usu-
ally succumb to Mn deficiency. In conjunction, developing plants
with increased Mn storage capability can assist in either soil Mn
detoxification or improved growth of plants in acidic soils.
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Iron is an important micronutrient in human and plant nutrition. Adequate iron nutrition
during crop production is central for assuring appropriate iron concentrations in the
harvestable organs, for human food or animal feed. The whole-plant movement of iron
involves several processes, including the reduction of ferric to ferrous iron at several
locations throughout the plant, prior to transmembrane trafficking of ferrous iron. In this
study, soybean plants that constitutively expressed the AtFRO2 iron reductase gene were
analyzed for leaf iron reductase activity, as well as the effect of this transgene’s expression
on root, leaf, pod wall, and seed mineral concentrations. High Fe supply, in combination
with the constitutive expression of AtFRO2, resulted in significantly higher concentrations
of different minerals in roots (K, P, Zn, Ca, Ni, Mg, and Mo), pod walls (Fe, K, P, Cu, and
Ni), leaves (Fe, P, Cu, Ca, Ni, and Mg) and seeds (Fe, Zn, Cu, and Ni). Leaf and pod
wall iron concentrations increased as much as 500% in transgenic plants, while seed iron
concentrations only increased by 10%, suggesting that factors other than leaf and pod
wall reductase activity were limiting the translocation of iron to seeds. Protoplasts isolated
from transgenic leaves had three-fold higher reductase activity than controls. Expression
levels of the iron storage protein, ferritin, were higher in the transgenic leaves than in wild-
type, suggesting that the excess iron may be stored as ferritin in the leaves and therefore
unavailable for phloem loading and delivery to the seeds. Also, citrate and malate levels
in the roots and leaves of transgenic plants were significantly higher than in wild-type,
suggesting that organic acid production could be related to the increased accumulation of
minerals in roots, leaves, and pod walls, but not in the seeds. All together, these results
suggest a more ubiquitous role for the iron reductase in whole-plant mineral accumulation
and distribution.

Keywords: FRO2, iron, mineral nutrition, soybean, transgenic

INTRODUCTION
Iron is one of the most important micronutrients in human and
plant nutrition, and a suitable level of iron nutrition in plants
is vital to providing adequate concentrations of this mineral in
the harvestable plant organs for human food or animal feed.
Researchers have been interested in creating plant foods that are
nutrient-dense (to guarantee“nutrient security”) in iron and other
minerals (Carvalho and Vasconcelos, 2013), using an approach
referred to as biofortification. Soybean, being an important plant
food in several parts of the world, would be a suitable target for bio-
fortification programs. However, in soybean, most biofortification
strategies have aimed at increasing sulfur amino acids (Dinkins
et al., 2001) and vitamins, such as α-tocopherol (Dwiyanti et al.,
2011), and not at increasing mineral concentrations.

To create crop plants with more minerals, researchers must
boost their mobilization and uptake from the soil, improve their
movement to the edible portions of the plant and ultimately,
enhance their storage in those tissues. For this, it is essential to

understand the relevant contributions of the mineral transport
system throughout the plant as well as the regulatory system that
controls it.

One possible strategy is to utilize a “bottom up” approach,
where scientists enhance the mechanism of iron uptake from
the roots, and “hope” that the additional iron will be mobilized
and stored in the edible parts of the plant. Mineral elements tra-
verse the root via apoplastic and/or symplastic pathways to the
stele, where they are loaded into the xylem for transport to the
shoot (White and Broadley, 2009). In the plant kingdom there
are two main strategies for iron uptake. Dicots, such as soybean,
and non-graminaceous monocots, respond to iron limiting envi-
ronments by induction of the Strategy I mechanism (Römheld
and Marschner, 1986; Marschner, 1995), which involves several
processes at the root membrane such as the expression of active
proton pumps (AHA2) to increase solubility of ferric (Fe+3) iron,
a ferric reductase (FRO2) to generate ferrous (Fe+2) iron, and
an iron transporter (IRT1) to take up this reduced, available iron
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from the rhizosphere (Hell and Stephan, 2003). This uptake sys-
tem depends on the activity of specific transcription factors, such
as FIT and bHLH proteins. Recent work in Arabidopsis and Med-
icago has shown that Strategy I plants also produce species-specific
iron deficiency-elicited compounds, namely phenolics and flavins
(Rodríguez-Celma et al., 2013) such as scopoletins (Fourcroy et al.,
2013). Monocots utilize the Strategy II mechanism, in which
there is extrusion of phytosiderophores that chelate iron and then
are taken up as an iron-chelate complex by root specific trans-
porters. Several comprehensive reviews are currently available on
this topic (Curie and Briat, 2003; Walker and Waters, 2011; Hindt
and Guerinot, 2012; Ivanov et al., 2012; Kobayashi and Nishizawa,
2012).

The Arabidopsis FRO2 gene is a member of the FRO gene
family and encodes an iron-deficiency inducible iron reductase
responsible for reducing iron at the root surface (Yi and Guerinot,
1996; Robinson et al., 1999; Connolly et al., 2003). Once inside
the roots, iron is transported via the xylem to the vegetative tis-
sues in response to transpirational activity from various organs.
It is thought that iron is transported in the xylem as a complex
with organic acids (OA) such as citrate (Tiffin, 1966; Rellán-
Álvarez et al., 2010), and that nicotianamine (NA) also may play
an important role in this process (Curie et al., 2009; Ivanov et al.,
2012).

The role of iron reduction in the roots is well documented
(Robinson et al., 1999; Connolly et al., 2003; Mukherjee et al.,
2006); however, the role of the reductase in the leaf, fruit, and
grain is still unclear. It is thought that iron reduction is necessary to
reduce ferric iron in the aerial parts of the plant before being trans-
ported into the leaf cells (Larbi et al., 2001; Feng et al., 2006). It was
found that AtFRO7 localizes to the chloroplast and is required for
efficient photosynthesis in young seedlings and for survival under
iron-limiting conditions (Jeong et al., 2008). Iron reductase activ-
ity has been detected in leaves of different plant species such as
sunflower (de la Guardia and Alcántara, 1996), Vigna unguiculata
(Brüggemann et al., 1993) and sugar beet (Gonzalez-Vallejo et al.,
2000; Larbi et al., 2001).

Once in the leaves, iron is used in diverse biochemical processes,
or it can be stored for future use. The storage form of iron and
the organelles where it is accumulated is only partially defined. It
is thought that most of the iron will be stored as ferritin in the
plastids (chloroplasts contain up to 90% of the leaf cell iron), with
about half in the stroma and half in the thylakoid membranes.
The remaining iron pool will probably be found in the vacuole
(Thomine et al., 2003). There also seems to be a role for the reduc-
tase in the transport to and eventual accumulation of iron in seeds
(Grusak, 1995). A pea mutant (dgl) was identified that has uncon-
trolled hyperaccumulation of Fe in vegetative tissues, and that has
the ability to accumulate up to 3-fold higher concentrations of Fe
in the seeds (Marentes and Grusak, 1998). Another pea mutant,
brz (bronze leaves) also has been shown to have hyperaccumula-
tion of iron in the leaves, but it does not move excess iron into
the seeds (Grusak, 1995). Unfortunately, there are no data on the
possible role of leaf iron reduction in the transport of iron to the
developing seeds.

There is also very limited information on the common reg-
ulatory mechanisms that co-regulate the uptake, transport and

accumulation of iron and other minerals in the plant. Several com-
mon transporters have been identified, but only limited evidence
is available on the effects of higher Fe intake on the dynamics
of other minerals, such as zinc (Zn), copper (Cu), manganese
(Mn), magnesium (Mg), phosphorous (P), potassium (K), nickel
(Ni), molybdenum (Mo), or calcium (Ca). All of these also play
important roles in human and animal nutrition, and enhanced
accumulation of more than one mineral could be a cost effective
strategy in biofortification programs.

Ectopic expression of the Arabidopsis thaliana ferric chelate
reductase, AtFRO2 (Robinson et al., 1999) in transgenic soybean
conferred increased iron reduction in the roots and enhanced tol-
erance towards iron deficiency chlorosis (Vasconcelos et al., 2006).
To determine if the reductase activity is a rate-limiting step for
seed mineral acquisition, and to establish AtFRO2 as a possi-
ble molecular tool to be used in biofortification programs, we
functionally analyzed the transgenic soybean line 392-3 carrying
the Arabidopsis FRO2 gene under the 35S constitutive promoter
for leaf iron reductase activity and general whole-plant mineral
distribution.

MATERIALS AND METHODS
PLANT MATERIAL
Soybean (Glycine max L.) genotypes “Thorne” wild-type (WT)
and transgenic homozygous line 392-3 carrying the FRO2 gene
from Arabidopsis thaliana under the constitutive 35S promoter
(Vasconcelos et al., 2006) were used in this study. Plants were
grown in a controlled environment chamber with 16-h, 20◦C-
day and 8-h, 15◦C-night. Relative humidity was maintained at
50% and photon flux density during the day was 350 μmol m−2

s−1, supplied by a mixture of incandescent bulbs and fluores-
cent lamps. Seeds of control and homozygous transgenic plants
in T3 generation were first germinated in beakers with wet filter
paper for 4 days before being transferred to hydroponics solu-
tion (four plants per 4.5 l) with different Fe treatments. The
standard solution for hydroponically grown plants contained:
0.8 mM Ca(NO3)2, 1.2 mM KNO3, 0.2 mM MgSO4, 0.3 mM
NH4H2PO4, 25 μM CaCl2, 25 μM H3BO3, 0.5 μM MnSO4,
2.0 μM ZnSO4, 0.5 μM CuSO4, 0.5 μM H2MoO4, and 0.1 μM
NiSO4. For various studies, plants were grown either at 0, 10,
32, or 100 μM Fe(III)-EDDHA [ethylenediamine-N,N’bis(o-
hydroxyphenyl)acetic acid]. All nutrients were buffered with 1 mM
MES (2,4-morpholino-ethane sulfonic acid), pH 5.5 and growth
solutions were changed weekly until full maturity (FM) of the
plants.

For mineral analysis, tissues were collected at three devel-
opmental stages: 40 (Grain-Fill I), 80 (Grain-Fill II), and 120
(Grain-Fill III) days after the initiation of flowering.

LEAF PROTOPLAST ISOLATION AND REDUCTION ACTIVITY
Trifoliate leaves of Thorne and 392-3 were collected at two weeks of
age from plants grown with 0, 10, 32, or 100 μM Fe(III)-EDDHA.
Protoplasts were isolated using a method modified from Larbi et al.
(2001). Specifically, leaf tissue of a known surface area was cut and
placed in Solution A (500 mM D-sorbitol, 1 mM CaCl2, 2% [w/v]
cellulase, 0.3% macerozyme, 0.1% pectolyase, 5 mM MES, pH 5.5).
The macerate was incubated at 27◦C for 3 h on an orbital shaker at

Frontiers in Plant Science | Plant Nutrition April 2014 | Volume 5 | Article 112 | 156

http://www.frontiersin.org/Plant_Nutrition/
http://www.frontiersin.org/Plant_Nutrition/archive


Vasconcelos et al. Nutritional enhancement of soybean

70 rpm, in the dark. Protoplasts were filtered, centrifuged, washed
with Solution B (500 mM D-sorbitol, 1 mM CaCl2 and 5 mM
MES, pH 6.0), isolated after sucrose layering and centrifugation,
sized, and counted for viability. Protoplasts were sized by using
a calibrated eyepiece fitted to a microscope (Nikon, Japan, 40×
objective). The number of protoplasts per unit volume was deter-
mined with a hemacytometer (Hausser Scientific, Horsham, PA,
USA), and viability of the protoplasts was calculated by incubation
of the protoplast suspension in 0.04% (w/v) Evans Blue for 5 min,
and determining the number of protoplasts excluding the dye. A
500 μl volume of leaf protoplast solution was added to 500 μl of
Solution B (described above) supplemented with 800 μM BPDS
and 800 μM Fe(III)-EDTA. Tubes were agitated for 45 min at 27◦C,
centrifuged (2 min at 12,000 g) and absorbances read at 535 nm.
The extinction coefficient of Fe(II)-BPDS3 (22.14 mM−1 cm−1)
was used to calculate the Fe reduction rates; values are presented
on protoplast surface area basis (nmol of Fe reduced μm−2 s−1).

TISSUE ELEMENTAL ANALYSIS
All tissues were harvested and dried overnight in a 60◦C oven.
Samples were then digested overnight in borosilicate glass tubes by
adding 4 ml of redistilled 98.8% HNO3 and 1 ml of concentrated
trace metal grade HClO4. Samples were heated at 100◦C for 1 h,
150◦C for 1 h, 180◦C for 1½ h and then at 210◦C to dryness. Diges-
tions were performed using a heating block (Model 1016, Tecator,
Höganäs, Sweden) with an exhaust-collecting manifold. Digests
were resuspended in 10 ml of redistilled 2% HNO3. Elemental
analysis was performed using inductively coupled plasma – opti-
cal emission spectroscopy (ICP-OES; CIROS ICP Model FCE12;
Spectro, Kleve, Germany). Five plants were grown for each treat-
ment as described before. Material from each plant was ground
and five independent digestions were performed prior to ICP-OES
analysis.

AtFRO2 AND GmFer EXPRESSION ANALYSIS
RNA from roots, leaves, seeds, root tips, pod walls, and petals
of control and transgenic plants grown hydroponically under
various iron concentrations (see above) was isolated using the
RNA-easy kit (Qiagen Inc., Valencia, CA, USA) according to
the manufacturer’s instructions. RNA was isolated from 3 plants
in each treatment. The experiments were repeated twice, and
PCR reactions were performed at least in triplicate. Possible
contaminating genomic DNA was removed with the TURBO
DNA-freeTM kit from Ambion (Ambion Inc., Austin, TX, USA)
following the manufacturer’s instructions. Total RNA (0.5 μg)
were subjected to reverse transcription (RT) with an anchored
oligo (dT) primer and 200 units superscript II reverse tran-
scriptase (Invitrogen, Carlsbad, CA, USA) in a volume of 20 μl
according to the manufacturer’s instructions. PCR reactions were
carried out with 1.5 μl of the RT reaction solutions. Addi-
tional reaction components were: 10 mM polymerase buffer,
1 mM dNTP’s, 0.1 units Taq polymerase (Clontech, Palo
Alto, CA, USA) and 1 μM specific primers. All primers sur-
rounded an intron so that genomic DNA was clearly distinguished
from cDNA-derived products. The following primer sets were
designed: ferritin (GmFer), 5′-ACTTGCTCTGTTTCTCTGAGC-
3′ (forward), 5′–CGCTAGACGGTGTGACACGT-3′ (reverse);

ubiquitin (GmUbq), 5′-GGGTTTTAAGCTCGTTGT-3′ (forward)
and 5′-GGACACATTGAGTTCAAC-3′ (reverse). The number
of cycles in each PCR reaction was 28, with 58◦C annealing
temperature. Amplified products from 10 μl of PCR reac-
tion were visualized on a 1% TAE agarose gel containing
ethidium bromide. Bands were photographed using the Quan-
tity One 4.5.1 Chemidoc EQTM Software System (Biorad, CA,
USA).

Quantitative RT-PCR (Q-RT PCR) was performed for AtFRO2
transcript quantification in different plant tissues. Reactions
were carried out in an ABI PRISM® 7700 sequence detector
using TaqMan One Step PCR master Mix reagents Kit and an
ABI PRISM® 96-well optical reaction plate (all from Applied
Biosystems, Foster City, CA, USA). Validation of the Q-RT
PCR methodology was performed in order to find the appro-
priate RNA concentration at which there is a linear correlation
between ribosomal RNA control (18S rRNA) and AtFRO2 tran-
scription. Reactions were carried out with 0.2 ng/μl RNA to
a final volume of reaction of 25 μl. Specific primers designed
for AtFRO2 were: 5′-CGTATCAAGTTTGGAACATCCACTT-
3′ (forward) and 5′-CCATCATTGGGAACATATACATGAA-3′
(reverse), amplifying the TaqMan Probe AtFRO2 sequence of
5′-AAGTTTGGAACATCCACTTATTTTGGTGCCA-3′. For sig-
nal detection and quantification, Applied Biosystems-Sequence
Detection Systems 1.9.1 was used (Applied Biosystems, Foster
City, CA, USA). The following standard thermal profile was
used for all PCRs: 40 cycles starting at 48◦C 30 min, 95◦C
10 min, 95◦C 15 s and 60◦C for 1 min. The ΔCt ± SD
and mean transcript level were calculated between four tech-
nical replicates from two experiments. To generate a baseline-
subtracted plot of the logarithmic increase in fluorescence sig-
nal (ΔRn) versus cycle number, baseline data were collected
between cycles 3 and 15. All amplifications were analyzed with
an Rn threshold of 0.02 to obtain the CT (threshold cycle)
values.

ORGANIC ACID ANALYSIS
Leaf and root tissue of control (Thorne) and transgenic (392-3)
soybean plants grown hydroponically at 0, 10, 32, or 100 μM
Fe (III)-EDDHA for 2 weeks were used for citrate and malate
analysis. Five samples of each tissue were frozen in liquid nitro-
gen and ground in a ceramic mortar and pestle with 8 mM
sulfuric acid. Homogenates were boiled for 30 min, filtered
with a 0.2 μm filter (Falcon, USA), taken to a final volume of
2 ml with 8 mM sulfuric acid and kept at −80◦C until HPLC
analysis.

Organic anions were analyzed with an Acclaim OA 5 μm ion-
exchange column (250 × 4 mm, DIONEX, TX, USA) with an
HPLC system (ICS 3000 Ion Chromatography System, DIONEX,
Houston, TX, USA), and Chromeleon software. Samples were
manually injected (10-μl loop). Mobile phase (100 mM Na2SO4,
pH 2.65) was pumped with an isocratic 0.5 ml min−1 flow rate.
Organic anions were detected at 210 nm. Peaks corresponding to
citrate and malate were identified by comparison of their reten-
tion times with those of known standards from Bio-Rad and Sigma
(St. Louis). Quantification was made with known amounts of each
organic anion using peak areas.
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STATISTICAL ANALYSIS
Welch’s t-test and the Dunnett-C test to compare the means were
used to compare the leaf, pod wall, root, stem and seed nutrient
levels between transgenic and WT plants. A Pearson’s correla-
tion analysis with four significance levels (P < 0.05; P < 0.01;
P < 0.001, and P < 0.0001) was performed to determine the cor-
relation between 10 different minerals in different tissue types.
The mineral data used for the correlation study integrated the ICP
results from WT and 392-3 plants grown to maturity at the three
iron concentrations, and at the three harvest dates. All statistical
analyses were performed using GraphPad Prism 6, version 6.1 (La
Jolla, CA, USA).

RESULTS
PLANT ORGAN WEIGHT
Fourteen days after transfer to the hydroponics solution, WT and
392-3 plants appeared similar to each other, in terms of plant size
and leaf color, particularly at 100 μM Fe(III)-EDDHA (Figure 1).
However, both WT and 392-3 plants grown in the complete
absence of iron were already showing severe signs of chlorosis
(Figure 1); therefore, this treatment had to be discontinued for
the analysis that involved growing the plants to FM.

To test if the constitutive expression of AtFRO2 and a combi-
nation of different Fe supplies would influence dry mass accumu-
lation in soybean organs, we cultivated WT and 392-3 plants with
10, 32, or 100 μM Fe(III)-EDDHA until FM. The lowest Fe sup-
plies (10 and 32 μM) resulted in significant differences in root dry
weight (DW) between the WT and 392-3 line, while no differences
were seen between genotypes in the roots at the highest Fe sup-
ply of 100 μM Fe (III)-EDDHA (Figure 2). The transgenic plants
also had significantly heavier shoot DW (P < 0.001) than the WT,
regardless of the Fe concentration in the growth solution. At 10 and
32 μM Fe (III)-EDDHA the transgenic soybean line 392-3 had sig-
nificantly higher pod wall DW. High Fe supply caused a decrease of
about 30% in root DW in the transgenic line compared to the lower
concentrations (10 or 32 μM). In the WT plants, this reduction
in root DW was not observed. In fact, WT plants exhibited higher
root DW (12.5 ± 0.8 g and 12.2 ± 0.1g) when grown in higher

FIGURE 1 | Wild-type (Panel A) and transgenic 392-3 (Panel B) soybean

plants at 14 days of hydroponic growth supplemented with 0, 10, 32,

or 100 μM Fe(III) EDDHA (left to right).

Fe concentrations than when grown at 10 μM concentration
(9.4 ± 0.3g).

AtFRO2 AND GmFer EXPRESSION
Quantitative RT-PCR revealed that the CaMV 35S promoter drove
AtFRO2 expression in different organs of the transgenic plants
such as root tips, basal regions of roots (without tips), leaves,
petals, pod walls, and seeds, and that AtFRO2 transcript levels
were relatively similar amongst the different organs (Figure 3).
However, when looking at different root regions, it was found
that AtFRO2 was less expressed in root tips than in the remaining
regions of the root. No expression of AtFRO2 was found in the
non-transformed control.

In order to determine if the constitutive expression of AtFRO2
is influenced by the external supply of iron, quantitative RT-PCR
was performed in roots and shoots of transgenic soybean line 392-
3 grown at 0, 10, 32, or 100 μM Fe(III)-EDDHA for 14 days.
Similar transcript levels were observed in both roots and shoots,
regardless of iron concentration in the hydroponics solution
(Figure 4).

Ferritin expression was assessed in roots and shoots of con-
trol and transgenic plants (Figure 5). Higher ferritin levels were
found in the shoots than in the roots in both control and trans-
genic plants, and an increase in ferritin expression was found when
plants were grown at higher iron concentrations. Moreover, 392-3
plants appeared to have higher expression of the ferritin gene when
compared to control.

TISSUE MINERAL CONCENTRATIONS
At an initial stage of our experiments, 392-3 soybeans were grown
along with the WT plants for 14 days at 32 μM Fe(III)-EDDHA
in hydroponic conditions and plants were screened for possible
modulatory effects on mineral concentrations in roots, stems, and
leaves (Table 1). It was observed that the transgenic line had sig-
nificantly higher concentrations of Fe, Zn, P, K, and Mn in leaves,
roots and stems, with concentrations increasing more than 50%
when compared to the WT.

The 392-3 soybeans were also grown along with the WT plants
at 10, 32, or 100 μM Fe (III)-EDDHA in hydroponic conditions
and plants were screened up to FM. Iron and Zn determinations of
the leaves, pod walls and seeds were performed at three different
developmental seed filling stages: Grain-Fill I (GF I), Grain-Fill
II (GF II), and FM (Figure 6). Significant differences in Fe accu-
mulation in the different tissues was found when comparing WT
and 392-3 plants, and differences were particularly significant at
the last collection date (FM), and at the highest iron concentra-
tion (100 μM). For plants that were grown at 100 μM Fe, at the
last collection date (Table 2; Figure 6) 392-3 plants had up to
1142 ± 69 μg g−1 Fe in the leaves, whereas the WT plants had
435 ± 18 μg g−1. Nonetheless, the increase in Fe concentration
in the leaves of plants grown at 100 μM Fe (III)-EDDHA was
already significant at the GF I and GF II stages. The pod wall Fe
levels also were significantly higher in the 392-3 plants, relative to
WT, at 32 and 100 μM Fe growth conditions at FM (Figure 6),
with values reaching up to 120 ± 4 μg g−1. At FM, an increase
of up to 100% was found in iron levels in the leaves of plants
grown at 100 μM Fe(III)-EDDHA, a higher than 60% increase
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FIGURE 2 | Dry weight of seeds, pod walls, shoot (leaf and stem), and

roots collected at full maturity (FM) stages of WT and transgenic 392-3

soybean plants supplied with 10, 32, or 100 μM of Fe(III)-EDDHA. Values

are the averages of at least five samples ± SE. Asterisks indicate that the
means (between WT and 392-3 within tissue type) are different by the Tukey
HSD test (*P < 0.05; **P < 0.01; ***P < 0.001).

FIGURE 3 | Relative AtFRO2 RNA expression in different soybean

plant tissues measured by Quantitative RT-PCR (Biorad). Amount
of transcript was calculated according to internal 18S RNA

expression for each tissue. RNA was extracted from two plants for
each tissue and Quantitative RT-PCR reaction was repeated three
times.

was found in the levels of iron in the pod walls of these same
plants, and a 10% increase was detected in the corresponding seed
iron levels. Plants that had been grown in soil, in greenhouse con-
ditions, showed a similar increase in seed iron levels (data not
shown).

Zinc concentrations were also higher in the transgenic leaves
and seeds but not in the pod walls. The increments were varied
with the concentration of iron in the nutrient solution and with
the harvest date. In the leaves, increases in Zn concentration were
significantly higher at GF I and GF II, but not at FM. In the seeds,
Zn concentration in 392-3 was always significantly higher than in
WT plants grown at the highest Fe concentration.

Because Fe and Zn differences were more pronounced in
plants grown at 100 μM Fe and at FM, we decided to deter-
mine whether other minerals were also affected, looking at this
particular stage of development and treatment. Table 2 shows
that other minerals besides Fe and Zn were also modulated in
the transgenic plants, with differences noted in mineral com-
position in the roots, pod walls, leaves, and seeds (Table 2). In
roots, several obvious mineral concentration differences could be
detected. High Fe supply, in combination with the constitutive
expression of AtFRO2, was associated with higher concentra-
tions of K, P, Zn, Ca, Ni, Mg, and Mo. In pod walls, transgenic
plants had significantly higher Fe, K, P, Cu, and Ni concentrations
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FIGURE 4 | Relative AtFRO2 RNA expression in roots and shoots of

transgenic 392-3 soybean plants supplied with 0, 10, 32, or 100 μM Fe(III)

EDDHA detected by Quantitative RT-PCR (Biorad). Amount of transcript

was calculated according to internal 18S RNA expression for each tissue.
RNA was extracted from 2 plants for each tissue and Quantitative RT-PCR
reaction was repeated three times.

FIGURE 5 | Semi-quantitative RT-PCR analysis of the soybean ferritin (GmFer ) expression in roots (Panel A) and shoots (Panel B) of WT and 392-3 G.
max plants grown under different iron concentrations [0, 10, 32, or 100 μM Fe (III)-EDDHA]. Soybean ubiquitin gene (GmUbq) was used as template
loading control.

Table 1 | Average root, stem, and leaf mineral concentration of wild-type (WT) and 392-3 transgenic soybean plants grown in hydroponic

conditions with 32 μM Fe(III)-EDDHA for 2 weeks.

Mineral

(μg g−1)

Roots Stems Leaves

WT 392-3 WT 392-3 WT 392-3

Fe 201 ± 11 582 ± 25** 41 ± 3 94 ± 6** 196 ± 8 766 ± 31**

Mn 122 ± 10 258 ± 13** 122 ± 10 258 ± 13** 65 ± 2 188 ± 8**

K 46430 ± 7979 51266 ± 2875* 33692 ± 2556 46004 ± 2467* 27244 ± 389 30575 ± 1306*

P 12284 ± 738 17490 ± 880* 4558 ± 195 6106 ± 393* 4658 ± 34 6912 ± 105*

Zn 100 ± 4 346 ± 11** 56 ± 3 149 ± 9** 136 ± 3 283 ± 6**

Values are shown as mean ± SE and represent an average of five plants. Significance within tissue types: *P < 0.05; **P < 0.01.

and significantly lower concentrations of Ca and Mg. In leaves
there was a significant increase in leaf Fe, but also in P, Cu, Ca,
Ni, and Mg. In seeds, the concentrations of Fe, Zn, Cu, and
Ni were significantly increased in the transgenic line, relative to
WT.

MINERAL CORRELATION ANALYSIS
Pearson’s correlation analysis was performed in order to find
relationships among the ten minerals’ concentrations in three

different plant tissues. The organ with the fewest number of
correlations was the seed; however, it was also the organ where
the most significant correlations occurred (Figure 7). In gen-
eral, Fe seems to be very tightly linked to several other minerals,
with particular emphasis in the leaves and pod walls. As can
be observed in Figure 7, the only positive correlations that are
common for the three tissue types are the pairs Fe-Zn, Fe-Cu,
and Ni-Cu. Other correlations are common in two of the three
tissues.
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FIGURE 6 | Fe and Zn concentration (μg g−1) in leaves, pod walls and

seeds of WT and transgenic 392-3 soybean plants grown in hydroponic

conditions with 10, 32, or 100 μM Fe (III)-EDDHA. Tissues were harvested
at two grain filling stages (GF I and GF II) and at full maturity (FM). Asterisks

indicate that the means (between WT and 392-3 within Fe supply) are
different by the Tukey HSD test (*P < 0.05; **P < 0.01; ***P < 0.001). Error
bars may be too small to be visible in the figure. Data are means ± SE of five
plants per treatment.

Table 2 | Mineral concentration (μg g−1) in roots, pod walls, leaves, and seeds of wild-type (WT) and transgenic 392-3 soybean plants grown in

hydroponic conditions with 100 μM Fe(III)-EDDHA until full maturity (FM).

Mineral

(μg g−1)

Roots Pod walls Leaves Seeds

WT 392-3 WT 392-3 WT 392-3 WT 392-3

Fe 2904 ± 109 2592 ± 177 49 ± 1 120 ± 4*** 435 ± 18 1142 ± 69*** 96 ± 2 112 ± 3**

Mn 10 ± 0.6 9 ± 0.3 22 ± 2 17 ± 1 49 ± 6 47 ± 1 20 ± 1 24 ± 1*

K 13256 ± 83 41661 ± 2644* 26722 ± 436 32064 ± 620** 15385 ± 200 13336 ± 977 18920 ± 415 19341 ± 78

P 4079 ± 97 7991 ± 529* 2572 ± 37 4244 ± 89** 1427 ± 53 2414 ± 68** 6389 ± 164 6509 ± 132

Zn 45 ± 1 137 ± 50* 49 ± 1 84 ± 19** 157 ± 3 162 ± 2 61 ± 1 76 ± 1**

Cu 27 ± 1 25 ± 2 8 ± 0.1 13 ± 0.3** 3 ± 0.1 8 ± 0.4** 15 ± 0.1 17 ± 0.1***

Ca 9788 ± 72 7553 ± 200* 23605 ± 395 19275 ± 124** 21861 ± 330 30398 ± 591** 3519 ± 57 3674 ± 61

Ni 2 ± 0.4 3 ± 0.2* 3 ± 0.1 5 ± 0.1** 1 ± 0.1 2 ± 0.2** 8 ± 0.1 9 ± 0.1*

Mg 435 ± 0.5 534 ± 12* 4886 ± 61 4310 ± 59* 1648 ± 28 2346 ± 120* 2190 ± 21 2103 ± 16

Mo 5 ± 0.3 3 ± 0.3* 39 ± 2 20 ± 1 23 ± 2 18 ± 1 55 ± 0.9 55 ± 0.3

Values are shown as mean ± SE and represent an average of five plants. Significance within tissue types: *P < 0.05; **P < 0.01; ***P < 0.001.

LEAF IRON REDUCTION ACTIVITY
The small differences in the seed iron concentration between WT
and 392-3 transgenic plants led to the hypothesis that perhaps
the higher reductase activity in the roots may not be paral-
leled by a higher reductase activity in the leaves or in other
plant organs, which could be sources of transportable Fe. If the
increased iron concentration in the leaves of the 392-3 plants is
being stored in a non-transportable form, then there will not be
a concomitant transport to the developing seeds. Therefore, an
optimized protocol was used to measure ferric chelate reductase

activity of soybean plants grown in hydroponics for two weeks
at 10, 32, or 100 μM Fe (III)-EDDHA. Protoplasts isolated
from leaf cells of 392-3 and WT plants showed that expression
of AtFRO2 increased leaf iron reduction capacity up to 3-fold
when compared to the WT, regardless of the plant iron treatment
(Figure 8).

CHANGES IN LEAF AND ROOT ORGANIC ACIDS
Malate and citrate have been described as important compounds in
the translocation of Fe in the plant’s vascular system. Both OA were
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FIGURE 7 | Mineral correlation analysis. Pearson’s correlation analysis of
ten mineral concentrations in leaves (A), pod walls (B), and seeds (C) of
Thorne and 392-3 soybean plants cultivated with 10, 32, or 100 μM of
Fe (III)-EDDHA and measured at two grain filling stages (GF I and GF II)
or at full maturity (FM). Solid lines represent a significant positive

correlation and dashed lines represent a significant negative correlation.
Thinner lines indicate significance at the P < 0.05, semi-thin indicate
significance at the P < 0.01, semi-thick indicate significance at the
P < 0.001 level and the thicker lines indicate significance at the
P < 0.0001 level.

FIGURE 8 | Iron reductase activity measured in vivo in protoplasts isolated from WT and transgenic 392-3 soybean leaves of plants grown with 10, 32,

or 100 μM Fe (III)-EDDHA. Values are shown per surface area. Measurements were made with 400 μM Fe (III)-EDTA as a substrate. Data are means ± SE of
three replications each.

detected in transgenic and control leaves and roots. In general, dif-
ferences between 392-3 and WT plants were more pronounced in
the leaves than in the roots, and transgenic plants accumulated
significantly higher amounts of both OA than WT. In the leaves
of 392-3 plants, citrate and malate were higher when plants were
grown at 10, 32, or 100 μM Fe (Figures 9A,B). A different pat-
tern was observed in the WT plants: malate concentrations were
highest in leaves of iron-starved plants, and were lower when iron
was available to the plants. Leaf citrate concentrations were only
elevated at 32 μM Fe.

For plants grown in the absence of Fe, citrate, and malate were
not detectable in the roots of WT and transgenic plants. However,
when plants were grown in Fe sufficiency, both OA were observed
(Figures 9A,B).

DISCUSSION
There is currently a strong interest in developing strategies to
increase the level of minerals, such as iron, in edible plant organs.

One such strategy is the over-expression of genes that are neces-
sary for proper plant iron status. Previous work has shown that by
enhancing the reductase activity in transgenic soybean, plants are
able to cope better in iron limiting soils, having higher chlorophyll
values and improved agronomic performance (Vasconcelos et al.,
2006). Also, a possible strategy to enhance the mineral content of
plant foods is to enhance the uptake of minerals from the roots
during the period of seed development (Waters and Grusak, 2008;
Sperotto et al., 2012).

MINERAL CONCENTRATIONS AND CORRELATIONS
In the current study, soybean plants overexpressing AtFRO2 were
analyzed for mineral concentrations (Fe, Zn, Cu, Mn, Mg,
Ca, Mo, Ni, K, and P) in source and sink tissues at differ-
ent seed-filling stages. Significant differences were found in the
mineral concentration of transgenic plants when compared to
the WT, and differences were particularly prominent when tis-
sues were collected at the final developmental stage (Table 1).

Frontiers in Plant Science | Plant Nutrition April 2014 | Volume 5 | Article 112 | 162

http://www.frontiersin.org/Plant_Nutrition/
http://www.frontiersin.org/Plant_Nutrition/archive


Vasconcelos et al. Nutritional enhancement of soybean

FIGURE 9 | Effects of Fe concentration on organic acid (citrate and malate) accumulation in WT and 392-3 soybean leaves and roots. Data are
means ± SE of eight replicates. Asterisks represent significant differences between WT and 392-3 (**P < 0.01; ***P < 0.001).

This suggests that the iron reductase is not only involved in
iron acquisition, but it plays a more general role in the regula-
tion of ion absorption by root cells. This hypothesis has been
supported by others (Marschner et al., 1982; Stephan and Grün,
1989; Welch and LaRue, 1990; Yi and Guerinot, 1996). Further-
more, after two weeks in hydroponic conditions supplemented
with 0, 10, 32, or 100 μM Fe (III)-EDDHA, the transgenic line
392-3 had significantly higher concentrations of Fe, Zn, and
Mn in leaves, roots, and stems, with concentrations 50% higher
when compared to the WT (Table 1). Increased Mn uptake and
subsequent translocation to the aerial parts of the plant is rea-
sonable, because Mn moves easily from roots to shoot tissues in
the xylem-sap transpiration stream (Ramani and Kannan, 1987;
Marschner, 1995).

After observing that 392-3 had altered concentrations of differ-
ent minerals after 14 days of growth, we grew plants to maturity
and analyzed mineral accumulation in roots, leaves, pod walls, and
seeds at different developmental seed filling stages (Figure 6). At
the last harvest date (FM), it was observed that when grown with
high Fe supply, in combination with the constitutive expression
of AtFRO2, there were several significant mineral changes. In pod

walls, transgenic plants had significantly higher Fe, K, P, Cu, and
Ni; however, significantly lower concentrations of Ca and Mg were
found (Table 2), suggesting an antagonistic effect of the higher Fe
concentrations in these tissues, or that pod transpiration rates were
depressed. Finally, besides Fe, seeds had also significantly higher
concentrations of Zn, Cu, and Ni.

There were two minerals which were significantly higher across
all tissues of 392-3 when compared to WT (roots, leaves, pod walls,
and seeds): Ni and P. In fact, Ni rapidly re-translocates from leaves
to young tissues in the phloem, particularly during reproductive
growth. Up to 70% of Ni in the shoots is transported to the seeds
of soybean (Tiffin, 1971).

In the case of P, more P becomes available for uptake when
there is an increase of OA exudation (Remy et al., 2012). Thus, our
observations of significantly higher OA production by 392-3 roots
and leaves (Figure 9) could explain the increased uptake of P. If
this hypothesis is true, then it suggests that the most important
source of P for the seeds is the P taken up during seed fill, and
not remobilized P. In fact, in previous work where P was either
remobilized or not from the leaves, no changes in P occurred in
soybean seeds (Crafts-Brandner, 1992).
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When looking at mineral correlations (Figure 7), the posi-
tive correlations which were common in leaves, pod walls and
seeds were the pairs Fe-Zn, Fe-Cu, and Ni-Cu. Ni-Cu share
a common uptake system (Kochian, 1991), and Fe-Zn as well,
because the IRT1 Fe transporter also mediates Zn transport (Eide
et al., 1996; Korshunova et al., 1999; Vert et al., 2002). The link
between Fe-Cu cannot be explained by common transporters,
as it has been shown that IRT1 (at least in Arabidopsis) can-
not transport Cu. However, 35S-FRO2 transgenic Arabidopsis
plants have elevated Cu reductase activity (Connolly et al., 2003;
Zimmermann et al., 2009), and at 14d 392-3 plants also have
enhanced Cu reductase activity (data not shown), which may have
increased the amount of available Cu for uptake, transport and
accumulation.

In leaves and pod walls, there was a positive correlation between
Fe-Mn, contrary to what was found in rice (Sperotto et al., 2012).
In seeds, there was a positive correlation between Ca and Mn,
which is in agreement with Zeng et al. (2005) and Majumder et al.
(1990). Also in the seeds, there was a positive correlation between
Ca and K, confirming what was seen before in rice (Sperotto et al.,
2012).

The mineral correlations in the different plant organs could
also be related to differential mobilities within the plant, and sev-
eral mineral elements, such as Ca and Mo, are not very phloem
mobile (Marschner, 1995; Lucas et al., 2013). Once deposited
in the leaves, minerals must be remobilized to the seeds via
phloem transport, and K, Na, Mg, P, are transported read-
ily, but Fe, Zn, Cu, and Mo are less mobile, and Mn and
Ca are poorly mobile in the phloem of most plant species
(Marschner, 1995). Mineral elements that have low phloem mobil-
ities generally accumulate in tissues with high transpiration rates
(White and Broadley, 2009).

THE ROLE OF SHOOT Fe REDUCTASE ACTIVITY
An interesting question that arises from this study is why 392-3
acquired only 10% more iron in the seeds when leaves and pod
walls were more highly enriched in iron. Why did this excess
iron not move to the seeds? It has been shown previously that
in soybean (Lazlo, 1990), the developing ovules exhibit a gradual
increase in seed Fe accretion as long as seed DW is increasing.
In the current study, the source tissues of the transgenic plants
showed more than double the iron concentration when compared
to control plants (Table 1), and in certain instances, a 5-fold
increase was observed in iron concentrations in the leaves. The
small (yet significant) differences in the seed iron concentration
between WT and 392-3 plants suggested that perhaps the higher
reductase activity in the roots (Vasconcelos et al., 2006) may not
have been paralleled by a higher reductase activity in the leaves.
However, protoplasts isolated from leaf cells of 392-3 and WT
plants showed that AtFRO2 expression increased leaf iron reduc-
tion capacity up to 3-fold, relative to WT (Figure 1). However, it
appears that having higher iron reduction capacity in the leaves
(and presumably other vegetative tissues) may confer only a mod-
est benefit in the availability and/or loading of iron to the phloem
and subsequent transport to the seeds. Fe remobilization from
leaves to seeds has been seen in legumes (Hocking and Pate, 1977;
Grusak, 1994), and remobilization from leaves to seeds increases

during senescence in common bean (Phaseolus vulgaris L.; Zhang
et al., 1995). At FM, in the current study, we already had several
senescing leaves, which should be working as sources of Fe to the
seeds.

Chelation is a required factor for phloem transport of iron.
Using the brz and dgl Fe-hyperaccumulating pea mutants, it
was suggested that Fe must be chelated prior to phloem load-
ing, since transition metal ions precipitate at alkaline pH values
characteristic of phloem saps (Grusak, 1994). It is possible that
our transgenic 392-3 soybean plants did not produce enough
chelators to transport the excess leaf iron to the seeds. Once
iron has entered the plant, both NA and citrate have been pro-
posed to serve as iron chelators; mutants that do not properly
synthesize or transport these chelators have lower Fe accumula-
tion in the seeds (Jeong et al., 2008). We have shown that the
392-3 plants have significantly higher citrate and malate con-
centrations in leaves and roots. Several authors have reported
an increase in xylem sap OA concentrations with Fe deficiency
(Abadía et al., 2002; López-Millán et al., 2009; Larbi et al., 2010),
a condition where there is up-regulation of the Fe reductase.
Also, FRO2 belongs to a superfamily of flavocytochrome oxidore-
ductases, containing a NADPH sequence motif on the inside of
the membrane (Schagerlof et al., 2006). It is possible that ele-
vated levels of AtFRO2 lead to increased NADPH consumption,
which consequently induces metabolic pathways that lead to a
higher production of OA (López-Millán et al., 2000). Because
the higher accumulation of malate and citrate did not enable
increased seed iron levels, it seems that citrate and malate may
not be limiting factors contributing to the transport of Fe to
seeds.

Perhaps other factors need to be turned on for higher phloem Fe
translocation from shoots to seeds. In rice, it is known that OsYSL2
expression is a necessary component for correct translocation of
Fe to young shoots and developing seeds (Ishimaru et al., 2010;
Masuda et al., 2012), as it is thought to transport Fe(II)-NA in the
phloem (Koike et al., 2004). If there is a similar need in soybean,
it is possible that the expression of this ortholog in our transgenic
plants may not have been up-regulated.

IRON STORED AS FERRITIN
Another factor that could have prevented the remobilization of Fe
to the seeds is if Fe was stored in a non-translocatable form, e.g.,
complexed within ferritin. Ferritin is one of the principal forms of
iron storage in plants, and it provides a means of rapidly seques-
tering iron ions that might otherwise promote the formation of
reactive oxygen species (Truty et al., 2001). Ferritin expression was
assessed in roots and shoots of control and transgenic plants in
order to see if the extra iron could be stored in the form of fer-
ritin (Figure 3). Higher ferritin transcript levels were found in the
shoots than in the roots in both control and transgenic plants,
and an increase in ferritin expression was found when plants were
grown at higher iron concentrations (100 μM Fe). Moreover, 392-
3 plants seemed to have higher expression of the ferritin gene,
indicating that the excess iron concentration found in the roots
and shoots of the transgenic plants is at least partly stored in
the form of ferritin, and thus may not be readily available for
export.
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CONCLUSION
Accumulation of iron in the various plant tissues during growth
and development is a dynamic process resulting from an inte-
grated regulation of genes encoding proteins for mineral uptake,
transport and storage. These processes depend on the plant geno-
type and are greatly influenced by environmental cues. Can an
improved soybean be developed that is fortified with essential
minerals? The results presented herein demonstrate that consti-
tutive expression of an iron reductase gene led to a 10% increase
in seed Fe, Zn, and Cu, and a 20% increase in Mn levels, despite the
fact that mineral concentration in the leaves and pod walls (two of
the most important mineral sources for the seeds) reached much
higher relative levels in the transgenic plants. This indicates that
manipulation of the iron reductase could be an effective biofor-
tification strategy for several minerals, especially when targeting
leafy food sources.
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Several grain legumes are staple food crops that are important sources of minerals for
humans; unfortunately, our knowledge is incomplete with respect to the mechanisms
of translocation of these minerals to the vegetative tissues and loading into seeds.
Understanding the mechanism and partitioning of minerals in pea could help in developing
cultivars with high mineral density. A mineral partitioning study was conducted in
pea to assess whole-plant growth and mineral content and the potential source-sink
remobilization of different minerals, especially during seed development. Shoot and root
mineral content increased for all the minerals, although tissue-specific partitioning differed
between the minerals. Net remobilization was observed for P, S, Cu, and Fe from both
the vegetative tissues and pod wall, but the amounts remobilized were much below the
total accumulation in the seeds. Within the mature pod, more minerals were partitioned
to the seed fraction (>75%) at maturity than to the pod wall for all the minerals except Ca,
where only 21% was partitioned to the seed fraction. Although there was evidence for
net remobilization of some minerals from different tissues into seeds, continued uptake
and translocation of minerals to source tissues during seed fill is as important, if not more
important, than remobilization of previously stored minerals.

Keywords: PEA, mineral nutrition, remobilization, continuous uptake, seeds

INTRODUCTION
Plant foods are the principal source of dietary minerals for
humans and animals. In particular, cereals such as rice, wheat,
and maize, and grain legumes such as beans are the staple
food in many populations. Moreover, seed quality is important
because it may determine seedling vigor and help to increase
crop yield (Pearson et al., 1995). The amount of minerals in the
seeds depends on uptake from the soil into the roots, translo-
cation into the shoots via the xylem, transfer into the leaves
and other structures and translocation into the seeds via the
phloem. Plant mineral concentrations also vary, depending on
the species/cultivars and on the plant tissues, which emphasizes
that genetic differences exist in the plants’ ability to acquire and
accumulate the minerals in different tissues. We have been inter-
ested in improving the mineral concentration of pea (Pisum
sativum), an important grain legume that serves as an important
source of nutrients for humans, especially in parts of the devel-
oping world (Cousin, 1997). Thus, we have conducted studies to
develop a baseline understanding of whole-plant mineral content
and dynamics in pea, as a first step toward subsequent efforts to
improve seed mineral concentrations in this crop.

One of the main problems in trying to increase the nutrient
content in plants is the lack of understanding of different path-
ways and gene products involved in transporting the minerals to
the seeds. Several studies have identified genes/proteins involved
in uptake of the minerals from the rhizosphere, some for translo-
cation to vegetative tissues and ultimately accumulation in seeds
(Grotz et al., 1998; Eren and Arguello, 2004; Green and Rogers,

2004; Hussain et al., 2004; Verret et al., 2004; Pittman, 2005;
Andrés-Colás et al., 2006; Grotz and Guerinot, 2006; Colangelo
and Guerinot, 2006; Durrett et al., 2007). Iron uptake has been
shown to improve when ferric chelate reductase genes are overex-
pressed (Connolly et al., 2003; Vasconcelos et al., 2006). Pea (brz
and dgl) and Arabidopsis (frd3) mutants with constitutive ferric
reductase activity have been shown to accumulate various miner-
als such as Fe, Zn, Ca, Mg, Cu, and Mn in shoot tissues (Grusak,
2000; Rogers and Guerinot, 2002; Wang et al., 2003). Expression
of the ferritin gene in rice has also resulted in an increased concen-
tration of Fe in the seeds, but only to a small extent (10%) (Goto
et al., 1999; Vasconcelos et al., 2003). Even though these studies
have shown increased net mineral uptake in the plants, studies
are still required to understand the spatial and temporal dynamics
related to the movement of these minerals from vegetative tissues
to the seeds, in order to achieve large increases in mineral concen-
trations in the seeds. There have been several studies addressing
the partitioning of nitrogen in seeds and it has been established
that remobilized N is a major source of seed protein compo-
nents (Hortensteiner and Feller, 2002; Schiltz et al., 2005). There
have also been some studies on partitioning and accumulation of
other minerals in seeds which have shown that minerals may be
remobilized from the vegetative tissues (Hocking and Pate, 1977;
Himelblau and Amasino, 2001), but the data available are less
abundant. Nonetheless, some studies have shown that continued
mineral uptake and transport during seed fill is more important
than remobilization, with respect to final mineral accumulation
in seeds (Pate and Hocking, 1978; Waters and Grusak, 2008).
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Studies have also shown that nutrients can be translocated to the
seeds via different tissues. However, information on these mineral
dymanics is lacking, especially in important legume crops such as
pea. In this paper, we describe the partitioning of nine different
minerals (Ca, Mg, K, Cu, Fe, Mn, P, S, and Zn) prior to and dur-
ing seed development in different tissues in pea (Pisum sativum),
in order to assess the partitioning and the extent of remobilization
of these minerals to the seeds.

MATERIALS AND METHODS
Seeds of pea (Pisum sativum L., cv. Sparkle) were imbibed
overnight in deionized water and grown hydroponically in
aerated, buffered nutrient solution containing the follow-
ing mineral nutrients: KNO3, 1.2 mM; Ca(NO3)2, 0.8 mM;
NH4H2PO4, 0.3 mM; MgSO4, 0.2 mM; CaCl2, 25 µM; H3BO3,
25 µM; MnSO4, 2 µM; ZnSO4, 2 µM; CuSO4, 0.5 µM; H2MoO4,
0.5 µM; and NiSO4, 0.1 µM and were buffered with 1 mM MES
[2-(N-morpholino) ethanesulfonic acid] buffer to maintain a pH
between 5.5 and 6.0. Iron was added as Fe(III)-EDDHA (Grusak,
1994). Plants were grown in 3.5 L pots and the nutrient solutions
were changed biweekly until reproductive maturity (10 weeks).
Solution levels in the pots were checked daily and were adjusted
to 3.5 L with nutrient solution as needed. All side shoots were
excised at first appearance so as to yield a plant with only one
main shoot. All plants were grown in a controlled environmental
chamber with a 16 h, 20◦C, and 8 h, 15◦C day-night regime with
a mixture of fluorescent and incandescent lights.

TISSUE ANALYSIS
Individual plants were harvested at weekly intervals, beginning at
2 weeks after planting, and were separated into seeds, pod walls,
peduncles, flowers, and shoot remainder (main stem, stipules,
and leaflets). Seeds from pods younger than 9 days after flow-
ering were not separated from the pod walls. For flowers at a
pre-anthesis state, or for post-anthesis flowers with non-emergent
pod structures, the flower or flower bud was retained with the
peduncle fraction. Note that because vegetative growth occurs
throughout much of the plant’s life cycle, and because flowers
arise at sequential nodes up the stem, tissues of different devel-
opmental ages were combined at each harvest time point. Roots
from weeks 4, 7, and 10 were included for mineral analysis. Roots
from the other time points were not included for mineral anal-
ysis because they were used to measure the iron (III) reductase
activity in a separate study (Grusak, 1995). Roots were rinsed in
two changes of aerated deionized water, with each rinse lasting
2.5 min. They were then blotted dry and placed in paper bags for
oven drying and subsequent dry weight determination. A total of
3–6 plants (replicates) were analyzed per time point.

All tissue samples were dried at 60◦C to constant mass. Bulk
tissues were homogenized with stainless steel grinders. For each
sample, aliquots of 0.25 g of dried tissue sample were digested
using 4 mL of concentrated nitric acid and 2 mL of perchloric acid
at temperatures up to 200◦C and then taken to dryness. Digests
were resuspended in 1 mL 2 M HNO3 and, after 1 h, were brought
to 10 mL with deionized water. The acids used were trace metal
grade (Fisher Scientific, Pittsburgh, Pennsylvania, USA) and the
water was deionized via a MilliQ system (Millipore, Billerica,

Massachusetts, USA). Samples were analyzed for nine different
minerals, Ca, Mg, K, Cu, Fe, Zn, Mn, S, and P using induc-
tively coupled plasma-optical emission spectroscopy (CIROS
ICP Model FCE12; Spectro, Kleve, Germany) to detect min-
eral concentrations, as previously described (Farnham et al.,
2011).

Mineral content for each tissue was calculated for all nine min-
erals by multiplying each tissue’s average mineral concentration
by the average total tissue weight at a given time point. Net loss
of minerals from the vegetative tissues during the reproductive
phase was estimated by subtracting the final (week 10) mineral
content in the non-seed tissues (leaves, stem, peduncles and pod
wall) from the mineral content in the non-seed tissues during the
beginning of the reproductive phase (week 5). To calculate the
contribution of individual organs to seed mineral content (due to
net remobilization), the mineral content of each tissue (at their
peak level) was divided by the peak seed mineral content (week
10). For example, for Fe, the contribution of the vegetative tissues
were based on the peak level (week 6) relative to peak seed mineral
content at week 10.

STATISTICS
Analyses of variance were performed using the JMP 10.0 program
(SAS Institute, Cary, NC, USA). One Way ANOVA with Tukeys
HSD was used to analyze the significance of differences in tis-
sue mineral content across different time points and differences in
mineral content between tissues. One Way ANOVA with Tukeys
HSD was also used to calculate the difference between the dif-
ferent minerals in the percent of total minerals in seed fraction
and the seed mineral content as percent of the total pod content
(Figures 5, 6). Values after the “±” sign represent standard errors
throughout the text.

RESULTS
Organ-specific growth dynamics are presented in Figure 1. Plant
DW was separated into the following components: seeds, pod
walls, peduncles and flowers (referred to here as peduncles), and
shoot remainder (main stem, stipules and leaflets). Seeds were the
largest proportion of total shoot weight from weeks 8 through 10.
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Reproductive tissues (pod wall + seeds) represent 73% of the total
shoot weight, while seeds represent 80% of the total reproductive
tissue, at the final time point (Figure 1).

The main objective of this paper was to assess the whole-
plant partitioning of different minerals to the seeds, especially
the potential of the vegetative tissues to remobilize these miner-
als to the seeds. For this purpose, mineral content was calculated
thoughout the plant’s life cycle. Mineral content for different
tissues are presented in Figures 2–4. For roots, we could only
assess the mineral content at weeks 4, 7, and 10 due to the
use of root tissues for a separate study, as mentioned above.
Root weights are presented in Figure 1; average root weights
increased from 1.19 ± 0.06 g DW (week 4), to 1.82 ± 0.09 g
DW (week 7), to 2.12 ± 0.10 g DW (week 10). The root min-
eral content for most minerals increased or stayed constant over
the time course (Figure 2), indicating that there was no net
remobilization of minerals from the roots during the period of
seed fill.

To gauge the loss of minerals from the different tissues due
to remobilization, we calculated the contribution of the different
tissues based on their peak levels relative to the final seed min-
eral content at week 10. Overall, the total accumulation in the
shoot tissue increased after the start of flowering (week 5). Net
mineral content loss for some of the minerals and tissues was not
evident and therefore could not be calculated. Mineral content of
Ca, Mn, and Zn increased significantly in the vegetative tissues

(leaves+stem) over the time course (Supplementary Table 1).
For all other minerals, there was a significant decrease in min-
eral content in the vegetative tissues (between weeks 6 and 9)
suggesting some amount of net remobilization from the tissues
(p ≤ 0.05). There was also a significant decrease in the mineral
content in the pod wall fraction over the time course for all
the minerals except Ca, which suggests remobilization from the
pod wall fraction (p ≤ 0.05) (Figures 3, 4). Total seed content
of different minerals varied significantly between 4 and 82% of
the total shoot mineral content at maturity (Figure 5). Among
the macronutrients, only 4.6% of the shoot Ca was partitioned
to the seeds which was significantly lower than all the other
minerals, while 50% of the total shoot Mg and K was frac-
tioned to the seeds and 65 and 82% of the total shoot S and
P was fractioned to the seed tissues, respectively. Among the
micronutrients, 21% of shoot Mn and 32% of shoot Zn was
fractioned to the seeds, while significantly higher amounts of
Fe and Cu (70–73%) were fractioned to the seeds (p ≤ 0.05)
(Figure 5).

To assess the contribution of net remobilization from indi-
vidual organs to seed mineral content, we have calculated the
contribution of each of these individual tissues’ peak levels rel-
ative to the peak seed mineral levels. For seed Ca, remobilization
from the vegetative or pod tissue does not seem to be the source
of seed Ca. For seed Mg, K, S, and Cu, remobilization from the
vegetative tissues accounts for 50–60% of the total seed content
while only 20% of the P from the vegetative tissues is fractioned
into the seeds. For Fe, remobilization from the vegetative tissues
is the highest among the minerals, accounting for 70% of the
total seed Fe. There was no evidence of net remobilization from
the vegetative tissues for Mn or Zn. Although starting with small
pool sizes, all the minerals except Ca seem to remobilize from the
pod wall and peduncles to the seeds. Remobilization from the
pod wall fraction was the highest for Mn (40%) followed by K
and Mg (30 and 34% respectively) while P, Cu, Fe, and Zn mobi-
lized 20% or less of the total seed minerals. Remobilization from
the pod wall fraction was the lowest for S at 9%. Remobilization
from the peduncles accounted for less than 10% for all
the minerals.

To understand the mineral distribution within the mature pod
(pod wall + seed), the percentage of the total pod mineral con-
tent contained in seeds was calculated for each of the minerals
(Figure 6). Except for Ca, the distribution pattern for all the min-
erals were similar, where more minerals were partitioned to the
seed fraction than the pod wall (>75% of the total pod content).
The seed mineral content for all the minerals was 75–95% of the
total pod mineral content except for Ca, which was significantly
lower where only 21% of the total fraction was partitioned to
the seeds (p ≤ 0.05) (Figure 6). Also, the percent of minerals in
the seeds that was taken up by the plant during the reproduc-
tive phase could be estimated only for Fe (90%). This might be
because some of the incoming minerals will be partitioned to new
leaves, stems, and roots.

DISCUSSION
Although there are a number of groups interested in increasing
seed mineral concentrations in important plant foods such as
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FIGURE 3 | Mineral contents of calcium (Ca), copper (Cu), iron

(Fe), potassium (K), magnesium (Mg), manganese (Mn),

phosphorus (P), sulfur (S), and zinc (Zn) in pea shoot tissues

(leaves + stem, pod, peduncle, and seeds) over time. Values ±
SE (n varies from 3 to 6). Some error bars do not extend beyond
the symbols (p ≤ 0.05).
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FIGURE 4 | Total mineral contents of calcium (Ca), copper (Cu), iron (Fe), potassium (K), magnesium (Mg), manganese (Mn), phosphorus (P), sulfur

(S), and zinc (Zn) in pea shoots over time. Values ± SE (n varies from 3 to 6). Some error bars do not extend beyond the symbols.

www.frontiersin.org April 2014 | Volume 5 | Article 149 | 171

http://www.frontiersin.org
http://www.frontiersin.org/Plant_Nutrition/archive


Sankaran and Grusak Mineral partitioning in pea

0
10
20
30
40
50
60
70
80
90

100

Mg Ca K S P Mn Cu Zn Fe%
 o

f t
ot

al
 sh

oo
t m

in
er

al
s i

n 
se

ed
 

fr
ac

tio
n

Mineral

c
cd

d

d

b

d

b

d

a

FIGURE 5 | Total mineral content in seed fraction as a percent of total

shoot mineral content for the different minerals at seed maturity

(week 10). Values ± SE (n varies from 3 to 6). Some error bars do not
extend beyond the bars. Significant differences between the minerals is
indicated by letters a–d (p ≤ 0.05).

rice, wheat, maize, and beans (Pfeiffer and McClafferty, 2007),
our understanding of transport and remobilization of minerals to
seeds is still incomplete. The goal of our study was to determine
the main source of seed minerals in pea, and to analyze the poten-
tial of remobilization of previously stored minerals from various
source tissues versus the continued uptake and translocation of
minerals from the roots. Therefore, an increase in mineral content
in one tissue can be either due to uptake and translocation from
the soil into the plants, to the remobilization of minerals from one
tissue to another, or both of these processes. In this study, we have
measured changes in mineral content in different tissues in order
to monitor the uptake, translocation and remobilization of the
different minerals from one tissue to another, especially to seeds.
We have also excised all side shoots to the point that we had only
one main shoot.

Although remobilization from previously stored minerals in
the vegetative tissues, such as leaves and roots has been studied
previously (Hocking, 1994; Uauy et al., 2006), the contribution
of remobilized minerals to seed mineral content is still unclear.
The amounts of minerals that are being remobilized from the
vegetative tissues will depend on the ability of the tissues to accu-
mulate an excess of what is required locally in that tissue and also
on the phloem mobility of each of the minerals. Remobilization
from leaves has been observed for Cu, K, P, S, and Zn in two
different studies in wheat (Hocking, 1994; Miller et al., 1994),
while in another study there was very little remobilization of Zn
from the vegetative tissues suggesting continuous uptake from
the roots during seed fill (Garnett and Graham, 2005). In our
study, among the macronutrients, mineral content of Mg, S, and
P decreased in the vegetative tissues over time and could account
for 20–65% of the total seed Mg, S, and P, suggesting remobi-
lization from these tissues. Our study showed no net loss of Ca
and K, (Figures 2, 3) consistent with studies in lupin, Arabidopsis
and wheat (Hocking and Pate, 1977; Hocking, 1994; Himelblau
and Amasino, 2001). Among the micronutrients, mineral con-
tent of Fe and Cu decreased in the vegetative tissues during the
reproductive phase indicating remobilization of the minerals to
the seeds. Remobilization of Fe and Cu from the pod wall frac-
tion accounts for 48–70% of the total seed Fe and Cu. Previous
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studies have also shown remobilization of both Fe and Cu in
wheat, beans, peas, and Arabidopsis (Grusak, 1995; Zhang et al.,
1995; Himelblau and Amasino, 2001; Garnett and Graham, 2005;
Waters and Grusak, 2008). In our study, there was no net remo-
bilization observed from the vegetative tissues for Mn and Zn.
Mn and Zn are known to have limited remobilization from the
vegetative tissues. Consistent with our results, previous studies
in Arabidopsis (Waters and Grusak, 2008), wheat (Pearson and
Rengel, 1994) and clover (Nable and Loneragan, 1984; Himelblau
and Amasino, 2001) for Mn and in wheat (Garnett and Graham,
2005) for Zn have also shown that they have limited mobility from
the vegetative tissues, indicating continuous uptake from the root
as the major source of these minerals in the seeds.

In addition to vegetative tissues, mineral loss from pod wall
and peduncles could also account for the minerals being remobi-
lized to the seeds. In a study with three legume species, Hocking
and Pate (1977) showed that mobilization of minerals (N P, K,
Ca, Mg, Fe, Cu, Mn, and Zn) from pods accounted for 5–39% of
the total accumulation of specific seed minerals. In Arabidopsis,
silique hulls have been shown to be a source of seed minerals
(Waters and Grusak, 2008). In wheat, the Zn that was detected in
different parts of the florets was detected in the grain (Pearson and
Rengel, 1994). Although the pod wall pool is small to begin with,
our results indicated that pod wall tissues are significant sources
of seed minerals. Our results showed that 75–95% of the total pod
(pod wall + seed) mineral content was partitioned to the seed tis-
sue. The pod wall tissue contribution to the total seed mineral
content varied between 9–40% for the different minerals, except
for Ca where very little remobilization was observed from the pod
wall tissues (Figure 6). Remobilization from the peduncles was
also observed for all the minerals, although they contributed less
than 10% of the total seed mineral content for most minerals.
Although remobilization from the maternal fruit tissues is effec-
tive to increase the total seed mineral content, the plant would still
require more total minerals coming in to the reproductive tissues
to be partitioned to the seeds and increase the total seed mineral
content.

In the present study, root mineral content was measured on
weeks 4, 7, and 10. For all minerals, there was no evidence of a

Frontiers in Plant Science | Plant Nutrition April 2014 | Volume 5 | Article 149 | 172

http://www.frontiersin.org/Plant_Nutrition
http://www.frontiersin.org/Plant_Nutrition
http://www.frontiersin.org/Plant_Nutrition/archive


Sankaran and Grusak Mineral partitioning in pea

decline in mineral content during seed fill, demonstrating no net
remobilization of any mineral to the seeds. Previous studies in
wheat and Arabidopsis have shown that when minerals are read-
ily available to the roots during the period of seed fill, the plants
continue to take up those minerals and use them for seed min-
eral accumultion, suggesting that when sufficient nutrients are
available in the soil, continuous uptake from the soil supersedes
remobilization. However, in nutrient deficient conditions, miner-
als are remobilized from both root and shoot tissues (Peng and Li,
2005; Waters and Grusak, 2008; Waters et al., 2009).

In all of the studies mentioned above and in our present
study, remobilization could not account for all of the seed min-
erals, indicating that plants continuously take up and translocate
minerals to the seeds during the seed filling period. Although tar-
geting enhanced remobilization of minerals from vegetative pools
to seeds is a reasonable approach to increase seed mineral den-
sity, enhancing continuous uptake and translocation of minerals
within the plant during seed fill is equally, if not more impor-
tant, for increasing seed mineral density. Biofortification of pea
will thus require a simultaneous enhancement of remobilization
of minerals from different source tissues and more importantly
will require targeting the processes involved in continuous uptake
and translocation of minerals into seeds during seed develop-
ment. Thus, understanding the genes responsible for both root
uptake and for translocation may lead to strategies to produce
biofortified seeds.
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Fe UPTAKE MECHANISMS AND
TRANSCRIPTIONAL CONTROL
Iron (Fe) is an essential micronutrient for
almost all living organisms and represents
one of the most versatile metals in biol-
ogy, being involved in many ubiquitous
metabolic processes such as respiration
and photosynthesis, and required as a co-
factor for numerous enzymes (Sperotto
et al., 2010; Grillet et al., 2014a). In plants,
Fe deficiency can cause severe chloro-
sis, growth arrest, and even plant death.
Although highly abundant in the earth’s
crust, Fe phytoavailability is usually low,
mainly because Fe3+ forms insoluble Fe
oxides (Lemanceau et al., 2009). To cir-
cumvent this problem, plants developed
mechanisms to acquire Fe from the rhizo-
sphere (Sperotto et al., 2012; Grillet et al.,
2014a).

Fe uptake mechanisms were classically
separate into two strategies. Strategy I,
or reduction strategy, is carried out by
all plants except those from Poaceae
family, and consists of: (a) H+ extru-
sion by P-type ATPases to acidify the
rhizosphere and increase Fe3+ solubil-
ity (e.g., AtAHA2, Arabidopsis H+-pump
ATPase); (b) reduction of Fe3+ by a
plasma membrane (PM)-bound ferric
chelate reductase to more soluble Fe2+
(e.g., AtFRO2, Ferric Reductase Oxidase);
and (c) Fe2+ absorption into root epider-
mal cells by transmembrane transporters
(e.g., AtIRT1, Iron-Regulated Transporter)
(Hindt and Guerinot, 2012; Ivanov et al.,
2012). All three components of this
strategy increase their activities during
Fe deficiency. Strategy II, or chelation
strategy, is used by plants from Poaceae

family, and involves: (a) synthesis and
release of small molecular weight com-
pounds of the mugineic acid family called
phytosiderophores (PS) into the rhizo-
sphere, which bind Fe3+ with high affin-
ity, via TOM1/OsZIFL4 (Nozoye et al.,
2011; Ricachenevsky et al., 2011); and
(b) Fe(III)-PS complex uptake into root
cells by a Yellow Stripe/Yellow Stripe-Like
(YSL) transporters. Both processes (PS
excretion and Fe(III)-PS transport) are
increased in response to Fe deficiency.

Since both maize (Zea mays) ys1
mutant (defective for Fe(III)-PS trans-
port) and Arabidopsis thaliana irt1 mutant
(defective for Fe2+ transport) cannot
survive under Fe deficiency conditions,
it was first widely accepted that these
two Fe uptake strategies were the main
mechanisms for Fe acquisition in each
plant group. However, later work on
rice (Oryza sativa) showed that two
functional Fe2+ transporters, OsIRT1
and OsIRT2, were expressed in roots
upon Fe deficiency (Ishimaru et al.,
2006; Walker and Connolly, 2008). It
was proposed that rice uses a com-
bined strategy, which has all features of
a strategy II plant (PS release through
TOM1/OsZIFL4 and Fe(III)-PS uptake
through OsYSL15, the YS1 ortholog—
Inoue et al., 2009; Lee et al., 2009) and
some features of a strategy I plant (Fe2+
uptake using IRT transporters). The other
two components of strategy I plants,
proton extrusion, and Fe(III)-chelate
reductase activity, were not detected in Fe-
deficient rice roots (Ishimaru et al., 2006).
Further evidence for combined strategy
was provided by rice plants carrying

a mutation in the NICOTIANAMINE
AMINOTRANSFERASE (NAAT) gene,
a key enzyme in PS synthesis. This
mutant, which lacks PS, is able to grow
if Fe2+ is supplied as Fe source (Cheng
et al., 2007). Based on these findings, it
was proposed that the ability to absorb
Fe2+ evolved in rice as an adaptation
to the soil conditions in flooded pad-
dies, where Fe2+ is more abundant than
Fe3+ (Ishimaru et al., 2006; Walker and
Connolly, 2008; Hindt and Guerinot,
2012). So far, rice is the only plant
described to use the combined strategy
mechanism.

A number of studies described key
players and major transcriptional net-
works that control Fe homeostasis in
both grasses and non-grasses (Hindt
and Guerinot, 2012; Ivanov et al., 2012).
Interestingly, orthologous genes have
been described in rice and Arabidopsis
thaliana, showing similar roles. The bHLH
transcription factor FIT (FER-like iron-
deficiency-induced transcription factor)
from A. thaliana interacts with bHLH038
and bHLH039 to regulate IRT1 and
FRO2 under Fe deficiency (Yuan et al.,
2008). FIT has no ortholog in rice, but
bHLH38/39 are highly similar to OsIRO2
(Hindt and Guerinot, 2012), a known
downstream regulator of Fe deficiency-
responsive genes. OsIRO2 regulates the
Fe(III)-PS transport-related genes, but not
OsIRT1 (Ogo et al., 2007). OsIDEF1, act-
ing upstream of OsIRO2, and OsIDEF2,
are transcriptional regulators of distinct
but partially overlapping branches of Fe
deficiency response in rice (Ogo et al.,
2008; Kobayashi et al., 2009) However,

www.frontiersin.org May 2014 | Volume 5 | Article 189 | 175

http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/about
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/journal/10.3389/fpls.2014.00189/full
http://community.frontiersin.org/people/u/80957
http://community.frontiersin.org/people/u/62790
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Nutrition/archive


Ricachenevsky and Sperotto Evolution of Fe acquisition mechanisms

no ortholog for OsIDEF1 or OsIDEF2
was described in A. thaliana, although
similar genes are found in the genomic
sequence (Kobayashi and Nishizawa,
2012).

In A. thaliana, a second regulatory
network is controlled by bHLH tran-
scription factor named POPEYE (PYE),
which targets distinct metal homeosta-
sis genes. PYE seems to be regulated by
interacting partners such as BRUTUS
(BTS), an E3 ubiquitin ligase with metal
and DNA binding domains that neg-
atively regulates the response to Fe
deficiency (Long et al., 2010; Kobayashi
et al., 2013). In rice, Zheng et al. (2011)
identified a negative regulator of the
Fe deficiency response, OsIRO3, which
could be the ortholog of PYE (Hindt
and Guerinot, 2012). Interestingly, BTS
orthologs OsHRZ1 and OsHRZ2 were
recently characterized as negative reg-
ulators of Fe uptake and Fe utilization
genes (Kobayashi et al., 2013). Thus,
it seems that control of Fe deficiency
response is partly conserved between
A. thaliana and rice. Moreover, Urzica
et al. (2012) performed a trans-system
analysis looking for genes responsive
to low Fe supply in Chlamydomonas
reinhardtii, A. thaliana and rice, and
observed that BTS/HRZs, IRT1, and
IRT2 are conserved throughout the plant
lineage.

EVOLUTION OF THE Fe DEFICIENCY
RESPONSE
Currently there is no model for the
evolution of Fe deficiency response in
plants, especially in Poaceae, and few stud-
ies have focused on testing the hypoth-
esis that rice is the only combined
strategy species. Considering the avail-
able evidence, two models are possible
(Figure 1A). In the first, named “recent
combined strategy,” combined strategy is
an evolutionary novelty restricted to rice
or close ancestral species, not shared
with other extant species from Poaceae,
which all use strategy II, and rice has
acquired ability to induce an IRT1-like
transporter under Fe deficiency, partially
resembling strategy I, as an adaptation
to flooding. It implies that Poaceae last
common ancestor (LCA) has lost strategy
I-based Fe acquisition capacity and gained
strategy II-based Fe uptake mechanism

before diversification within the family
(Figure 1A).

In the second model, named “ancient
combined strategy,” combined strategy is
considered an evolutionary ancient trait
(Figure 1A). Poaceae LCA has gained the
ability to use strategy II for Fe uptake,
but maintained strategy I. During Poaceae
diversification and speciation, both strat-
egy I and strategy II-specific genes were
available for natural selection, and thus
distinct groups could have adapted dif-
ferently to respond to low Fe condition.
As an example, the rice lineage has main-
tained IRT1-like up-regulation from the
original strategy I response, while rhizo-
sphere acidification and Fe reduction traits
were lost. While all Poaceae would use the
more efficient Fe acquisition mechanism
strategy II (Curie and Briat, 2003), the
model predicts that extant species could
also show partial strategy I as rice does
(i.e., IRT1-like Fe2+ uptake).

Indirect evidence favors the ancient
combined strategy model. OsIRT1
ortholog in barley (Hordeum vulgare),
HvIRT1, is also up-regulated by Fe defi-
ciency and transports Fe, Mn, Zn, and Cd
(Pedas et al., 2008). The maize ortholog,
ZmIRT1, was both described as not Fe
regulated by Nozoye et al. (2013) and as
Fe regulated by Li et al. (2013). Either
way, Li et al. (2013) observed strong
up-regulation of ZmIRT1 under Fe defi-
ciency and showed ZmIRT1 ability to
complement Fe and Zn uptake-defective
yeast strains. Interestingly, IRT1-like
genes described in Poaceae clustered
together with AtIRT1 in a phylogenetic
analysis (Li et al., 2013). AtIRT2 and
OsIRT2, two genes similar to AtIRT1
and OsIRT1 that code for Fe transporters
(Ishimaru et al., 2006; Vert et al., 2009),
are part of the same cluster. Strikingly,
AtIRT1/AtIRT2 and OsIRT1/OsIRT2 gene
pairs are localized in tandem in their
respective genomic regions and, despite
monocot/dicot divergence dates 120 to
200 million years ago (Salse et al., 2002),
they still show some degree of microsyn-
teny (Figure 1B). These data indicate
that OsIRT1 (and probably OsIRT2)
shares not only functional similarity but
also common evolutionary origin with
AtIRT1, as the ancient combined strategy
model predicts. Moreover, phenolics were
described as important for Fe deficiency

response in A. thaliana and rice, indi-
cating that less understood aspects of Fe
deficiency response are conserved between
strategy I and strategy II plants (Bashir
et al., 2011; Rodríguez-Celma et al.,
2013; Fourcroy et al., 2014; Schmid et al.,
2014).

We should also consider the likeliness
of each model. In recent combined strat-
egy model, the LCA IRT1 gene would
have lost Fe deficiency responsiveness, pre-
sumably through deleterious mutations
related to promoter activity (i.e., ham-
pering transcription factor binding, inter-
action with enhancers, etc.). For OsIRT1
to be able to respond again to low Fe
concentration in combined strategy, such
mutations (or any changes that rendered
IRT1 non-regulated) would need to be
reversed. That implies re-activation of
non-functional regulatory sequences on
the promoter of the same gene, which is
part of the ZIP gene family of around
ten members in Poaceae genomes, sev-
eral of them encoding Fe transporters
(Li et al., 2013), and re-insertion into
intricate regulatory circuits (Kobayashi
and Nishizawa, 2012). Although possi-
ble, the ancient combined strategy model
is more parsimonious, predicting that
IRT1 function was conserved through
plant lineage evolution, and that pref-
erence for combined strategy or strat-
egy II in Poaceae was a late adaptation
(Figure 1A).

CONCLUSIONS AND FUTURE
PERSPECTIVES
It has long been established that Poaceae
species rely on strategy II mechanism,
while all other plant groups use strategy
I. Rice has been considered an exception
to the Poaceae-strategy II rule (Ishimaru
et al., 2006; Sperotto et al., 2012); how-
ever, although it is clear that strat-
egy II is the main mechanism for Fe
uptake in graminaceous plants, the pres-
ence of IRT1-based Fe2+ transport in
roots might play a non-overlapping role,
not only in rice but in other species
(Ishimaru et al., 2006; Pedas et al., 2008;
Li et al., 2013). The ancient combined
strategy model proposed here states that
AtIRT1 ortolog kept their ancient func-
tion, observed early in the plant lineage
(Urzica et al., 2012), all the way from
monocot/eudicot split to extant Oryza

Frontiers in Plant Science | Plant Nutrition May 2014 | Volume 5 | Article 189 | 176

http://www.frontiersin.org/Plant_Nutrition
http://www.frontiersin.org/Plant_Nutrition
http://www.frontiersin.org/Plant_Nutrition/archive


Ricachenevsky and Sperotto Evolution of Fe acquisition mechanisms

FIGURE 1 | (A) Models for evolution of rice combined strategy for Fe
uptake. Blue lines represent plants using strategy I for Fe uptake; red
lines represent plants using strategy II. Evolutionary novelties are
highlighted, as the appearance of strategy II in Poaceae group and the
putative re-appearance of IRT1-mediated Fe2+ uptake in rice, also known
as the combined strategy (strategy II + partial strategy I). Question marks
denote unclear points. Monocots* are all non-Poaceae monocotyledonous
plants. SI = strategy I; SII = strategy II; LCA = last common ancestor.

The selected monocot species are only to illustrate the divergence of
Poaceae species, representing the subfamilies Ehrhartoideae (rice),
Pooideae (barley), and Panicoideae (maize and sorghum). (B) Microsynteny
between AtIRT1/AtIRT2 and OsIRT1/OsIRT2 loci. Conserved genes
between rice and Arabidopsis were found using CoGe tool GEVo
(http://genomevolution.org/CoGe/) and the Plant Genome Duplication
Database (http://chibba.agtec.uga.edu/duplication/). Homologs are shown
with same colors; IRT1 and IRT2 in each genome are in gray.

sativa species, rather than re-emerged with
the same function in rice (Figure 1). Then,
it is possible that distinct Poaceae subfam-
ilies and species evolved independently to
strategy II-exclusive or combined strategy-
like strategies.

Many studies have focused on Fe acqui-
sition genes and underlying signaling
pathway controlling these strategies, but
most available data is on model species
A. thaliana and rice (Hindt and Guerinot,
2012; Ivanov et al., 2012; Kobayashi and
Nishizawa, 2012). Besides these, stud-
ies in maize, barley and Brachypodium
distachyon have indicated the role of
YSL transporters in Fe(III)-PS acquisition
(Curie et al., 2001; Murata et al., 2006;
Yordem et al., 2011). However, the role
of IRT1-like transporters is still poorly
understood. Studies on the role of IRT1,
as well as other strategy I-related genes

such as Fe3+-reductase, in Poaceae species,
should shed light into how exclusive rice
combined strategy is.

We should also consider that other
species might use variants of strategy I
and strategy II, or even rely on dis-
tinct mechanisms. Recently, it was demon-
strated that peanut (Arachis hypogaea),
an eudicot, is able to absorb Fe(III)-
PS complexes through AhYSL1 trans-
porter. The complexes, however, are only
present after intercropping with maize,
which secretes PS in the soil, increas-
ing Fe efficiency of peanut (Xiong et al.,
2013). An exciting new study described
a previously unknown Fe uptake mech-
anism, where Fe is delivered to embryos
of pea (Pisum sativum) and A. thaliana
in the form of Fe(III)-malate/citrate com-
plexes, and is then chemically reduced to
Fe2+ by ascorbate, which is effluxed from

embryos, for subsequent uptake (Grillet
et al., 2014b).

With lowering costs and increased
access to technologies such as next-
generation sequencing (Mardis, 2013) and
genome editing (Gaj et al., 2013), it is
becoming feasible to perform compara-
tive genomics and transcriptomic stud-
ies with plants species for which genetic
resources are not available, and even-
tually test key genes identified. These
comparisons will allow testing the mod-
els discussed here, as well as uncov-
ering new genes and strategies for Fe
acquisition.
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Copper (Cu) is an essential micronutrient that performs a remarkable array of functions
in plants including photosynthesis, cell wall remodeling, flowering, and seed set. Of
the world’s major cereal crops, wheat, barley, and oat are the most sensitive to Cu
deficiency. Cu deficient soils include alkaline soils, which occupy approximately 30% of
the world’s arable lands, and organic soils that occupy an estimated 19% of arable land in
Europe. We used Brachypodium distachyon (brachypodium) as a proxy for wheat and other
grain cereals to initiate analyses of the molecular mechanisms underlying their increased
susceptibility to Cu deficiency. In this report, we focus on members of the CTR/COPT
family of Cu transporters because their homologs in A. thaliana are transcriptionally
upregulated in Cu-limited conditions and are involved either in Cu uptake from soils
into epidermal cells in the root, or long-distance transport and distribution of Cu in
photosynthetic tissues. We found that of five COPT proteins in brachypodium, BdCOPT3,
and BdCOPT4 localize to the plasma membrane and are transcriptionally upregulated in
roots and leaves by Cu deficiency. We also found that BdCOPT3, BdCOPT4, and BdCOPT5
confer low affinity Cu transport, in contrast to their counterparts in A. thaliana that confer
high affinity Cu transport. These data suggest that increased sensitivity to Cu deficiency
in some grass species may arise from lower efficiency and, possibly, other properties of
components of Cu uptake and tissue partitioning systems and reinforce the importance
of using brachypodium as a model for the comprehensive analyses of Cu homeostasis in
cereal crops.

Keywords: Brachypodium, CTR/COPT transporters, copper transport, copper homeostasis, wheat

INTRODUCTION
Copper (Cu) is an essential micronutrient for all organisms
because it acts as a cofactor for enzymes participating in impor-
tant biological processes such as respiration, photosynthesis, and
scavenging of oxidative stress (Burkhead et al., 2009; Merchant,
2010; Ravet and Pilon, 2013). In addition to these functions,
plants also employ Cu for the perception of ethylene, nitrogen
metabolism, molybdenum cofactor synthesis, cell wall remodel-
ing, response to pathogens, flowering, and seed set (Shorrocks
and Alloway, 1988; Marschner, 1995; Burkhead et al., 2009;
Mendel and Kruse, 2012; Ravet and Pilon, 2013). This remark-
able array of functions is attributed to the ability of Cu to change
its oxidation state (Cu2+ ↔ Cu+). However, the same prop-
erty imposes toxicity when free Cu ions accumulate in cells in
excess because of their ability to promote oxidative stress (Valko
et al., 2005). Copper availability, and thus crop productivity on
agricultural soils depend on soil type and agricultural practices
(Shorrocks and Alloway, 1988; Marschner, 1995; Solberg et al.,
1999). For example, Cu deficiency develops on alkaline soils due
to low solubility of Cu at high pH, and on organic soils due
to Cu binding to organic matter (Shorrocks and Alloway, 1988;
Marschner, 1995; Solberg et al., 1999). While Cu deficiency can be
remedied by the application of Cu-based fertilizers, this strategy
is not environmentally friendly, and the repeated use of fertiliz-
ers, as well as Cu-based pesticides, has led to the build-up of toxic

levels of Cu in soils (Shorrocks and Alloway, 1988; Marschner,
1995). In this regard, organic farming has emerged as a preferred
production system that relies on using natural fertilizers; however
natural fertilizers increase soil organic matter and thus, further
reduce Cu bioavailability. Sensitivity to Cu bioavailability in soils
varies among crops species. Of the major cereal crops, wheat is
regarded as the most sensitive to Cu deficiency (Shorrocks and
Alloway, 1988; Solberg et al., 1999). In contrast, crops like canola
have not shown Cu deficiency symptoms or responded to Cu fer-
tilizer when grown on soils that would cause Cu deficiency in
wheat or barley (Solberg et al., 1999). Higher sensitivity of some
cereal crops to Cu deficiency compared to other crop species has
been recognized in farm reports and fact sheets from some states
in the United States and different countries in the world. Among
the major cereal crops, sensitivity to Cu deficiency is reported
to be in the following rank order, from higher to lower sen-
sitivity: winter wheat > spring wheat > flax > barley > oats
> triticale > rye (Shorrocks and Alloway, 1988; Solberg et al.,
1999). Remarkably, the molecular mechanisms that underlie this
tendency are unknown.

Plants tightly regulate Cu homeostasis to prevent deficiency
while avoiding toxicity. This regulation includes transcriptional
control of genes encoding proteins that are involved in Cu
uptake, trafficking, tissue partitioning, and reallocation among
Cu requiring enzymes. Of known Cu transporters, members of
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the CTR/COPT family are among the main contributors to initial
Cu uptake in plants, the green alga Chlamydomonas reinhardtii,
yeast, Drosophila, and humans (Merchant, 2010; Nevitt et al.,
2012; Ravet and Pilon, 2013). The plant CTR/COPT family is best
characterized in Arabidopsis thaliana and Oryza sativa, where it is
represented by six and seven members, respectively (Peñarrubia
et al., 2010; Yuan et al., 2011). A. thaliana COPT1, COPT2, and
COPT6 are transcriptionally regulated by Cu deficiency, localize
to the plasma membrane, mediate Cu uptake, and complement
the growth defect of the S. cerevisiae Cu uptake mutant lacking
functional Cu transporters, Ctr1p, Ctr2p, and Ctr3p (ctr1�ctr3�
or ctr1�ctr2�ctr3�) (Sancenon et al., 2004; Andres-Colas et al.,
2010; Jung et al., 2012; Garcia-Molina et al., 2013; Gayomba et al.,
2013; Perea-García et al., 2013). COPT1 and COPT2 function
primarily in Cu uptake into the root, while COPT6 also con-
tributes to Cu partitioning in photosynthetic tissues (Jung et al.,
2012; Garcia-Molina et al., 2013). In contrast, COPT5 localizes to
the tonoplast and the pre-vacuolar compartment and functions
by remobilizing Cu from these organelles during Cu deficiency
(Garcia-Molina et al., 2011; Klaumann et al., 2011). CTR/COPT
proteins homotrimerize to form a pore within the membrane to
transport Cu across the lipid bilayer, but can also form hetero-
complexes with other CTR/COPT family members and/or other
proteins (Lee et al., 2002; De Feo et al., 2009; Yuan et al., 2010,
2011). Studies in A. thaliana have shown that while COPT6
interacts with COPT1, this interaction is not required for the
ability of COPT6 or COPT1 to complement the Cu uptake defi-
ciency phenotype of the S. cerevisiae ctr1�ctr2�ctr3� mutant
strain (Jung et al., 2012). Unlike CTR/COPT transporters from
A. thaliana, CTR/COPT transporters from O. sativa comple-
ment the Cu uptake mutant of yeast only when are co-expressed
with another OsCOPT member, and OsCOPT7 is the only high-
affinity Cu transporter in the O. sativa CTR/COPT family (Yuan
et al., 2010, 2011). These findings suggest that some properties
of CTR/COPT transporters are distinct between grass and non-
grass species. These differences are not entirely surprising, given
that A. thaliana is only distantly related to the Poaceae family and
lacks many biological features of monocotyledonous grass crops
(Brkljacic et al., 2011).

A member of the grass species, Brachypodium distachyon
(from then on referred to as brachypodium) has emerged as a
valuable experimental model for the study of small-grain cere-
als due to its less complex and fully sequenced genome, the
continued development of numerous genetic resources, includ-
ing efficient protocols for Agrobacterium-mediated transforma-
tion (Vogel and Hill, 2008), whole genome TILLING mutant
alleles (Brkljacic et al., 2011; Thole et al., 2012), a T-DNA
insertion mutant collection (http://brachypodium.pw.usda.gov/
TDNA/; Bragg et al., 2012), as well as other attributes such
as short life cycle (8–12 weeks), small stature (15–20 cm),
diploid accessions, self-fertility, and simple growth requirements
(Brkljacic et al., 2011). Because brachypodium and wheat grains
have similar structure, brachypodium is an attractive model
for molecular, genetic, and genomic studies of Cu homeosta-
sis of wheat (Brkljacic et al., 2011; Mochida et al., 2011; Mur
et al., 2011). Furthermore, root anatomy of brachypodium and
wheat is similar and is distinct from the root anatomy of

another Poaceae family member, O. sativa, which is special-
ized for overcoming anaerobic conditions associated with sub-
merged roots, and thus, it is suggested that brachypodium and
wheat may have similar root-related genes, including those that
are involved in mineral ion uptake (Chochois et al., 2012).
Hence, brachypodium becomes a preferred model for studies
of ion homeostasis, as was recently demonstrated by the anal-
yses of brachypodium Yellow Stripe-Like (YSL) proteins, which
are involved in uptake and internal translocation of iron (Fe)
(Yordem et al., 2011).

Members of the CTR/COPT family of Cu transporters are
the best characterized in both, A. thaliana and rice, but
corresponding members in brachypodium have not yet been
characterized, and are not fully annotated, according to database
collections such as the National Center for Biotechnology
Information (NCBI, http://www.ncbi.nlm.nih.gov/). In con-
trast, a specialized database for A. thaliana membrane proteins,
ARAMEMNON 7.0 (http://aramemnon.botanik.uni-koeln.de/;
Schwacke et al., 2003) has a more complete annotation of putative
membrane proteins of A. thaliana and provides their homologs
from other species, including brachypodium, based on amino
acid similarity and motif organization. According to in silico pre-
dictions using ARAMEMNON 7.0, we have identified five puta-
tive CTR/COPT family members in brachypodium and provided
the initial characterization of their function in Cu homeosta-
sis. We have also developed growth conditions for studies of
Cu homeostasis in brachypodium as a model for small grain
cereals and established protocols for the isolation and transfec-
tion of protoplasts isolated from brachypodium mesophyll cells.
We used these procedures, along with functional complementa-
tion assays in the S. cerevisiae ctr1�ctr2�ctr3� mutant strain,
gene expression analyses, and yeast-two-hybrid assays of protein-
protein interactions to study members of the CTR/COPT family
of Cu transporters in brachypodium.

METHODS AND MATERIALS
PLANT MATERIAL AND GROWTH CONDITIONS
Seeds of the 21-3 inbred line of brachypodium (Vogel and Hill,
2008) were sterilized in 100% ethanol for 1 min and rinsed
three times with sterile water. The lamella and palea were soft-
ened by further incubation in sterile water for 2 h and removed
with forceps, taking care not to damage the seed. Prepared
seeds were then spread onto rinsed perlite irrigated with a
standard hydroponic solution, described below. After stratifica-
tion at 4◦C for 24 h, plants were grown for 7 days at 22◦C;
12-h light/12-h dark photoperiod at photosynthetic photon flux
density of 150 μmol photons m−2s−1 before transferring to a
hydroponic solution prepared as described (Arteca and Arteca,
2000) except that Cu (as CuSO4) was added at a higher con-
centration of 0.25 μM. For Cu limitation and sensitivity assays,
7-day-old seedlings were transferred from perlite to hydro-
ponic solution supplemented with the indicated concentrations
of CuSO4, or without CuSO4 but with the specific Cu chela-
tor, bathocuproine disulfonate (BCS) (Rapisarda et al., 2002).
Plants were grown for 18 days before subsequent analyses. For
all experiments, the hydroponic solution was changed every 7
days.
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RNA EXTRACTION
Root and leaf tissues were separated from 25-day-old plants
grown under the indicated conditions and flash-frozen in liq-
uid nitrogen. Samples were homogenized in liquid nitrogen using
a mortar and a pestle, and total RNA was isolated using the
Plant RNA Kit (Omega Bio-Tek), according to the manufacturer’s
instructions. Genomic DNA in RNA samples was digested with
DNAse I (Omega Bio-Tek) prior to cDNA synthesis using the
iScript cDNA Synthesis kit (BioRad).

QUANTITATIVE REAL-TIME (qRT)-PCR ANALYSIS
Prior to qRT-PCR analysis, primers (Supplemental Table 1) and
cDNA concentrations were optimized to reach a qRT-PCR ampli-
fication efficiency of 100 ± 10%. Two microliters of 10-fold
diluted cDNA was used as a template in a total reaction vol-
ume of 10 μl containing 500 nM of each PCR primer, 50 mM
KCl, 20 mM Tris-HCI, pH 8.4, 0.2 mM dNTPs, and 1.25 units
of iTaq DNA polymerase in iQ SYBR Green Supermix (BioRad),
containing 3 mM MgCl2, SYBR Green I, 20 nM fluoresceine, and
stabilizers. PCR was carried out using the CFX96 Real-Time PCR
system (BioRad). The thermal cycling parameters were as follows:
denaturation at 95◦C for 3 min, followed by 39 cycles of 95◦C for
10 s then 55◦C for 30 s. Amplicon dissociation curves, i.e., melt-
ing curves, were recorded after cycle 39 by heating from 60 to
95◦C with 0.5◦C increments and an average ramp speed of 3.3◦C
s−1. Data were analyzed using the CFX Manager Software, ver-
sion 1.5 (BioRad). A brachypodium gene encoding ACTIN2 was
used as a reference for normalizing gene expression. qRT-PCR
experiments were conducted using three independent biologi-
cal samples, each consisting of three technical replicates, unless
indicated otherwise. Statistical analysis was performed using the
Relative Expression Software Tool (REST, Qiagen; Pfaffl et al.,
2002).

PLASMID CONSTRUCTION
Total RNA isolated from brachypodium leaves and oligonu-
cleotides pairs that are indicated in Supplemental Table 1
were used for RT-PCR amplification of BdCOPT1, BdCOPT3,
BdCOPT4, and BdCOPT5 cDNAs with or without the stop codon.
Primers were designed to contain attB sites on resulting PCR
products for subsequent Gateway cloning (Invitrogen) into the
DONR-Zeo entry vector (Invitrogen) and appropriate destination
vectors described below.

FUNCTIONAL COMPLEMENTATION OF THE S. CEREVISIAE COPPER
UPTAKE DEFICIENT CTR1�CTR2�CTR3� MUTANT STRAIN
S. cerevisiae SEY6210 (MATa ura3-52 leu2-3,-112 his3�200
trp1�901 lys2-801 suc2�9) wild-type and the ctr1�ctr2�ctr3�
triple mutant (MATa ura3-52 his3�200 trp1-901 ctr1::ura3::Knr
ctr2::HIS3 ctr3::TRP1) used for functional complementation
assays were the generous gift of Dr. Dennis Thiele (Duke
University). Yeast cells were transformed with YES3-Gate-
BdCOPT1, YES3-Gate-BdCOPT3, YES3-Gate-BdCOPT4, YES3-
Gate-BdCOPT5 constructs or an empty YES3-Gate vector using
the Frozen-EZ yeast Transformation II Kit (Zymo Research).
Transformants were selected for uracil prototrophy on YNB
medium (YNB-Ura) containing 0.67% (w/v) Yeast Nitrogen Base

without amino acids (Difco), 0.077% (w/v) CSM-Ura, 0.05%
(w/v) NaCl, 2% dextrose, 2% (w/v) agar. Respiration compe-
tence was evaluated by testing the ability of transformants to grow
on the non-fermentable carbon sources, glycerol and ethanol
(YPEG) as described (Dancis et al., 1994a; Puig et al., 2002).
Briefly, transformants were grown in liquid YNB-Ura to an
OD600 nm = 1.0, serially-10-fold diluted and spotted onto YPEG
medium containing 1% (w/v) yeast extract, 2% (w/v) bacto-
peptone, 3% (v/v) glycerol 2% (v/v) ethanol, and 2% (w/v) agar
and the indicated concentration of CuSO4or onto YNB-Ura for
controls. Plates were incubated for 3 days at 30◦C.

ISOLATION OF PROTOPLASTS FROM BRACHYPODIUM LEAVES
Protoplasts were isolated from leaves of 25-day-old brachy-
podium grown as described above. The protoplast isolation pro-
cedure was based on (Zhai et al., 2009). Briefly, 0.2 g of young
leaf tissue was immersed in 15 ml of filter-sterilized TVL solution
(Supplemental Table 2), finely chopped with a fresh razor blade
and transferred to a 200 ml beaker containing 20 ml of Enzyme
solution (Supplemental Table 2). The beaker was wrapped in
aluminum foil to protect samples from light and samples were
vacuum infiltrated for 30 min before incubation at 30◦C for
60 min. The mixture was then agitated at 35 rpm at room tem-
perature for 18–20 h. Released protoplasts were collected into
50-ml Falcon centrifuge tubes by carefully sieving the mixture
through eight layers of cheesecloth, pre-wetted with W5 solu-
tion (Supplemental Table 2). To increase the protoplast yield, the
cheesecloth was rinsed with an additional 10 ml of W5 solution.
Sieved protoplasts were then carefully overlaid with 5 ml of W5
solution and left at room temperature for 1 h to allow protoplasts
to float to the interface of Enzyme solution and W5 solution.
Fifteen milliliters of protoplasts were collected from the inter-
face and transferred into a new 50 ml Falcon tube containing
20 ml of W5 solution. Protoplasts were collected by centrifuga-
tion for 7 min at 100 × g. The residual Enzyme solution was
removed by two rounds of rinsing protoplasts with 10 ml W5
solution and centrifuged for 5 min at 60 × g. Purified protoplasts
were resuspended in 3–5 ml W5 solution and the protoplast yield
was evaluated by cell counting using a hemocytometer. Protoplast
viability was evaluated using the Plant Cell Viability Assay Kit
(Sigma), according to manufacturer’s recommendations.

TRANSFECTION OF PROTOPLASTS WITH PLASMID DNA
Protoplasts were transfected using a procedure adopted from
(Jung et al., 2011). Briefly, purified protoplasts were incubated
on ice for 30 min and centrifuged for 5 min at 60 × g and
W5 solution was removed. Protoplasts were then re-suspended
in MMG solution (Supplemental Table 2) and 100 μl aliquots
were transferred into a 2-ml round-bottom microcentrifuge tube.
Plasmid DNA (5–10 μg) was added to protoplasts and mixed
gently. For controls, DNA was omitted and replaced with equiv-
alent volumes of sterile water (mock transfection). Transfection
was initiated by the addition of 110 μl of PEG-calcium solu-
tion (Supplemental Table 2). Protoplasts were gently mixed with
PEG-calcium solution by tapping the tube followed by incuba-
tion for 7 min at room temperature. Transfection was terminated
by diluting the mixture by an addition of 700 μl of W5 solution.
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Transfected protoplasts were collected by centrifugation for 2 min
at 100 × g, and supernatant was removed to leave 50–100 μl of
protoplast suspension. Each sample was then brought up to a vol-
ume of 1 ml with W5 solution and incubated in the dark at room
temperature for 18 h.

SUBCELLULAR LOCALIZATION AND FLUORESCENT MICROSCOPY
For studies of the subcellular localization in brachypodium pro-
toplasts, BdCOPT3, and BdCOPT4 cDNAs lacking the stop codon
were fused at the C-terminus to the enhanced green fluorescent
protein (EGFP) of the SAT6-N1-EGFP-Gate vector and expressed
under the control of the cauliflower mosaic virus (CaMV) 35S
promoter. The resulting 35Spro-BdCOPT-EGFP constructs or
SAT6-N1-EGFP-Gate lacking cDNA inserts were transfected into
brachypodium protoplasts as described above. Plasma mem-
branes were stained with 50 μM FM4-64 as described (Ueda et al.,
2001).

For studies of subcellular localization in S. cerevisiae, entry
clones containing BdCOPT1, BdCOPT3, BdCOPT4, or BdCOPT5
cDNAs without the stop codon were fused at C-terminus
with EGFP in the YES3-EGFP-Gate vector (Jung et al., 2012).
The resulting constructs and the empty YES3-EGFP-Gate vec-
tor were transformed into S. cerevisiae ctr1�ctr2�ctr3� triple
mutant using the Frozen-EZ yeast Transformation II Kit (Zymo
Research) and transformants were selected on YNB-Ura medium,
as described above. Subcellular localization was assessed in cells
grown overnight in liquid YNB-Ura.

EGFP- and FM4-64- mediated fluorescence, and chlorophyll
autofluorescence were visualized using FITC (for EGFP) or rho-
damine (FM4-64 and chlorophyll) filter sets of the Axio Imager
M2 microscope equipped with the motorized Z-drive (Zeiss).
Z-stack (1.3 μm-thick) images were collected with the high-
resolution AxioCam MR Camera and then 3D deconvoluted
using an inverse filter algorithm of the Zeiss AxioVision 4.8 soft-
ware. Images were processed using the Adobe Photoshop software
package, version 12.0.

SPLIT-UBIQUITIN MEMBRANE YEAST TWO-HYBRID SYSTEM (MYTH)
Vectors and S. cerevisiae strains THY.AP4 (MATa leu2-3,112 ura3-
52 trp1-289 lexA::HIS3 lexA::ADE2 lexA::lacZ) and THY.AP5
(MATα URA3 leu2-3,112 trp1-289 his3-�1 ade2�::loxP) for
MYTH were obtained from the Frommer lab (Stanford
University) depository at Arabidopsis Biological Resource Center
(ABRC) http://www.arabidopsis.org/abrc/index.jsp. AtCOPT6-
Cub-PLV and AtCOPT6-NubG fusions were previously described
(Jung et al., 2012). Full-length BdCOPT1, BdCOPT3, BdCOPT4,
and BdCOPT5 cDNAs without stop codons were intro-
duced into the MetYC-dest and pXN-dest22-3HA destina-
tion vectors by Gateway cloning (Invitrogen) to generate
bait, BdCOPT-CubPLV, and prey, BdCOPT-NubG, constructs
in THY.AP4 and THY.AP5 strains, respectively. In all cases,
C- and N terminal fragments of ubiquitin were placed at
the C-terminus of the BdCOPT proteins. Protein interactions
were selected in diploid cells after 2 days of growth on SC
medium lacking adenine and histidine. Interactions were veri-
fied using β-galactosidase assays, as detailed in Kittanakom et al.
(2009).

CONSTRUCTION OF PHYLOGENETIC TREE
The phylogenetic tree was built using the Neighbor-Joining
method (Saitou and Nei, 1987). The bootstrap consensus tree
inferred from 500 replicates is taken to represent the evolutionary
history of the taxa analyzed (Felsenstein, 1985). Branches cor-
responding to partitions reproduced in less than 50% bootstrap
replicates are collapsed. The percentage of replicate trees in which
the associated taxa clustered together in the bootstrap test (500
replicates) are shown next to the branches (Felsenstein, 1985).
The tree is drawn to scale, with branch lengths in the same units
as those of the evolutionary distances used to infer the phyloge-
netic tree. The evolutionary distances were computed using the
number of differences method (Nei and Kumar, 2000) and are in
units of the number of amino acid differences per sequence. The
analysis involved 22 amino acid sequences. All positions contain-
ing gaps and missing data were eliminated. There were a total of
75 positions in the final dataset. Evolutionary analyses were con-
ducted in MEGA5 (Tamura et al., 2011) with A. thaliana IRT1 as
an outgroup.

ACCESSION NUMBERS
Accession numbers for genes used in this study were accord-
ing to nomenclature from ARAMEMNON 7.0 (http://
aramemnon.botanik.uni-koeln.de/) and MIPS (http://mips.
helmholtz-muenchen.de/plant/brachypodium/): Bradi1g24180
(BdCOPT1), Bradi1g24190 (BdCOPT2), Bradi2g51210 (BdCO
PT3), Bradi4g31330 (BdCOPT4), Bradi5g09580 (BdCOPT5),
Bradi1g10630.1 (BdACTIN), and At2g26975 (AtCOPT6).

RESULTS
THE PREDICTED COPT TRANSPORTERS OF BRACHYPODIUM SHARE
CONSERVED FEATURES OF THE CTR/COPT FAMILY
To identify putative members of the CTR/COPT family in
brachypodium, we used the Plant Membrane Protein database,
ARAMEMNON 7.0 (http://aramemnon.botanik.uni-koeln.de/;
Schwacke et al., 2003), which has the most complete annotation
of putative CTR/COPT transporters based on amino acid
similarity and motif organization of CTR/COPT proteins in
different species. We found that the brachypodium genome pos-
sesses five genes that encode putative CTR/COPT transporters
Bradi1g24180, Bradi1g24190, Bradi2g51210, Bradi4g31330,
Bradi5g09580, designated COPT1 through COPT5 (alias
BdCOPT1-BdCOPT5) (Table 1). BdCOPT1 and BdCOPT2
are located on chromosome 1, while BdCOPT3, BdCOPT4,
and BdCOPT5 are found on chromosome 2, 4, and 5, respec-
tively (Table 1). Based on the BdCOPT gene structures in the
ARAMEMNON 7.0 database, BdCOPT1, BdCOPT3, BdCOPT4,
and BdCOPT5 lack introns, similar to COPT genes in rice (Yuan
et al., 2011) and A. thaliana (http://arabidopsis.org). In contrast,
BdCOPT2 possesses two introns (Figure 1A).

BdCOPTs share 16–69% amino acid sequence identity and
26–73% sequence similarity to each other (Table 2). Phylogenetic
analysis revealed that a majority of CTR/COPT proteins from
brachypodium and O. sativa cluster together and are separate
from CTR/COPTs from A. thaliana (Figure 1B). One excep-
tion is BdCOPT4, which forms a separate cluster along with
AtCOPT5, OsCOPT7, and OsCOPT6 (Figure 1B). BdCOPT4 is
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Table 1 | The proposed nomenclature and accession numbers of

putative brachypodium COPT transporters annotated at different

databases.

Suggested MIPS/ NCBI UniPROT Chromosome

nomenclature ARAMEMNON

BdCOPT1 Bradi1g24180 not annotated I1GT99 I

BdCOPT2 Bradi1g24190 not annotated I1GTA0 I

BdCOPT3 Bradi2g51210 XP_003569917.1 I1HS28 II

BdCOPT4 Bradi4g31330 XP_003578182.1 I1IQG8 IV

BdCOPT5 Bradi5g09580 not annotated I1IXK4 V

FIGURE 1 | Gene structure of BdCOPT2 and phylogenetic analysis of

the brachypodium COPT family. (A) Gene structure of BdCOPT2. Note
the presence of introns, which are absent in other plant CTR/COPT
members. Scale bar = 500 bp. (B) A phylogenetic tree of CTR/COPT
members of A. thaliana (designated as AtCOPT1-6), O. sativa (designated
as OsCOPT1-7), brachypodium (designated as BdCOPT1-5), and
S. cerevisiae (designated as Ctr1p-CTR3p). The A. thaliana protein, IRT1, is
included as an outgroup.

highly similar (65%) to AtCOPT5, whereas other BdCOPT pro-
teins share 38–54% similarity to their counterparts in A. thaliana
(Table 3). Similar to OsCOPT members (Yuan et al., 2011),
the nucleotide sequence of BdCOPT genes is GC-rich, ranging
from GC content of 67.9% (BdCOPT2) to 73.2% (BdCOPT3), in
contrast to an average GC content of 50% in A. thaliana COPTs.

CTR/COPT family members possess conserved structural fea-
tures that include three putative transmembrane helices (TMs),
the N- and C-termini located toward the extracellular space

Table 2 | Percentage of amino acid identity (similarity) among

putative COPT proteins in brachypodium.

BdCOPT1 BdCOPT2 BdCOPT3 BdCOPT4 BdCOPT5

BdCOPT1 100 (100) 69 (73) 40 (48) 21 (30) 43 (51)

BdCOPT2 – 100 (100) 34 (42) 16 (26) 38 (46)

BdCOPT3 – – 100 (100) 27 (35) 42 (50)

BdCOPT4 – – – 100 (100) 31 (42)

BdCOPT5 – – – – 100 (100)

and cytosol respectively, N-terminally-located methionine-rich
motifs (Mets motifs), and MXXXM-X12-GXXXG motifs located
within TM2 and TM3, respectively (Puig et al., 2002; De Feo
et al., 2007, 2009; Peñarrubia et al., 2010). Importantly, MXXXM
motifs of TM2 in Ctr1p of S. cerevisiae, and COPT2 and
COPT6 of A. thaliana contain a positionally conserved Met
residue that is essential for the ability of these proteins to trans-
port Cu (Puig et al., 2002; Jung et al., 2012; Gayomba et al.,
2013). Some CTR/COPT proteins also contain the C-terminal
cysteine-rich CXC motif, which is suggested to bind Cu ions
for transfer to cytosolic Cu chaperones, or to downregulate
Ctr1p activity in response to toxic Cu levels (Puig et al., 2002;
Xiao et al., 2004; Wu et al., 2009). This motif is present in
A. thaliana COPT1 and COPT2, but is absent in COPT6; nev-
ertheless, COPT6 is a functional Cu transporter (Jung et al.,
2012).

Computer algorithm-assisted analysis of membrane topology
and motif organization in brachypodium CTR/COPT pro-
teins revealed that all BdCOPTs, except for BdCOPT3, are
predicted to contain the classical three TMs (Figure 2) with
N-terminal domains oriented toward the extracellular space,
while C-terminal domains are predicted to be located in the
cytosol. In contrast, BdCOPT3 is predicted to have two trans-
membrane domains, with both N- and C-termini located in
the cytosol. While polypeptides of all BdCOPT included the
N-terminal Mets motifs, the distribution of MXXXM-X12-
GXXXG motifs varied within different BdCOPT polypeptides
(Figure 2). For example, MXXXM motifs and thus, position-
ally conserved essential Met residues, were located within TM2
in BdCOPT3, BdCOPT4, and BdCOPT5, but outside of TM2
in BdCOPT1 and BdCOPT2. Although the predicted mem-
brane topology of BdCOPT proteins has to be validated exper-
imentally, the location of essential positionally conserved Met
residues of the MXXXM motif outside of the predicted mem-
brane domain suggest that BdCOPT1 and BdCOPT2 might not
mediate Cu transport. The C-terminal CXC motif is present
in BdCOPT3 as a CC motif and in BdCOPT4 as a CXC
motif, but is absent in BdCOPT1, BdCOPT2, and BdCOPT5
(Figure 2).

BdCOPT3 AND BdCOPT4 RESPOND TRANSCRIPTIONALLY TO Cu
STATUS
To determine whether BdCOPT genes respond transcriptionally
to Cu status of the plant like their counterparts in A. thaliana and
O. sativa, we first developed growth conditions under which Cu
limitation would minimally affect the growth and development
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Table 3 | Amino acid length (aa length), molecular mass (shown in kDa), and percentage of amino acid identity (similarity) of putative

brachypodium COPT (BdCOPT1-5) transporters in comparison to their homologs in A. thaliana (AtCOPT1-6).

aa length/kDa AtCOPT1 AtCOPT2 AtCOPT3 AtCOPT4 AtCOPT5 AtCOPT6

BdCOPT1 183/18.8 40.0 (47.1) 36.7 (47.5) 38.4 (49.0) 34.5 (43.4) 28.1 (41.8) 42.8 (54.5)

BdCOPT2 214/22.5 35.9 (44.7) 34.2 (45.6) 36.4 (47.0) 33.1 (46.2) 26.0 (38.4) 41.4 (53.8)

BdCOPT3 162/16.6 41.4 (53.7) 40.5 (53.8) 36.4 (48.3) 34.5 (48.3) 30.8 (40.4) 43.4 (53.8)

BdCOPT4 151/15.8 31.1 (45.0) 29.8 (44.4) 29.1 (42.4) 26.9 (38.6) 57.5 (65.1) 31.0 (44.1)

BdCOPT5 159/16.3 42.1 (51.6) 38.0 (46.2) 39.7 (51.0) 34.5 (45.5) 28.1 (39.7) 40.7 (52.4)

FIGURE 2 | A diagram showing conserved motifs within the primary

sequence of BdCOPT proteins and their homologs in A. thaliana,
AtCOPT1 and AtCOPT6. Topology predictions are based on the TMHMM
software, version 1.0. Shown are methionine-rich motifs within the predicted
N-terminal domain (Mets-motifs, gray bars), transmembrane domains (TM1,

TM2, and TM3; black bars) and cysteine-rich motifs within the predicted
C-terminal domain (white bars). Asterisks “∗∗∗” and “∗∗” indicate the location
of conserved MXXXM and GXXXG motifs. Note that BdCOPT3 has a unique
structure of two transmembrane domains and that BdCOPT3 and BdCOPT4
have cysteine-rich domains in the C-terminal domain.

of brachypodium. Seeds were germinated in perlite irrigated with
a modified hydroponic medium supplemented with 0.25 μM
CuSO4 (Supplemental Figure 1 and Methods and Materials) and
grown for 7 days before transferring to hydroponic medium
to grow further for 18 days under the following conditions:
(1) control conditions (0.25 μM CuSO4); (2) Cu limited con-
ditions (0 μM CuSO4); (3) Cu deficiency (0 μM CuSO4 and
supplemented with 500 μM of the Cu chelator, bathocuprione
disulfonate (BCS); and (4) Cu excess (3 μM CuSO4). While
there were no signs of chlorosis in leaves of plants grown under
Cu deficiency or Cu excess (Supplemental Figure 2A), plants
grown under Cu deficiency had decreased height, and shoot
and root dry weight compared to plants grown under con-
trol conditions (Supplemental Figure 2B). Plants grown under
Cu excess had decreased shoot and root dry weight, but were
of the same height as control plants. Cu limitation did not
significantly alter plant growth or shoot and root biomass
(Supplemental Figure 2B).

We then analyzed the steady-state levels of BdCOPT mRNAs
in different plant tissues of brachypodium grown under the
Cu regimes described above. Expression studies in roots
(Figure 3A) revealed that Cu limitation increased mRNA expres-
sion of BdCOPT3 and BdCOPT4. Cu deficiency increased
BdCOPT3 and BdCOPT4 expression even further and, in
addition, increased expression of BdCOPT1. There were no

statistically significant differences in mRNA expression levels
of BdCOPT2 and BdCOPT5 in root tissue of plants grown
under these conditions (Figure 3A). In roots of plants grown
under Cu toxicity, BdCOPT4 was the only gene whose expres-
sion was responsive to this treatment (Figure 3A). In young
leaves (Figure 3B), Cu limitation elevated the abundance of
BdCOPT3 and BdCOPT4 transcripts, which increased even fur-
ther under Cu deficiency. In young leaves of plants grown
under Cu toxicity, expression of BdCOPT4 decreased, but expres-
sion of BdCOPT2 increased. Expression studies in old leaves
(Figure 3C) of plants grown in Cu limited or Cu deficient con-
ditions showed an increase of the abundance of BdCOPT3 and
BdCOPT4 transcripts. In contrast, both, Cu toxic and Cu lim-
ited conditions, increased expression of BdCOPT1, while expres-
sion of BdCOPT2 and BdCOPT5 were downregulated under Cu
deficiency.

To summarize, of five BdCOPT genes, BdCOPT3, and
BdCOPT4, are the most responsive to fluctuations in Cu
availability, and changes in their expression are most promi-
nent in roots and young leaves. BdCOPT2 is significantly
upregulated under Cu toxicity only in young leaves, while
BdCOPT1 is regulated by Cu mainly in old leaves. Expression
of BdCOPT5 was the least responsive to Cu availability and
was downregulated only by Cu deficiency and only in old
leaves.
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FIGURE 3 | Quantitative real-time (qRT)-PCR analysis of the effect of Cu

on expression COPT1 through 5 in roots (A), young leaves (B), and older

leaves (C) of brachypodium. For all treatments, 7-day-old wild-type
seedlings were transferred to hydroponic solution and were grown for 18
days in medium that, in addition to macro- and micronutrients, contained

either 0.25 μM CuSO4 (control conditions), 0 μM CuSO4 (Cu limited), 0 μM
CuSO4 + 500 μM BCS (Cu deficiency), or 3 μM CuSO4 (Cu toxicity). Error
bars show SE (n = 9). Differences of the mean values between control and
treated plants are indicated as ∗p ≤ 0.05 or ∗∗p ≤ 0.001. Results are
presented relative to the expression of genes under control conditions.

HETEROLOGOUSLY EXPRESSED BdCOPT3, BdCOPT4, AND BdCOPT5
PARTIALLY RESCUE GROWTH DEFECTS OF THE S. CEREVISIAE
CTR1�CTR2�CTR3�CU UPTAKE MUTANT ON NON-FERMENTABLE
GROWTH MEDIUM
We next tested whether BdCOPT proteins are involved in Cu
transport. In this regard, the S. cerevisiae ctr1�ctr2�ctr3�
mutant, which lacks high-affinity plasma membrane-localized
Cu uptake transporters Ctr1p and Ctr3p, and the vacuolar
membrane-localized Ctr2p, is deficient in Cu uptake and release
of Cu from the vacuole, and has been successfully used to iden-
tify Cu transport capabilities of CTR/COPT transporters from
higher plants (Kampfenkel et al., 1995; Barhoom et al., 2008;

Yuan et al., 2010, 2011; Garcia-Molina et al., 2011; Klaumann
et al., 2011; Jung et al., 2012; Gayomba et al., 2013). Analyses
of Cu transport capabilities using yeast as a heterologous sys-
tem is based on the fact that cells lacking functional Cu uptake
systems are unable to deliver Cu to cytochrome c oxidase in
the mitochondrial respiratory chain, preventing cell growth on
non-fermentable carbon sources such as glycerol and ethanol
(YPEG medium), unless high concentrations of exogenous Cu
are added to the growth medium (Dancis et al., 1994b; Glerum
et al., 1996). Therefore, we expected that if BdCOPT proteins
act as high-affinity Cu transporters, then their expression in the
S. cerevisiae ctr1�ctr2�ctr3� mutant would promote Cu uptake
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and suppress growth defects of the mutant on non-fermentable
medium.

Here, we focused on analyses of BdCOPT1, BdCOPT3,
BdCOPT4, and BdCOPT5 due to difficulty in cloning of
BdCOPT2. As a positive control, we used the previously
characterized CTR/COPT transporter from A. thaliana,
AtCOPT6 (Jung et al., 2012). We found that all yeast lines
grew at the same rate on standard medium (YNB-Ura) sup-
plied with glucose as a carbon source or on YPEG medium
supplemented with 100 μM CuSO4 (Figure 4). In con-
trast, only the empty vector-expressing wild-type cells and
ctr1�ctr2�ctr3� cells expressing AtCOPT6 grew well on
YPEG medium (Figure 4), suggesting that none of BdCOPTs
tested were able to rescue the growth defect of the S. cerevisiae
mutant on YPEG medium. However, addition of a low con-
centration of Cu (10 μM CuSO4) to YPEG medium allowed
BdCOPT3 (Figure 4B), BdCOPT4 (Figure 4C), and BdCOPT5
(Figure 4D) but not BdCOPT1 (Figure 4A) to complement
partially the growth defect of ctr1�ctr2�ctr3� cells. These
results suggest that transport capabilities of brachypodium

COPT transporters differ from their counterparts in
A. thaliana.

BdCOPT3 AND BdCOPT4 LOCALIZE TO THE PLASMA MEMBRANE IN
S. CEREVISIAE CELLS AND BRACHYPODIUM PROTOPLASTS
S. cerevisiae Ctr1p and Ctr3p localize to the plasma membrane
and contribute to Cu uptake into the cell (Dancis et al., 1994a;
Peña et al., 2000), while Ctr2p localizes to the vacuolar membrane
and remobilizes Cu from this internal store upon Cu deficiency
(Rees et al., 2004). To determine whether BdCOPTs rescue growth
defects of the S. cerevisiae ctr1�ctr2�ctr3� mutant by facilitating
Cu uptake into the cell from the external medium or by vacuo-
lar remobilization, we determined their subcellular localization in
yeast cells as well as in brachypodium protoplasts.

For studies in S. cerevisiae, we inserted BdCOPT3, BdCOPT4,
and BdCOPT5 cDNAs without the stop codon into the YES3-
EGFP-Gate vector to generate translational C-terminal EGFP
fusions. We then verified whether the BdCOPT-EGFP constructs
were functional by expressing them in the ctr1�ctr2�ctr3�
mutant and assessing the growth of transformed cells on YPEG

FIGURE 4 | BdCOPT3, BdCOPT4, and BdCOPT5 rescue the growth defect

of the S. cerevisiae ctr1�ctr2�ctr3� triple mutant on ethanol/glycerol

medium (YPEG). The ctr1�ctr2�ctr3� mutant was transformed with the
YES3-Gate vector harboring BdCOPT1 (A), BdCOPT3 (B), BdCOPT4 (C), and
BdCOPT5 (D) along with corresponding EGFP-fusions and spotted onto
YPEG plates supplemented with the indicated concentrations of CuSO4. As

negative controls, the ctr1�ctr2�ctr3� mutant strain was transformed with
the empty YES3-Gate (ctr1,2,3�) or empty YES3-EGFP-Gate vector (EGFP).
The isogenic wild-type, SEY6210, transformed with the empty YES3-Gate
vector (Wt) and ctr1�ctr2�ctr3� cells transformed with YES3-Gate
harboring the A. thaliana COPT6 (AtCOPT6) cDNA insert were used as
positive controls.
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media. We found that expression of BdCOPT3-, and BdCOPT4-
EGFP fusions in ctr1�ctr2�ctr3� cells resulted in growth phe-
notypes mirroring results of cells expressing un-tagged proteins
(Figures 4B,C). However, the BdCOPT5-EGFP construct was
unable to rescue growth of ctr1�ctr2�ctr3� cells, suggesting that
fusing EGFP with BdCOPT5 resulted in the loss of its activity
(Figure 4D). Since unfunctional BdCOPT5-EGFP might mislo-
calize in yeast cells as well as in brachypodium protoplasts, this
construct was omitted from subsequent study. We did not ana-
lyze the subcellular localization of BdCOPT1 for the same reason.
Fluorescent microscopy revealed that EGFP-mediated fluores-
cence in BdCOPT3-EGFP and BdCOPT4-EGFP expressing cells
localized mainly to the cell periphery and the distribution of the
EGFP signal was distinct in S. cerevisiae cells expressing the EGFP-
only vector (Figure 5). These data suggest that BdCOPT3 and
BdCOPT4 localize to the plasma membrane in this heterologous
system.

We next analyzed the subcellular localization of BdCOPT3
and BdCOPT4 in brachypodium using transient expression in
protoplasts. After establishing a procedure for the isolation of
viable protoplasts from brachypodium (Figure 6), we trans-
fected protoplasts with BdCOPT3-EGFP or BdCOPT4-EGFP
constructs with C-terminal EGFP fusions expressed from the
CaMV promoter of the SAT-N1-EGFP-Gate vector, or with the
empty SAT-N1-EGFP-Gate vector. We found that EGFP-mediated
fluorescence originating from BdCOPT3-EGFP or BdCOPT4-
EGFP constructs was located at the periphery of transfected
protoplasts and did not overlap with chlorophyll-mediated aut-
ofluorescence (Figures 7A,B and Supplemental Figures 3A,B).
Furthermore, fluorescence from BdCOPT3- and BdCOPT4-
EGFP constructs was distinct from the fluorescence pattern

FIGURE 5 | Subcellular localization of BdCOPT3-EGFP (A) or

BdCOPT4-EGFP (B) fusions or EGFP (C) in S. cerevisiae
ctr1�ctr2�ctr3� cells. Superimposed images (Overlay) from differential
interference contrast microscopy (DIC) and EGFP-mediated fluorescence
(EGFP) show that BdCOPT3 and BdCOPT4 localize to the plasma
membrane and that the pattern of fluorescence of EGFP-fused proteins is
distinct from EGFP.

exhibited by protoplasts transfected with the empty EGFP vec-
tor (Figure 7C and Supplemental Figure 3C). We note that
internally-localized EGFP-mediated fluorescence is likely an
artifact of the degradation of the BdCOPT-EGFPs. We then
co-stained protoplasts expressing BdCOPT3- or BdCOPT4-
EGFP with the lipophylic dye, FM4-64, which selectively
labels the plasma membrane under low-temperature condi-
tions (Vida and Emr, 1995). We found strict co-localization of
BdCOPT3- or BdCOPT4-EGFP and FM4-64-mediated fluores-
cence (Figures 7A,B), suggesting that BdCOPT3 and BdCOPT4
are located at the plasma membrane.

BdCOPT PROTEINS INTERACT WITH EACH OTHER IN
YEAST-TWO-HYBRID ASSAYS
Homo- and heterodimerization of CTR/COPT proteins have
been demonstrated in eukaryotes (Lee et al., 2002; De Feo et al.,

FIGURE 6 | Isolation of protoplasts from brachypodium. Hydroponically
grown 25-day-old plants (A) were used for the isolation of protoplasts from
leaf tissue. Chopped brachypodium leaves in filter-sterilized TVL solution are
shown in (B). Enzymatic digestion of the cell wall and fractionation by sucrose
density gradient yielded protoplasts at the interface of the enzyme solution
and W5 solution (C, black arrow). Protoplasts were collected and purified from
sucrose density gradient solution (D) and visualized under microscopy using
bright-field filter sets (E). In our method, 0.2 g of leaf tissue from 25-day-old
seedlings yields 5 × 106–107 protoplasts. Close-up of brachypodium
protoplasts through bright-field (F) and FITC (G) filter sets to assess protoplast
viability after staining with the membrane-permeable non-fluorescent dye,
fluorescein diacetate. After diffusion into viable protoplasts fluorescein
diacetate is hydrolyzed into a polar compound, causing the cytosoplasm of
the cell to fluoresce under the FITC filter set. Scale bar = 20 μm.
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FIGURE 7 | Subcellular localization of BdCOPT3 and BdCOPT4 in

brachypodium protoplasts. Protoplasts isolated from leaves of 25-day-old
plants were transfected with BdCOPT3-EGFP (A) or BdCOPT4-EGFP (B)

constructs or the empty SAT6-N1-EGFP vector (C) and co-stained with the
plasma-membrane dye, FM4-64. EGFP-mediated fluorescence derived from
BdCOPT3-EGFP (COPT3) or BdCOPT4-EGFP, (COPT4), or from EGFP of the

SAT6-N1-EGFP vector (EGFP) was detected using the FITC filter set while
FM4-64 (FM4-64) and chlorophyll autofluorescence (Chl) were visualized
using the Rhodamine filter set of an Axio Imager M2 microscope equipped
with a motorized Z-drive (Zeiss). Images collected from FITC and Rhodamine
filter sets were overlaid (Overlay) to show the plasma membrane subcellular
localization of Cu transporters. Scale bar = 10 μm.

2007, 2009; Yuan et al., 2010, 2011). Furthermore, although
interaction of A. thaliana COPT6 with COPT1 is not required
for the ability of these proteins to transport Cu (Jung et al.,
2012), the activity of O. sativa CTR/COPT proteins seem to
depend on their interactions with each other (Yuan et al., 2011).
Therefore, we tested if the CTR/COPT family members in brachy-
podium would also interact with either themselves or/and with
other family members. For this purpose we used the split-
ubiquitin-based membrane yeast-two-hybrid (MYTH) approach
(Kittanakom et al., 2009). In this system, a modified ubiquitin
protein is split into its C- and N-terminal halves (Cub and NubG,
respectively), which are fused to membrane-localized bait or prey
proteins, respectively. The C-terminus of ubiquitin is attached to
an artifical transcription factor, PLV (protein A-LexA-VP16). If
bait and prey proteins are oriented in the cytosol and interactions
occur, the modified ubiquitin is reconstituted and recognized
by ubiquitin-specific proteases, which release PLV from Cub.
PLV enters the nucleus to induce expression of lexA-controlled

reporter genes ADE2, HIS3, and lacZ (Kittanakom et al.,
2009), allowing protein interactions to be assessed by ade-
nine and histidine prototrophy and by the β-galactosidase
assay.

We fused Cub-PLV and NubG at the C-terminus of BdCOPT1,
BdCOPT3, BdCOPT4, and BdCOPT5 since their predicted topol-
ogy is consistent with a cytosolic orientation of their C-termini.
We then co-expressed BdCOPT proteins in different combina-
tions with themselves or with the empty Cub-PLV vector as a neg-
ative control (Figure 8). We included S. cerevisiae co-expressing
AtCOPT6-Cub-PLV and AtCOPT6-NubG in our assays as a pos-
itive control since AtCOPT6 interacts with itself in the MYTH
assay (Jung et al., 2012). To control for false positives, the empty
Cub-PLV vector was co-expressed with BdCOPTs fused to NubG.
These studies showed that all of the tested BdCOPT proteins
interacted in both homo- and heterodimer combinations, regard-
less of whether interactions were assayed by growth on selec-
tive medium or with β-galactosidase (Figure 8). Whether these
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FIGURE 8 | Analyses of protein-protein interactions of brachypodium

CTR/COPT transporters using the split-ubiquitin membrane yeast

two-hybrid system (MYTH). Shown are yeast cells co-expressing NubG
constructs fused with BdCOPT1, BdCOPT3, BdCOPT4, or BdCOPT5 cDNA
(BdCOPT1-, BdCOPT3-, BdCOPT4-, BdCOPT5-NubG) and a Cub-PLV
construct lacking a cDNA insert (Cub-PLV ) or Cub-PLV fused to BdCOPT1-,
BdCOPT3-, BdCOPT4-, BdCOPT5 (BdCOPT1-, BdCOPT3-, BdCOPT4-,
BdCOPT5-Cub). Interactions were visualized by colony formation on selective

media SC medium (SC) or as blue colonies in a ß-galactosidase assay (SC +
Ade + His + X-gal). Growth was monitored for 2 days under conditions
indicated below each panel. Interactions of AtCOPT6 with itself
(AtCOPT6-NubG + AtCOPT6-Cub), or lack of interactions between
AtCOPT6-Cub-PLV and the empty NubG vector (NubG + AtCOPT6-Cub)
were used as controls and are indicated in red. Shown are representative
results of at least three biological replicates. SC, synthetic complete medium;
Ade, adenine; His, histidine; X-gal, bromo-chloro-indolylgalactopyranoside.

interactions are required for their ability to transport Cu remains
to be elucidated.

DISCUSSION
Biological attributes of brachypodium, such as root architecture,
grain structure, and the continued development of molecular
and genetic resources prompted us to establish this plant as
a preferred model for Cu homeostasis studies in grain cere-
als (e.g., wheat, barley, and oat) which are reported to be
more sensitive to Cu availability in agricultural soils in com-
parison to other crops (Shorrocks and Alloway, 1988; Solberg

et al., 1999). To begin investigations of the underlying molec-
ular basis of this phenomenon, we initiated studies of the
brachypodium CTR/COPT Cu transporters since members of
this family in A. thaliana provide an entry point for Cu into
the root and are suggested to contribute to subsequent Cu
partitioning in photosynthetic tissues (Burkhead et al., 2009;
Merchant, 2010; Ravet and Pilon, 2013). Toward this goal, we
have identified five putative CTR/COPT family members in
brachypodium based on amino acid similarity and motifs orga-
nization of CTR/COPT proteins in different species and we
classified them as BdCOPT1 through 5. Phylogenetic analyses
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of the predicted CTR/COPT members in brachypodium and
their counterparts from a dicot, A. thaliana, and a mono-
cot, O. sativa, show that, with the exception of BdCOPT4,
brachypodium and O. sativa CTR/COPT proteins are more
closely related to each other than to A. thaliana (Figure 1B),
reflecting a closer evolutionary relationship of brachypodium to
O. sativa than to A. thaliana. Furthermore, analysis of mem-
brane topology and the motif organization in brachypodium
CTR/COPT proteins revealed that while polypeptides of all
BdCOPT included the N-terminal Mets motifs, the location of
MXXXM-X12-GXXXG motifs varies within different BdCOPT
polypeptides, affecting the location of the positionally conserved
Met residue, which is essential for the translocation of Cu across
lipid bilayer (Figure 2). For example, MXXXM motifs are pre-
dicted to be located within TM2 only in BdCOPT3, BdCOPT4,
and BdCOPT5, similar to CTR/COPT family members in other
species. In contrast, MXXXM motifs are predicted to be located
outside of TM2 in BdCOPT1 and BdCOPT2, suggesting that
these proteins might not be able to mediate Cu transport due
to a shift in the position of the essential Mets motifs. Although
the topology predictions have to be validated experimentally,
the ability of BdCOPT3, BdCOPT4, and BdCOPT5, but not
BdCOPT1, to rescue partially the Cu-deficiency associated res-
piratory defects of the S. cerevisiae ctr1�ctr2�ctr3� mutant
(Figure 4) was consistent with this suggestion. We also note
that BdCOPT3, BdCOPT4, and BdCOPT5 conferred growth to
the yeast mutant only when a low concentration of Cu was
added to the growth medium (Figure 4). This result might be
interpreted using at least two not mutually exclusive scenar-
ios: (1) BdCOPT3, BdCOPT4, and BdCOPT5 are low affinity
Cu transporters, unlike their high-affinity counterparts from
A. thaliana and/or (2) in order to confer high affinity transport,
BdCOPT3, BdCOPT4, and/or BdCOPT5 must interact with other
CTR/COPTs and/or other transporters. In this regard it has been
shown that most of CTR/COPTs in O. sativa form dimers/trimers
with other CTR/COPTs or other proteins to function as high-
affinity transporters (Yuan et al., 2010, 2011). In contrast, the
plasma membrane-localized CTR/COPT family members from
A. thaliana are high-affinity transporters by themselves even
though can form hetero-complexes (Nakagawa et al., 2010; Jung
et al., 2012; Gayomba et al., 2013). We found that brachypodium
CTR/COPT transporters homo- and heterooligomerize in the
MYTH system (Figure 8); whether these interactions are required
for transport capabilities of brachypodium CTR/COPTs has yet to
be determined.

We have also examined the subcellular localization of
BdCOPTs by analyzing the localization pattern of functional
BdCOPT3-EGFP and BdCOPT4-EGFP constructs by heterolo-
gous expression in yeast or transient expression in brachypodium
protoplasts. Toward this goal we have established procedures
for preparing viable protoplasts from brachypodium mesophyll
cells and for protoplast transfection (Figure 6). These studies
showed that both, BdCOPT3-EGFP and BdCOPT4-EGFP, local-
ize to the plasma membrane, regardless of whether assays were
done in yeast or protoplasts (Figures 5, 7), further suggesting
that these two CTR/COPT proteins may function in Cu uptake.
Finally, BdCOPT3 and BdCOPT4 genes were highly expressed

in roots, and old and young leaves, and their expression was
tightly regulated by Cu availability (Figure 3), as was shown
for other CTR/COPT proteins from different species, including
plants.

To conclude, this manuscript shows that brachypodium can
be used for analyses of the molecular mechanisms underly-
ing the increased susceptibility of small grain cereals to Cu
deficiency and of Cu homeostasis overall. Analyses of the phy-
logenetic relationship between CTR/COPT proteins of brachy-
podium, O. sativa, and A. thaliana, and the clear divergence of
A. thaliana CTR/COPT members, suggest that differences may
exist in characteristics of the CTR/COPT proteins between mono-
cots and dicots. This is further validated by studies of Cu trans-
port capabilities of brachypodium CTR/COPTs. Heterologous
expression of brachypodium CTR/COPTs in the S. cerevisiae Cu
uptake mutant ctr1�ctr2�ctr3� suggest that increased sensi-
tivity to Cu deficiency in some grass species may arise from
lower efficiency of Cu uptake and, possibly, other properties of
components of Cu uptake and tissue partitioning systems. It is
also possible that the CTR/COPT family members in brachy-
podium require homo- or heterooligomerization for high-affinity
Cu uptake, unlike corresponding family members in A. thaliana,
reinforcing the importance of using brachypodium as a model
for the comprehensive analyses of Cu homeostasis in cereal
crops.
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SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online
at: http://www.frontiersin.org/journal/10.3389/fpls.2014.00236/
abstract

Supplemental Figure 1 | Establishing growth conditions for

brachypodium. Plants were grown on standard nutrient solution at 22◦C

and 12-h light/12-h dark photoperiod at photosynthetic photon flux density

of 150 μmol photons m−2 s−1. The glume and lemma of seeds were

removed and seeds were sown on rinsed perlite (A). Seven-day-old

seedlings grown on perlite irrigated with standard nutrient solution (B).

Seven-day-old seedlings were transferred from perlite to hydroponic

medium and shown from above (C) and from the side view (D). Scale

bar = 5 cm.

Supplemental Figure 2 | Phenotypes of brachypodium grown under

different copper conditions. (A) Twenty five-day-old plants grown in

hydroponic solution without CuSO4 and supplemented with 500 μM BCS

(500 BCS), or indicated concentrations of CuSO4. (B) Plants from (A)

were used to measure height (Plant height), shoot dry weight (Shoot dry

weight), and root dry weight (Root dry weight). Asterisks (∗∗) indicate

statistically significant differences (p ≤ 0.01, ANOVA) of the mean values

of treatments compared to control conditions (0.25 μM CuSO4). Error bars

show SD (n = 3).
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Supplemental Figure 3 | Subcellular localization of BdCOPT3 and

BdCOPT4 in brachypodium protoplasts. Protoplasts were transfected with

BdCOPT3-EGFP (A) or BdCOPT4-EGFP (B) constructs or empty

SAT6-N1-EGFP vector (C) and co-stained with the plasma-membrane dye,

FM4-64. EGFP-mediated fluorescence derived from BdCOPT3-EGFP

(COPT3) or BdCOPT4-EGFP, (COPT4), or from EGFP of the SAT6-N1-EGFP

vector (EGFP) was detected using the FITC filter set while FM4-64

(FM4-64) and chlorophyll autofluorescence (Chl) were visualized using the

Rhodamine filter set of an Axio Imager M2 microscope equipped with the

motorized Z-drive (Zeiss). Images collected from FITC and Rhodamine

filter sets were overlaid (Overlay) to show the plasma membrane

subcellular localization of the Cu transporters.

Supplemental Table 1 | Primers used in this study. Sequences in italics

indicate att sites used for Gateway cloning and “∗” indicate sequences

without a stop codon.

Supplemental Table 2 | Solutions used in protoplast isolation and

transfection. All solutions were filter sterilized before use.
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