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EXTENDED ABSTRACT



Several studies have shown that Cd, a non-essential and toxic metal, is taken up from soil and
translocated in a root-to-shoot direction through transporters of essential elements such as Zn,
suggesting that the two metal ions may compete for the same transporter protein on a membrane.
However, the movement of Zn and Cd ions across several biological membranes involves a wide range
of transport systems, each characterized by a specific selectivity. Although divergent results have been
obtained, they suggest that Zn-independent pathways for Cd translocation in plants could be possible.

The proteins belonging to the HMA (Heavy-Metal ATPases) family have been partially
characterized as the main actors of the process of translocation of trace elements (essential or non-
essential) to all organs of the plant. In particular, OsHMA2 is the main transport system so far
described in rice as involved in the xylem loading of Zn and Cd, even though both its activity and
function has not been unambiguously characterized.

The research carried out in this PhD project took place in this context. Indeed, the general
purpose was studying the main mechanisms involved in the systemic distribution of some trace
elements in rice plants. In particular the activity was aimed at better understanding the Zn and Cd
translocation pathways, and was focused on studying the possible competition between the two metal
ions mainly for the root-to-shoot translocation, since these processes have been seen to be crucial in
determining Cd accumulation in the shoots. Specifically, the aims of this study were: (i) to investigate
the effects of the possible competition between Zn and Cd on their chelation and subcellular
compartmentalization at the root level, thus in reducing the amount of the two metals potentially
mobile through the plant. This was done using physiological techniques aimed at isolating and
quantifying thiol based Zn- and/or Cd-binding complexes; (i) to investigate the potential inhibitory
effect exerted by Zn on Cd translocation in unstressed rice plants, performing a short-term positron-
emitting tracer imaging system (PETIS) experiment using "’Cd as tracer; (iii) to identify genes encoding
transporters involved in a putative Zn-insensitive Cd xylem loading, thus responsible for a possible Zn-
independent Cd translocation pathway, by performing bioinformatic analysis. Our attention focused on
the P,;-type ATPase (HMA) family in order to search for orthologs of the genes codifying the
transporters that in the model plant Arabidopsis were found to mediate the xylem loading of Cd; (iv) to
functional characterize the transporters encoded by the abovementioned genes by heterologous
expression in Saccharomyces cerevisiae.

A complete set of competition experiments were performed: in the first, rice plants (O. sativa L.
ssp. japonica cv. Roma) were hydroponically grown and differentially exposed for a 10-day period to
increasing Zn external concentrations, in the absence or presence of a steady amount of Cd, whilst, in
the second, plants were exposed for 10 days to different Cd concentrations in the presence of a steady
amount of Zn. The concentrations of Zn and Cd in xylem sap, roots and shoots were evaluated by
inductively coupled plasma-mass spectrometry (ICP-MS), to determine their partitioning between plant
organs. The results were related to the total Zn and Cd content in root fractions obtained by a
sequential extraction procedure with buffer and acid. The procedure allowed to discriminate Zn and Cd
ions potentially mobile (cationic) from those retained in complexes with thiol-peptides or other soluble
molecules negatively charged in the extraction buffer (anionic), or tightly adsorbed to cellular matrices
or apoplast components (acid soluble and ash); so, the last three fractions should be considered not
available for root-to-shoot translocation. Moreover, the systemic movement of Cd in the whole rice
plants was monitored by applying to the roots fresh marked (‘"Cd) culture solutions containing a
steady amount of Cd and different concentrations of Zn in PETIS experiments.

The main results clearly indicate the lack of a fully reciprocity considering the effect of Cd on
Zn accumulation, and vice versa, since the accumulation of Zn in the shoot was significantly inhibited
by Cd increases in all the analyzed conditions, whereas those of Cd was only partially impaired by Zn
increases. Such a finding suggests that Cd ions may use at least two distinct pathways to be translocated
from the root to the shoot. The first one — shared with Zn — is probably used for Zn translocation in
physiological conditions, whilst the second one appears as a Zn-independent route that Cd may
preferentially use when the first pathway is saturated with Zn. Moreover, the Zn-independent pathway
seems constitutively expressed in rice plants since the partial inhibitory effect exerted by Zn on Cd
translocation was also observed in short-term PETIS experiments performed with unstressed plants.



Since OsHMA2 appears to play an important role in Zn/Cd root-to-shoot translocation, in this work
we also contributed to elucidate some aspects related to the OsHMAZ2 transport activity and selectivity
by comparing the inhibitory effects exerted by Zn or Cd on the growth of yeast cells expressing, or not,
OsHMA2. The results indicate that OsHMA2 enhances Zn and Cd tolerance in yeast, so we can
reasonably conclude that OsHMA2 may pump excess of cytosolic Zn or Cd into the apoplast and thus
has all the requisites to be considered the xylem loading system potentially involved in mediating the
translocation of Cd through the Zn-dependent pathway. In addition, this study represents one of the
first examples of growth inhibition analysis applied to plant gene functional characterization.

In conclusion, our data provide several evidence to support the hypothesis that at least two
competing pathways may be interested in mediating root-to-shoot Cd translocation in rice. The first
one, prevailing at relatively low Zn concentrations, could involve OsHMA2 as Zn*'/Cd*" xylem
loading system, while the second one appears to involve a Zn-independent system that still needs to be
identified among the plethora of transporters involved in the metal homeostasis. The possible future
identification of the transporter(s) responsible for the Zn-independent Cd translocation pathway(s)
could allow the development of markers to select rice genotypes able to exclude Cd from the shoots.
Furthermore, these activities could have important technological implications in the fields of food
safety, especially in cases where the strategies used for containing Cd accumulation in the crops be
founded on Zn fertilization.



INTRODUCTION



TRACE ELEMENTS

Among metal elements, copper (Cu), iron (Fe), manganese (Mn) and zinc (Zn) are micronutrients as
they are essential in trace amounts for physiological processes in living organisms and therefore are a
significant component of the soil-plant—food continuum (Tekli¢ ez a/, 2013). The essential trace
elements play a wide range of critical roles in plants. Fe is a key component of haem proteins and a
range of other enzymes. Cu is an integral component of certain electron transfer proteins in
photosynthesis and respiration and is involved in lignification, while Mn is less redox active but is also
involved in photosynthesis. Zn is non-redox-active but has a key structural and/or catalytic role in
many proteins and enzymes. Other transition metals such as nickel (Ni) and molybdenum (Mo) are also
essential micronutrients for plant functions. It must be emphasized that even if the most part of
micronutrients play similar roles, they are not identical, so they cannot replace one another in the
organism (Stiles, 1946; Marschner, 1995; Clemens, 2001, 2006; Hall and Williams, 2003; Kirkby and
Rombheld, 2004). When any of these metals is present in short supply, a range of deficiency symptoms
can appear and growth is reduced (Marschner, 1995). However, although essential, when supplied in
excess, these cations can become toxic, like heavy metals with no generally established function (e.g.
cadmium, lead, arsenic, mercury, aluminum and silver). The non-essential trace elements are potentially
toxic due to their reactivity with S and N atoms in amino acid side chains. They can be taken up from
soil through the same transporters used for essential nutrients, and accumulated by crops. Such a
process represents the main entry pathway for potentially health-threatening toxic metals into animal
and human food chain. Thus, to maintain micronutrient homeostasis and to cope with the detrimental
effects of non-essential metal ions, plants have developed a complex network of metal uptake,
chelation, trafficking, and storage processes (Clemens, 2001; Hall, 2002; Hall and Williams, 2003).
There is a significant natural variation in the homeostatic mechanisms among crop species and
in cultivars within the same species for what concern both essential and non-essential trace elements
Bell ez al., 1997; Clarke ez al., 1997). This variation results from several genetically controlled barriers
that affect the abovementioned processes at different levels. Although many factors controlling these
processes have been widely investigated and are now well known, the physiological basis for
micronutrient use efficiency in crop plants and the processes controlling the accumulation of trace
elements in the edible portions still need to be clarified (Welch and Shuman, 1995; Welch and Graham,
1999, 2004; Gregorio, 2002; Hall and Williams, 2003). The principal factors affecting the micronutrient
use efficiency are here briefly discussed below. The first and most important barrier to micronutrient
absorption resides at the root-soil interface (i.e. the rhizosphere) and several factors affect the trace
element bioavailability, mostly depending on soil characteristics (e.g. pH and redox potential) (Gupta ez
al., 2008) or due to some root activities, such as: (a) proton efflux from root cells, especially considering

non-graminaceous plants presenting the mechanism of Fe uptake defined as ‘strategy I’; (b) root



respiration leading to the release of carbon dioxide causing soil acidification; (c) efflux of reductive
compounds; (d) plasma membrane reductase activity; (¢) extrusion of organic acids, non-proteic amino
acids and metal chelating phytosiderophores. In particular, the efflux of organic acids characterized by
low molecular weight induces changes in the soil characteristics (mainly pH and redox potential) which,
in turn, may affect metal solubility and mobility. However, the contribution of such compounds to the
uptake of non-essential elements still need to be investigated in details (Prasad, 1995; Welch and
Graham, 2004; Clemens, 20006). In fact, the total micronutrient content in soils is not related to that
potentially available to the plant (Gupta e al, 2008); then, the bioavailability of a trace element is
defined as the fraction of the nutrient that is absorbed and subsequently utilized for physiological
functions (Fairweather-Tait and Hurrell, 1996). Moreover, absorption mechanisms (e.g. transporters
and ion channels), located in the root-cell plasma membrane, must be sufficiently active and specific
enough to allow the accumulation of micronutrients once they enter the apoplasm of root cells from
the rhizosphere. Then, the nutrients must be efficiently translocated from the root to the shoot and
accumulated in edible plant organs. Finally, micronutrients must be bioavailable to people that eat these
plant portions since plants are the main source of micronutrients for animals and humans, especially
staple food crops (Fairweather-Tait and Hurrell, 1996; Welch and Graham, 2004).

Today, over three billion people worldwide are currently micronutrient (i.e. iron, iodine and
zinc) malnourished (‘Hidden Hunger’) and the numbers are increasing (Gibson, 1994; Welch and
Graham, 2004). Almost two-thirds of the deaths of children are associated with nutritional deficiencies,
many from micronutrients deficiencies. This widespread issue results in poor health, increased rates of
chronic diseases (coronary heart disease, cancer, stroke and diabetes), permanent impairment of
cognitive abilities of infants born to micronutrient-deficient mothers and finally in high rates of
mortality (Welch and Graham, 1999; Caballero, 2002). Most of people afflicted are dependent on staple
crops for their sustenance. In fact the cereals, rice in particular, contain inherently low amounts of
micronutrients and are eaten primarily after milling that removes most of the trace elements that cereals
contain (Welch and Graham, 1999; Gregorio, 2002).

The staple crops can be “biofortified”, meaning that the bioavailability of a micronutrient is

increased using plant breeding and/or transgenic strategies, improving significantly the amount of these
nutrients consumed by the world's poor without negatively impacting crop productivity (Bouis, 1990,
2000; Welch and Graham, 1999, 2004; Graham ef 4/, 2001, 2007). Other important goals of the
research are enhancing substances (e.g. ascorbic acid and S-containing amino acids) that promote
micronutrient bioavailability or decreasing the level of antinutrients (substances that reduce the
bioavailability of trace metals to humans, e.g. phytate and polyphenolics) and limiting the detrimental

effects of non-essential elements (e.g. Cd, As and Pb) on plants that have direct consequences on

human health.



For the reasons abovementioned, agriculture needs a new paradigm based on food systems
approaches aimed not only at productivity and sustainability, but also at empowering people and
insuring balanced and adequate nutrition and improved health for all (Graham and Welch, 1996; Welch
and Graham, 1999; Gregorio, 2002; Graham ez a/., 2007).

ZINC HOMEOSTASIS

Zinc (Zn) is a micronutrient essential for growth and development of all organisms (Broadley ez a/,
2007; Alloway, 2009). In plants Zn exists only as Zn(II) and does not take part in oxidoreduction
reactions (Marschner, 1995). The non redox active property of Zn combined with its geometry makes it
fundamental for an array of cellular processes (Berg and Shi, 1996; Broadley e# a/., 2007; Palmer and
Guerinot, 2009). In plants, Zn plays a key role as a structural constituent or regulatory cofactor of a
wide range of enzymes (more than 300) (Vallee and Auld, 1990; Coleman, 1998) and proteins in many
important biochemical pathways and these are mainly concerned with: (i) integrity of biomembranes;
(i) RNA and DNA metabolism; (iif) carbohydrate metabolism, both in photosynthesis and in the
conversion of sugars to starch; (i) protein metabolism; (iv) cell division; (v) auxin metabolism; (vi)
pollen formation (Marschner, 1995; Cakmak, 2000; Alloway, 2007, 2009). Therefore, the relevance of
these processes for cell metabolism makes clear that Zn uptake, homeostasis, and allocation to the
different plant organs and cellular organelles need to be tightly regulated, in order to provide the
required amount of Zn and to prevent the toxic effects caused by its excess. Homeostatic mechanisms
include control of uptake, intracellular binding to metal chelators, efflux from the cell and sequestration

into vacuoles (Clemens, 2001; Hall and Williams, 2003; Ishimaru ez a/., 2011).

ZINC IN THE SOIL

In soil, Zn is present in various forms coming from different inputs. The first one is the chemical and
physical weathering of parent rocks. Other natural inputs arise because of atmospheric (e.g. volcanoes,
forest fires, and surface dusts) and biotic (e.g. decomposition, leaching/washoff from leaf surfaces)
processes (Broadley ef al, 2007; Ishimaru e al, 2011). Moreover, different human activities have
influenced Zn inputs to soils such as mining and smelting activities (Nriagu, 1996). Other
anthropogenic inputs of Zn to soils include fossil fuel combustion, phosphatic fertilizers, limestone,
manure, sewage sludge, other agrochemicals, particles from galvanized (Zn-plated) surfaces and rubber
mulches (Chaney, 1993; Alloway, 1995).

Zn in soil occurs in three primary fractions: (a) water-soluble Zn (including Zn*" and soluble organic
fractions); (b) adsorbed and exchangeable Zn in the colloidal fraction (associated with clay particles,

humic compounds and Al and Fe hydroxides) and (c) insoluble Zn complexes and minerals (Barrow,



1993; Alloway, 1995). Zn is mobile at slightly acidic conditions and is immobilized in alkaline soils
(Broadley et al., 2007; Gupta et al., 2008). The distribution of Zn between soil fractions is determined by
soil-specific precipitation, complexation and adsorption reactions. Many factors determine soil Zn
distribution and then inducing Zn deficiency including pH, soil type and moisture, mineral and clay
types and contents, diffusion and mass flow rates, weathering rates, organic matter, soil biota and plant
uptake (Hacisalihoglu and Kochian, 2003; Rashid and Ryan, 2004). The soluble Zn fraction consists for
up to 50% of Zn**, which is the dominant form available for plants (Hacisalihoglu and Kochian, 2003).

ZINC DEFICIENCY

Zn deficiency appears the most widespread and frequent micronutrient deficiency problem in crops
wortldwide, resulting in severe losses in yield and nutritional quality (Graham and Welch 1996; Cakmak,
2000, 2002; Alloway, 2007). A wide range of crops are affected by Zn deficiency, including mainly
cereals (i.e. rice, barley, wheat and maize), fodder crops, pulses, bush and tree fruits, nuts, vegetables
and non-food crops, such as cotton and tobacco (Welch and Graham, 2004; Grotz and Guerinot,
2000). In particular, it is estimated that nearly half of the soils on which cereals are grown have levels of
available Zn low enough to cause Zn deficiency (Graham and Welch 1996; Cakmak ef a/, 1999;
Alloway, 2007). This causes cereals to be inherently low in grain Zn concentrations to meet daily
requirement of humans thus causing Zn deficiency symptoms and pathologies, especially in developing
countries where cereal grains, especially wheat and rice, contribute to about 70% of the daily calorie
intake (Cakmak, 2008). Zn deficiency in humans is a major nutritional and health problem in
developing countries, especially among young children. It affects, on average, one-third of the world’s
population, ranging from 4 to 73% in different countries (Hotz and Brown, 2004; Alloway, 2007; Black
et al., 2008; Wessells and Brown, 2012).

Concerning rice, Zn deficiency is widespread on neutral to alkaline-calcareous soils which
contain more than 1% organic matter and incidence of the deficiency appears more closely related to
Zn availability than to total Zn content (Forno ef al, 1975). Moreover, tlooding and submergence
determine a decrease in available Zn due to pH changes and the formation of insoluble Zn compounds
(Alloway, 2009).

There are a relatively small number of different types of symptoms which are found to occur in
crops suffering from Zn deficiency. These may occur at varying degrees of severity and in various
combinations in different plant species. The main type of visible symptoms on both old and new leaves
are: chlorosis, necrotic spots, ‘bronzing’ and ‘rosetting’. Other symptoms are: stunting of plants, dwarf
leaves (little leaves’) and malformed leaves (e.g. ‘goblet’ leaves) (Marschner, 1995; Hacisalihoglu and

Kochian, 2003; Alloway, 2007, 2009; Broadley e al., 2007). Moreover, deficiency of Zn causes low



fertility (Yamaji ef a/., 2013) and plants show a high susceptibility to environmental stress factors such as
drought stress and pathogenic infections (Alloway, 2007).

The prevention of Zn deficiency can be obtained through increasing Zn concentration in grains
(‘biofortification’) through two possible strategies: agronomic and genetic. The first one uses soil-
applied Zn fertilizers or, less effective for rice, foliar sprays containing Zn (Broadley ez a/., 2007), but is
not always successful due to agronomic, economic and environmental factors (Graham and Rengel,
1993; Hacisalihoglu and Kochian, 2003). In the long-term, it appears more promising and cost-effective
the genetic biofortification through breeding new varieties of crops (e.g. rice), accumulating higher Zn
concentrations in grains or other edible parts. This will benefit whole population, especially those living
in rural areas where it is more difficult to ensure that everybody has access to Zn-supplemented diets
(Ruel and Bouis, 1998; Graham e¢f a/., 1999; Welch and Graham, 1999, 2004). Furthermore, this strategy

would reduce fertilizer inputs and protect the environment as well (Hacisalihoglu and Kochian, 2003).

ZINC UPTAKE BY PLANT ROOTS

Zn is taken up from soil solution by roots primarily as Zn®', but also potentially complexed with
organic ligands. Then, Zn is translocated from root-to-shoot through the xylem. The Zn uptake into
excised roots and intact plants is dependent from the Zn external concentration ([Zn].) following

often the sum of one or more Michaelis-Menten functions, each defined by a 1V, and an affinity

constant K, plus a linear term, £ (I7/[Z1]..). Some kinetic studies report a Michaelis-Menten function
with a K, of 1.5-50 uM, and, occasionally, additional Michaelis-Menten functions with higher K values
(Wheal and Rengel, 1997; Hacisalihoglu e# a/., 2001). In many plant species, like sugarcane, rice and
tomato, K and 17, differ between Zn-efficient and Zn-inefficient genotypes (Broadley ez 4/, 2007). In
rice, Zn uptake efficiency also correlates with exudation rates of low molecular weight organic anions
and a substantial proportion of the phenotypic variation in Zn uptake efficiency is under genetic
control (Hoffland ez al., 2006; Wissuwa ez al., 2006). Moreover, the linear term present in the Zn influx
function seems due to the accumulation of Zn strongly bound to cell walls (Lasat ez /., 1996; Hart ez al.,
1998, 2002).

Higher plants acquire Zn from the rhizosphere through a number of transporters which are
strictly regulated. Plant genomes contain several gene families involved in the transport of divalent
micronutrients, including Zn (Maser ef al, 2001). The selectivity of these transporters determines
whether other divalent cations are imported at the same time as Zn (Ramesh ez @/, 2003) and some of
them have broad substrate specificity (Korshunova ez al, 1999). lonic selectivity is particularly
important for plant Zn transporters in root cells. In soils that contain contaminants such as toxic heavy

metal like cadmium (Cd), Zn transport mechanisms may allow for Cd entry into whole plants



(Holmgren et al., 1993; Zhao et al., 2002). Cd can be potentially lethal to plants and its entry into the
food chain may result in human toxicity (Lasat e a/., 2000; Pence e# al., 2000).

Several members of the Zn-regulated transporters and the Fe-regulated transporter-like protein
(ZIP) gene family (Guerinot, 2000) have been characterized and shown to be involved in metal uptake
and transport in plants (Eide e a/, 1996; Korshunova ez al., 1999; Vert et al., 2001, 2002; Connolly ez al.,
2002). Moreover, their functional expression in yeast is an helpful tool to determine their substrate
specificity. Yeast Zrtl and Zrt2 are high- and low-affinity Zn uptake transporters, respectively (Eide,
1998; Guerinot, 2000) and AtZIP1 and AtZIP3 from Arabidopsis thaliana expressed in the Zn-uptake
mutant (7¢73r22) of the yeast Saccharomyces cerevisiae restore Zn uptake; indeed, they have been proposed
to play a role in Zn transport. In particular, AtZIP1 and AtZIP3 are expressed in roots in response to
Zn deficiency, suggesting that they transport Zn from the soil to the plant (Grotz ef al., 1998; Guerinot,
2000). Further characterization of homologs from several plant species supported the proposed role of
ZIP transporters in Zn nutrition. In rice, for instance, many ZIP transporters have been identified. The
Zn deficiency induces the expression of some ZIPs including OsZIP1 and OsZIP3 that seem
important for Zn uptake from soil. They are also responsible for Zn homeostasis in shoots (Ramesh ¢z
al., 2003). A member of the ZIP family, TcZNT1, from the Zn/Cd-hyperaccumulating plant Thlaspi
caerulescens, was shown to mediate high-affinity Zn uptake and low-affinity Cd uptake following
heterologous expression in yeast (Pence ef al., 2000). Another member of this family, GmZIP1, has
been identified in soybean. By functional complementation of the 773722 yeast cells, GmZIP1 was
found to be highly selective for Zn, while yeast Zn uptake was inhibited by Cd. GmZIP1 was
specifically expressed in the nodules and not in roots, stems or leaves, and the protein was localized to
the peribacteroid membrane, indicating a possible role in the symbiosis (Moreau ez al., 2002).

Graminaceous plants specifically secrete mugineic acid family phytosiderophores (MAs)
(Marschner, 1995) that play a role in Fe and Zn uptake and translocation (Takagi, 1976; Welch and
Shuman, 1995; Suzuki ez a/., 2006, 2008). In fact, only these plants can synthesize the nicotianamine
aminotransferase (NAAT), a critical enzyme in the biosynthetic pathway of MAs that catalyzes the
aminotransfer of nicotianamine (NA), an essential intermediate in the production of MAs (Mori and
Nishizawa, 1987; Shojima ez a/., 1990). Although MAs are produced only in graminaceous plants, NA
has been found in all plants investigated to date (Takahashi e# a/., 2003). In particular, physiological and
molecular studies have indicated that one of the principal metal chelators inside the plant is NA (Hell
and Stephan, 2003; Takahashi ez a/., 2003). Unlike MAs, NA is not secreted and is thought to play a role
in the internal transport of Fe and other metals, like Zn. NA also might function as scavenger to
protect cells from oxidative stress (von Wirén e al., 1999). However, the precise roles of NA in higher
plants remain unclear. The synthesis and secretion of MAs seem increased under Zn and Fe deficiency

in wheat and barley (Cakmak ez al., 1994; Walter et al., 1994; Suzuki ez al., 2006). Moreover, a recent
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study suggested that deoxymugineic acid (DMA) can increase Zn deficiency tolerance in rice (Widodo ez
al., 2010). In addition, a modelling study proposed a strong correlation between (DMA) secretion and
rooting density, and suggested a role of DMA for Zn absorption in rice (Ptashnyk ez /., 2011). Thus,
DMA and NA are suggested to play a significant role in plant Zn uptake and mobilization.

ZINC ROOT-TO-SHOOT TRANSLOCATION AND ZINC INTRACELLULAR MOVEMENTS
Once inside the plant, metals must reach the tissues in which they are required. Developing tissues with
low transpiration especially request higher Zn concentration for the active cell division and growth
(Marschner, 1995), but the molecular mechanisms are still unknown (Yamaji ez a/., 2013).

Once within the root epidermal and cortical cells after the uptake from the soil, Zn can reach
the root xylem both through symplastic and apoplastic fluxes and must be actively loaded into the
xylem and transported by the transpiration stream to shoot tissue (Curie e a/., 2009). Proper loading
and unloading of the vasculature is essential for metal transport in the plant (Palmer and Guerinot,
2009). In Arabidopsis thaliana, Zn is effluxed into the xylem for root-to-shoot translocation by the heavy
metal transporters AtHMA2 (Heavy-Metal ATPase) and AtHMA4, members of the P ,-type ATPase
family (Hussain e a/, 2004). AhHMA4 was also identified as the major responsible for shoot Zn
hyperaccumulation in the hyperaccumulator Arabidopsis halleri (Becher et al., 2004; Weber et al., 2004),
resulting from a triplication of the gene and changes in the regulation of their expression (Hanikenne e#
al., 2008). In the monocots rice (Satoh-Nagasawa e# a/., 2012; Takahashi e al., 2012), batley (Mills e7 al.,
2012) and Triticum aestivum (Tan et al., 2013) HMAZ2 has been recently identified as responsible for Zn
xylem loading. The P,;-type ATPase family will be further discussed. Other metal transporters seem to
be implicated in the Zn systemic movement. In particular, OsZIP4, OsZIP5 and OsZIP8 appear
involved in Zn root-to-shoot translocation, and OsZIP4 and OsZIP8 seem also particularly important
for Zn transport to seed (Ishimaru ez al., 2005; Bashir ez al., 2012). Also AtZIP4, expressed in both roots
and shoots, is suggested as involved in the transport of Zn intracellularly or between plant tissues
(Grotz et al., 1998; Guerinot, 2000). Furthermore, a recent paper (Song e# al., 2010) proposed a Zn
transport pathway independent from AtHMA2 and AtHMA4 in A. thaliana. The responsible for that
pathway is suggested to be the AtPCR2 (Plant Cadmium Resistance 2). This plasma membrane protein
seems implicated in the detoxification of Zn and in the translocation of Zn in a root-to-shoot direction.
These roles are possible because AtPCR2 is expressed in epidermal cells and in the xylem of young
roots, and in epidermal cells of fully developed roots.

Once transported to the proper tissue, Zn has to be distributed to the different organelles to
ensure sufficient levels to the necessary compartments. It has been suggested that the majority of Zn
that is not associated with proteins is bound to various compounds, such as metal chaperones, NA,

glutathione, or organic acids (Takahashi ez a/., 2003; Krimer et al., 2007; Palmgren ez al., 2008). Zn is
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exported from the cytosol and accumulated into the vacuoles by different transporters. The great part
of them belongs to the cation diffusion facilitator (CDF) transporter family whose transporters are
involved in heavy metal transport, particularly of Zn, Mn and Fe. For instance, the metal tolerance
proteins (MTPs) are plant members of the CDF family involved in cellular metal homeostasis (e.g.
MTP1 and MTP3 are involved in Zn homeostasis) (Blaudez ez a/., 2003; Kobae ez al., 2004; Desbrosses-
Fonrouge et al., 2005; Arrivault ez al., 2006; Gustin ef al., 2009; Podar et al., 2012; Yuan e al., 2012).
Another example of protein belonging to the CDF family involved in the Zn homeostasis is the Oryza
sativa Zn transporter 1 (OZT1), a vacuolar Zn transporter recently characterized (Lan ef al., 2013).
Other transporters seem to be involved in the vacuolar sequestration of Zn, such as ZIF1 (Zinc-
induced facilitator 1), a member of the major facilitator superfamily (MFS) (Haydon and Cobbett, 2007)
and the Arabidopsis MHX, a Mg”" /H" exchanger that functions as an electrogenic exchanger of protons
with Mg”" and Zn®" ions (Shaul ef a/, 1999). Finally, the overexpression of AtHMA3 (Heavy-Metal
ATPase) improved plant tolerance to Zn, Cd, cobalt (Co) and lead (Pb), suggesting a role in the
detoxification of different heavy metals, by participating in their vacuolar sequestration (Morel ez al.,
2009). The transporters responsible for Zn remobilization from the vacuole are not yet identified.
Furthermore, Zn is most likely transported in mitochondria by a ZIP, but no ZIP transporters have

been assigned to this function yet (Palmer and Guerinot, 2009).

CADMIUM AS A POTENTIAL RISK FOR FOOD SAFETY

Some trace elements (e.g. Fe, Zn, Mn and Cu) are essential to all organisms; other trace metals, such as
Cd, Pb, chromium (Cr), mercury (Hg) and the metalloid arsenic (As) are biologically non-essential and
potentially toxic. They can enter plants using the same transporters used for essential nutrients uptake
(Clemens, 2001, 2006; Mendoza-Cozatl et al., 2011). These heavy metals are important environmental
pollutants, particularly in areas where there is high anthropogenic pressure. Their presence in the
atmosphere, soil and water — even in trace concentrations — can cause serious health problems to all
organisms (Sanita di Toppi and Gabbrielli, 1999). In particular, Cd pollution has become a global
environmental problem (Zhang ez al., 2013) and is of great concern in the environment because of its
toxicity to animals and humans, and its relative mobility in the soil-plant system (McLaughlin and

Singh, 1999; Kirkham, 2000).

CADMIUM IN THE SOIL

Cd is a toxic trace element with a great chemical similarity to Zn, with which it is commonly associated
in natural geological settings. Cd(II) is the most common valence of Cd in natural environments

(Traina, 1999) and occurs in the soil solution mainly as Cd*’, but also as Cd-chelates (Tudoreanu and
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Phillips, 2004). The Cd concentrations range from 0.04 to 0.32 uM in non-polluted soil solutions, and
from 0.32 to about 1 uM in soil solutions considered as polluted to a moderate level (Wagner, 1993).
Cd occurs in the soil either naturally or through anthropogenic activities. In the first case, natural
mineral outcrops can be enriched in Cd through the weathering of Cd-rich parent materials. The release
of Cd in the soil due to anthropogenic activities has increased over the last decades since it has kept
pace with the rising consumption of Cd by the industry. The most important sources of Cd which
contaminate soils derive from fly-ash caused by smelting, refining and burning of fossil fuels, and from
atmospheric deposition, urban refuse and sludge, agricultural and animal wastes (including fertilizers)
(Alloway and Steinnes, 1999; Kirkham, 2006). The degree to which higher plants are able to take up Cd
depends on its concentration in the soil and its bioavailability, affected by several factors mostly
depending on soil characteristics. Cd concentration increases with clay proportion and availability is
inversely related to soil pH and increases in oxidative condition. Moreover, soil organic matter has high
sorption affinity for Cd, making Cd non-available (Prasad, 1995; Kirkham, 20006). Furthermore, Cd
competes with nutrients (e.g. K, Ca, Mg, Fe, Mn, Cu, Zn and Ni) for plant uptake through the same
transmembrane carriers (Sanita di Toppi and Gabbrielli, 1999). Therefore, the real bioavailable Cd
concentration in soil strictly depends on the speciation processes it undergoes when introduced in the
soil medium, as well as on the concentration and stability of the ligands it can be complexed to. Cd,
compared to other metals including Cu, Pb, Hg, Fe and Al, tends to be more mobile and thus more
available to plants (Prasad, 1995; Alloway and Steinnes, 1999). Finally, Cd bioavailability is deeply
affected by plants, especially in the rhizospheric soil, due to different root activities like those
abovementioned discussing on trace elements (i.e. root exudates) (Fairweather-Tait and Hurrell, 1996;
Zhu et al., 1999; Welch and Graham, 2004; Clemens, 2006). Cd released to the environment enters in
the food chain when it is taken up by roots and translocated to the edible portion of the plant, get

bioconcentrated and can become dangerous to all kinds of organisms (Kawada and Suzuki, 1998).

CADMIUM TOXICITY ON PLANTS

The symptoms of Cd toxicity have been studied in several plant systems and under various conditions,
mainly with applications of extremely high Cd*" concentrations. Nevertheless, the consequences of
acute Cd stress are well documented, the most of Cd toxicity bases are still not completely understood.
Under long-term exposure to Cd almost all physiological processes are affected. Visible effects of
exposure to high Cd*" doses are leaf roll and chlorosis and growth inhibition, both of stems and roots
(Prasad, 1995; Clemens, 2006). Many aspects of root anatomy are also altered, appearing to be species-
and tissue-specific (Lunackova ez al., 2003; Seregin ef al., 2004; Duréekova ef al., 2007; Maksimovi¢ ef al.,
2007; Seregin and Kozhevnikova, 2008). Cd has high affinity for sulfydryls and thus leads to protein

misfolding, sulfur metabolism and membrane damages (Hall, 2002). Cd causes oxidative stress, even
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though Cd is not directly involved in the production of reactive oxygen species (ROS), for example
enhancing the lipid peroxidation (Clemens, 2006) and decreasing the activity of different anti-oxidative
enzymes (e.g. glutathione reductase) (Gallego ef a/., 1996). Cd inhibits also the activity of other several
enzymes (e.g. Rubisco) (Van Assche and Clijsters, 1990) and it significantly reduces the normal H" /K"
exchange (Obata ¢f al., 1996). Cd inhibits photosynthesis and chlorophyll biosynthesis inhibiting many
enzymes (e.g. Fe’" reductase) (Alcantara ef al., 1994), the photosystem 1II, and also the photosystem 1,
even though to a lesser extent (Siedlecka and Baszynsky, 1993; Seidlecka and Krupa, 1996), and leading
to the degeneration of the fine structure of chloroplasts (Krupa ef a/, 1993). Furthermore, Cd can
interfere with homeostatic pathways for essential metals (Roth ez 4/, 2006) because of the chemical
similarity between Cd** and functionally active ions located in active sites of enzymes and signaling
components. Thus, Cd*" ions displace divalent cations, such as Zn®" and Fe*', from structural proteins
and enzymes causing the release of “free” ions which might trigger oxidative injuries (DalCorso et a/.,
2008). Likewise, Ca®" binding proteins such as calmodulin might well be prime intracellular binding
sites of Cd** and such binding will most likely be detrimental to cellular signaling cascades (Clemens,
2000). Finally, Cd inhibits the oxidative mitochondrial phosphorylation (Kessler and Brand, 1995) and,
mimicking Ca®" ions, Cd enters stomatal guard-cell and activates the opening of the plasma membrane

anion and K'  channels. As more ions leave the cell, water follows and turgor is lost with stomatal

out

pore closure (Barcelé and Poschenrieder, 1990; Costa and Morel, 1994) leading to, combined with the

degradation of the xylem cells, a decreased tolerance of plants to water stress (Prasad, 1995).

CADMIUM UPTAKE BY PLANT ROOTS

Higher plants can take up Cd, depending on its availability and concentration, form soil or water. In
fact, only a fraction of the total Cd is available for plant uptake (Clemens, 2006). The concentration
dependence of Cd uptake from hydroponic solutions measured over short periods into either excised
roots or intact plants generally follows the sum of a single Michaelis-Menten component plus a linear
component. The linear component is often attributed to tight Cd binding to cell walls, but it could also
represent an apoplasmic Cd flux to the xylem (White, 2001; White e# a/., 2002; Broadley ez al., 2007).
Estimates of the K, value for ‘high-affinity’ Cd uptake commonly fall between 20-1000 nM. Generally
Cd uptake by plant roots is inhibited by Ca**, Cu”", Fe*', Zn*" or Mn*" in the rhizosphere solution, due
to a competition for uptake (Cataldo ez al, 1983; Costa and Morel, 1993, 1994; Cohen et al., 1998;
Lombi e# al., 2002; Hart ¢ al., 2002; Zhao ef al., 2002; Berkelaar and Hale, 2003; Han ¢7 4/., 2006; Zhao ef
al., 2000). It was assumed that for Cd, being a non-essential element, there would be no specific uptake
mechanisms. Instead, Cd, and other non-essential metal ions, would enter plant cells via uptake systems
for essential cations (Cosio et al, 2004; Roth et al, 2006; Papoyan et al, 2007). In plants many

transporters for essential divalent cations have a Cd®" uptake activity. It has been shown that Cd can
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enter root cells through ZIP transporters. AtIRT1, a ZIP family transporter for Fe, Zn and Mn also
mediates Cd uptake in Arabidopsis thaliana, whose expression is also induced by Fe deficiency (Cohen ef
al., 1998; Connolly ez al., 2002; Vert et al., 2002). Also the rice OsIRT1 and OsIRT2 have an influx
activity of Cd as well as Fe in yeast, suggesting a role in Cd uptake especially upon re-aeration of soil
after flooding, when Fe is less available and OsIRTSs result induced (Ishimaru ez a/., 2006; Nakanishi ez
al., 2000). Likewise, TcZNT1/TcZIP4 present in the Cd/Zn hyperaccumulator Thlaspi caernlescens
mediates the uptake of both Zn and Cd when expressed in yeast (Pence ez 4/, 2000). Competitive
interaction between Cd and Zn in the uptake processes has been proved in non-accumulator plants
(Cataldo ez al, 1983), including crop species (Hart e al, 2002, 2005) and also in the Zn-
hyperaccumulator Arabidepsis hallers, in which Zn treatment caused inhibition of both short-term Cd
influx and long-term Cd accumulation (Pence ez al., 2000; Bert ez al., 2003; Zhao et al., 2006; Ueno et al.,
2008). Moreover, transporters of the Nramps (Natural Resistance Associated Macrophage Proteins)
family are also known to mediate Cd transport. In A. thaliana, AtNramp1 functions as a high-affinity
transporter for Mn uptake under Mn deficiency (Cailliatte e# a/., 2010) and showed transport activity in
yeast for Fe, Mn, and Cd (Curie ¢ 4/, 2000; Thomine ez a/., 2000). In rice, OsNramp5 has recently been
identified as the major responsible for Mn and Cd uptake, and seems to contribute also at the uptake of
Fe (Ishimaru ez al., 2012; Sasaki ez al., 2012). Moreover, OsNramp1 showed transport activity for Fe and
Cd in yeast but not Mn (Cutie et al, 2000; Takahashi ez a/, 2011). OsNrampl is suggested to be
involved in cellular Cd uptake under Fe deficiency and Cd transport within the plant, but the exact role
of OsNrampl in rice is still unknown (Takahashi e# @/, 2011). The transporter LCT1 (Low-affinity
Cation Transporter 1), a non-selective transmembrane transporter for Na, K (Schachtman ez a/., 1997,
Amtmann e al., 2001) and for Ca, also appeared to mediate Cd transport to the yeast cell (Clemens ez
al., 1998). However, its subcellular localization 7z planta is still to be determined. Due to the similarity to
Ca®", Cd* can also enter root cells through cation channels, such as depolarization-activated calcium
channels (IDACC), hyperpolarization activated calcium channels (HACC) and voltage-insensitive cation
channels (VICC), all of which are relatively non-selective between cations (White and Broadley, 2003;
White, 2005). It is important to note that this type of transport is particularly significant in case of
relatively low Cd concentrations, which is the most widespread condition in agricultural contaminated
soils. Finally, in addition to the free ion form, Cd might be taken up from soil as Cd-chelates through
YSL (Yellow-Stripe 1-Like) proteins (Curie ef al., 2009). YSLs can also mediate the uptake of Fe, Zn,
Mn and Cu complexed with organic compounds, such as phytosiderophores or non-proteic amino

acids (Curie et al., 2001; Colangelo and Guerinot, 20006).
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CADMIUM DETOXIFICATION

Once inside root system, plants respond to Cd toxicity with a ‘firewall system’ that includes
immobilization, exclusion, chelation and compartmentalization of the metal ions, as well as the
expression of more general stress response mechanisms involving ethylene and stress proteins (Sanita
di Toppi and Gabbrielli, 1999). Cd can firstly be immobilized by adsorbtion to the negative charges
present on the cell walls. This portion of Cd is tightly bound to the apoplastic component and is
unlikely to be released in the cytosol (Nishizono ez 4/, 1989). The most recurrent general mechanism
for Cd detoxification in plants is the metal chelation by a ligand in the cytosol and, in some cases, the
subsequent compartmentalization of the ligand-metal complex (Song e al, 2014). The best-
characterized heavy metal-binding ligands in plants are the phytochelatins (PCs) and metallothioneins
(MTs). MTs are Cys-rich polypeptides encoded by a family of genes. In contrast, PC is a family of Cys-
rich peptides with the general structure (y-Glu-Cys),-Gly (# = 2-11; Rauser, 1995; Zenk, 1996; Cobbett
and Goldsbrough, 2002) enzymatically synthesized by PC synthase (PCS) from glutathione (GSH) in a
transpeptidation reaction (Grill ef a/., 1989; Rea ez al., 2004). Cd cellular uptake induces PC synthesis and
produced PCs chelate the free Cd ions by forming the low molecular weight (LMW) complexes. These
are then transported into vacuoles, where additional sulfur (S) in form of sulfide is incorporated to
generate the high molecular weight (HMW) PC-Cd-S? complexes. Thus, LMW PC-Cd complex would
function as a scavenger and carrier of cytoplasmic Cd, whereas the HMW PC-Cd-S* complexes would
definitely function as storage of Cd, reducing its toxicity and increasing Cd tolerance of the organism
(Ortiz et al., 1992, 1995; Rauser and Meuwly, 1995; Rauser, 2003; Clemens, 2006). Moreover, Cd can
also be aspecifically transported across the tonoplast in form of free ion through antiporter
mechanisms actuated by divalent cation/H" transporters (CAX) (e.g. Ca**/H" transporters) (Salt and
Wagner, 1993; Ortiz et al., 1995; Martinoia et al., 2007), due to the already mentioned similarities
between Ca and Cd ions. Recently, a transporter belonging to the P,,-type ATPase class, HMA3, has
been proved to mediate Cd vacuolar sequestration both in Arabidopsis (Morel ez @/, 2009) and rice
(Ueno et al., 2009a, 2009b, 2010, 2011). OsHMA3 appears constitutively expressed in rice roots and
highly selective for Cd sequestration into the root vacuoles. Interestingly, a single amino acid mutation
in this protein from the high Cd-accumulating cultivar resulted in a complete loss of activity of this
transporter, which — failing in its putative function of root firewall — both reduced Cd root retention
and promoted root-to-shoot Cd translocation (Ueno et a/., 2010; Miyadate e al., 2011; Satoh-Nagasawa
et al., 2013). Finally, Lan and coworkers (2013) characterized a new vacuolar Zn transporter in rice
(Oryza sativa Zn Transporter 1 - OZT1) belonging to the CDF family suggesting its involvement in Zn,
Cd or other heavy metals transport and homeostasis in plant. The efficiency of all these processes may

contribute to the natural variation in Cd partitioning between roots and shoots observed in crop
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species, as only Cd ions escaping these detoxification pathways may be potentially available for root-to-

shoot translocation via the xylem (Nocito ez al., 2011).

CADMIUM ROOT-TO-SHOOT TRANSLOCATION

Once within the root, Cd can reach the xylem either by radial symplastic or extracellular apoplasmic
pathway and then must be actively loaded into the xylem vessels to be translocated to the shoots
(Colangelo and Guerinot, 2006). The mass flux generated by the transpiration process is the driving
force determining the movement of Cd along the xylem vessels up to the shoots (Salt e# /., 1995; Hart
et al., 2006) and Cd in the xylem sap is predominantly present in the free ionic form and only small
amounts is complexed with citrate, malate and histidine in the hyperaccumulator A. haller; (Ueno et al.,
2008). In contrast, indirect evidence in Arabidopsis showed that small amounts of PCs undergo long-
distance transport in a root-to-shoot direction (Gong e al., 2003). However, the significance of this
mechanism in Cd translocation still remains a controversial issue, especially in relation to the possible
localization of Cd-PCs complexes into the xylem vessels, since several studies failed to detect these
complexes in the xylem sap of different species (Salt ez 4/, 1995; Mendoza-Cozatl ez al., 2008; Ueno ez
al., 2008). Moreover, other experimental evidence strongly suggested phloem as the major vascular
system for long-distance source to sink transport of Cd as Cd-PCs and Cd-GSH complexes (Mendoza-
Cozatl et al., 2008).

It is generally accepted that Cd ions compete with Zn ions not only for plant uptake (Cataldo e#
al., 1983; Hart et al., 2002, 2005) but also for accumulation in the shoot, as they probably use the same
transport systems to be loaded into the xylem. For instance, Hart and coworkers (2005) found that,
under Zn deficiency, the low grain Cd trait in wheat may be connected with decreased Zn accumulation
in grains. Moreover, a positive and strong correlation between Cd and Zn concentrations in the shoot
has been observed in 69 rice varieties, where the root-to-shoot Cd translocation via the xylem has been
proved to be the major and common physiological process determining Cd accumulation in shoots and
grains of rice (Uraguchi ez a/., 2009).

In the last decade some members of the P;-type ATPase family that cluster with the
Zn/Cd/Pb/Co subgroup (Axelsen and Palmgren, 2001; Baxter ¢f al., 2003; Williams and Mills, 2005)
have been identified as responsible for Cd and Zn xylem loading. In particular, AtHMA2 and AtHMA4
play primary roles in root-to-shoot Zn translocation in Arabidopsis (Hussain e# a/, 2004) and several
reports also suggest their involvement in Cd transport (Mills ¢ a/., 2003, 2005; Eren and Argtiello, 2004,
Verret et al., 2005; Wong and Cobbett, 2009; Wong et al., 2009). Both AtHMA2 and AtHMA4 are
localized on the plasma membrane and the genes encoding them result predominantly expressed in the
vascular bundles (Mills ez @/, 2003, 2005; Hussain et al, 2004; Verret et al., 2005), suggesting their

function as efflux pumps to extrude the excess of the metals into the apoplast. The xylem loading of
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both Zn and Cd ions itself could be intended as a detoxification system as it would allow the plant to
translocate the excess of metals to the highly vacuolated cells in the shoot where they can be
sequestered into the vacuolar compartment (Hussain ez al, 2004). Interestingly, the bmaZhmad A.
thaliana double mutant shows a near-complete abolition of root-to-shoot Cd translocation (Wong and
Cobbett, 2009), whereas decreasing HMA4 transcript levels by RNA interference in Zn
hyperaccumulator A. halleri resulted in enhanced Cd root retention capacity (Hanikenne e al., 2008).
The role of HMA4 in Cd and Zn movement has also been confirmed in one other hyperaccumulator
species, Thilaspi caernlescens, where HMA4 was seen to be involved in the xylem loading of both Zn and
Cd (Papoyan and Kochian, 2004). Recently, OsHMA2, a rice Zn*"/Cd**ATPase mainly localized in
roots vascular bundles, has been characterized as responsible for Zn and Cd xylem loading (Nocito e#
al, 2011; Satoh-Nagasawa e/ al, 2012; Takahashi er al, 2012). Moreover, Satoh-Nagasawa and
coworkers (2012) found in three Tos17 insertion rice mutants translocation ratios of Zn and Cd lower
than in the wild type, suggesting that OsHMA2 is a major transporter of Zn and Cd from roots to
shoots. More recently, the barley HMA2 (Mills ez a/., 2012) and Triticum aestivnm HMA2 (Tan et al., 2013)
have been characterized. Their heterologous expression in yeast demonstrated that HvHMA2 and
TaHMA2 function as Zn and Cd pumps. TaHMA2 overexpression also improved root-to-shoot Zn
and Cd translocation, especially when expressed in rice. These findings suggest that both HvHMA2 and
TaHMA2 are responsible for root-to-shoot Zn and Cd translocation. The P,;-type ATPase family will
be further discussed. Finally, Yuan and collaborators (2012) reported that rice MTP1, belonging to the
CDF protein family and localized at the plasma membrane, is necessary for efficient translocation of
Zn, Cd and other heavy metals, and maintenance of ion homeostasis in plant.

However, divergent results have been obtained. For instance, contrasting effects of Zn
application on Cd accumulation have been reported and they may depend on the several factors, not
clearly understood yet, that interact both in the soil and within the plant (Christensen, 1987; Abdel-
Sabour ¢z al., 1988; Oliver ¢t al., 1994; Choudhary et al., 1995; Grant and Bailey, 1998; Hart ez a/., 2005).
In particular, Christensen (1987) reported that Zn addition can displace Cd from soil adsorption sites
so that Zn fertilization might lead to increased Cd uptake by plants because of increased Cd availability
in the soil solution. By contrast, other studies have shown that the addition of Zn to soils can reduce
Cd accumulation in the shoots (Abdel-Sabour e @/, 1988; Oliver ¢# al., 1994; Choudhary ef al., 1995;
Grant and Bailey, 1998). In particular, applications of low rates of Zn fertilizer (up to 5.0 kg Zn ha™)
were found to markedly decrease the Cd concentration in wheat grain grown in areas of marginal to
severe Zn deficiency. No further significant decreases in Cd concentration in grain occurred at higher
rates of applied Zn (Oliver ez al., 1994). Taken together, all these results highlight that Zn and Cd have
similar chemical properties, but also seem to suggest that the two metal ions shared only a part of their

systemic movement pathways, that still need to be identified and fully understood.
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CADMIUM EXPOSURE AND RISKS FOR HUMAN HEALTH

When taken up by plants, Cd concentrates along the food chain and ultimately accumulates in the body
of people eating contaminated foods. The most salient toxicological property of Cd is its exceptionally
long half-life in the human body (more than 20 years). In addition, Cd is also a highly toxic metal
usually at doses that are much lower than most toxic metals (Jarup ez al., 1998; Bernard, 2004; Nordberg
et al., 2007). For these reasons, Cd results one of the most potentially toxic substances for human
health, constituting a big issue in terms of food safety (ATSDR, 2008; Nordberg, 2009), and
environmental exposure to Cd should be reduced. Therefore, in order to ensure a high level of
protection of consumers, both the EU and the Codex Alimentarius Commission of the Food and
Agticulture Otganization/Wotld Health Otganization (FAO/WHO) fixed the official maximum
allowable limits of Cd concentration in foodstuffs (COMMISSION REGULATION (EC) No
629/2008, 2008; CODEX STAN 193-1995, 2009). In particular, the European Food and Safety
Authority (EFSA) and the US Agency for Toxic Substances and Disease Registry (ATSDR) have
reduced the provisional tolerable weekly intakes (PTWTI) of Cd from 7 to 2.5 pg kg body weight (b.w.)
(EFSA Panel on Contaminants in the Food Chain — CONTAM —, 2011). The present levels of Cd
intake of most European adult populations are far below the limit recommended by the Joint
FAO/WHO Expert Committee on Food Additives (JECFA), below of PTWI, and below those of
many populations worldwide as well as those of some European subgroups such as children and
vegetarians (EFSA, 2011).

Primary chronic exposure sources of Cd for the general population include food and tobacco
smoking. Cd intake via food is a function of the Cd concentrations in the food and the amount
consumed. Often it is not the food with the highest Cd levels, but foods that are consumed in larger
quantities that have the greatest impact on Cd dietary exposure. The highest concentrations of Cd (10 -
100 ppm) are found in offals as well as in some species of fish, mussels and oysters, especially when
caught in polluted seas. Consumption of staple foods such as rice and wheat also significantly
contributes to human exposure. The amounts of Cd ingested daily with food in most countries are in
the range of 10 to 20 pg per day. The broad food categories of grains and grain products (26.9%),
vegetables and vegetable products (16.0%) and starchy roots and tubers (13.2%) were identified as
major contributors (UNEP, 2008; FAO/WHO, 2010; EFSA, 2012). Moreovet, in the industry, Cd is
hazardous both by inhalation and ingestion and can cause acute and chronic intoxications.

Once absorbed, Cd irreversibly accumulates in the body and concentrates in the liver and even
more in the kidneys, which can contain up to 50% of the total body burden of Cd in general
population, but causes damages also to the skeletal system. Only a very low amount of Cd (0.005 -
0.01%) is eliminated via the urine (Bernard, 1986, 2004, 2008; Kobayashi e/ a/., 2002; Bhattacharyya,

2009). The first well documented case of Cd poisoning occurred in the Jinzu River basin of the Toyama
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Prefecture in Japan since 1910s, but generally recognized since 1950s. The locals named that disease
“ttai-itai byd” characterized by softening of the bones and kidneys failure. It was established that the Cd
poisoning derived from Cd released into rivers by mining companies and then accumulated in rice

grains (Kobayashi ez a/., 2002, 2009).

STRATEGIES FOR REDUCING CADMIUM ACCUMULATION IN PLANTS

Although nowadays the emissions of Cd in the environment are decreasing due to legislation and
technological improvements, it is still important to reduce the accumulation of Cd in the edible plant
organs which would be better achieved combining soil management practices and genetic approach
(Grant et al., 2008). Concerning soil management, a number of strategies are available to reduce Cd
contamination, like liming (Bolan ez a/, 2003; Holm ez al., 2003), the application of organic matter
(Grant et al., 1999) or the addition of Zn to soil, which is particularly well-expressed under conditions
of Zn deficiency (Oliver ¢# al., 1994; Choudhary ef al., 1995). The water management is another factor
deeply affecting Cd availability in soil: in rice cultivation, for instance, flooded conditions are desirable
in order to reduce Cd accumulation in the grain (Cattani e# a/., 2008). Other techniques could include
soil dressing, electronic thermodynamic remediation and on-site soil washing/clean up (Mulligan ef 4/,
2001; Murakami et al, 2007; Makino et al., 2008). Anyway, interventions on soil are neither always
feasible nor cost-effective, thus do not solve the problem of Cd accumulation in plants grown
especially on low contaminated soils.

More promising seems the plant breeding to select for genetically low-Cd concentration
cultivars, as it is happening for rice taking advantage from the broad variability in the Cd accumulation
trait observed in japonica (low-Cd accumulating) and zndica (high-Cd accumulating) cultivars, as well as in
hybrids (Morishita ez al., 1987; Arao and Ae, 2003; Arao and Ishikawa, 2006; Liu 7 a/., 2007; Ishikawa ef
al., 2011). However, the genetic control of Cd accumulation remains pootly understood, even if in the
recent years some progresses in this direction have been made. Two major QTL controlling Cd
accumulation in rice have been identified on the short arm of chromosome 7: OsHMA3, responsible
for Cd vacuolar sequestration and then functioning as a “firewall” to limit Cd translocation (Ueno et al.,
2009b, 2010; Ishikawa ez a/., 2010), and OsNRAMP5, the major transporter responsible for Mn and Cd
uptake in rice (Ishikawa ez a/., 2012; Sasaki e al., 2012). These findings constitute the preliminary step to
include low-Cd trait in the selection breeding strategy for the release of varieties able to exclude Cd
from the grains. The high genetic variability both in different species and in different cultivars within
the same species can be also exploited for phytoextraction purpose.

Phytoextraction, a cost-effective and environmentally friendly green technology, utilizes the
capacity of hyperaccumulator plants to extract heavy metals from soil. It has been proposed also for

restore soil characterized by low level of Cd contamination (Krimer, 2005; McGrath ef afl, 2000).
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Nevertheless, field trials or commercial operations that demonstrate successful phytoremediation of
metals have been just few so far (Robinson ez al., 2006; Maxted ez al., 2007). However, among the Cd
hyperaccumulators, S. nzgrum L., Populus spp., Salix ‘calodendron’, Arabis paniculata and Salix spp. (Wel et
al., 2005; French et al., 2006; Maxted ez al., 2007; Yang et al., 2014), have been found to be valuable
candidates for field conditions due to their potentially high biomass, which, along with accumulation

capacity and growth rate are the main determinants of phytoextraction process (Salt ez a/., 1998).

P ;-TYPE ATPase, A CLASS OF TRANSPORTERS WITH A MAJOR ROLE

IN TRACE ELEMENTS MOVEMENT THROUGH THE PLANT
BIOLOGY, STRUCTURE AND MECHANISM OF THE P-TYPE ATPases

P-type pumps are a large, ubiquitous and varied family of membrane proteins that are involved in many
transport processes in virtually all living organisms. Basically, P-type pumps use ATP to maintain an ion
gradient across a cell membrane. In general, P-type ATPase genes are more widespread and varied in
eukaryotes than in bacteria and archea. In Saccharomyces cerevisiae 16 P-type ATPases have been found
(Gofteau, 1998), whereas in Arabidopsis thaliana 46 transporters belonging to this class have been
identified, pointing out their importance in vascular plants (Baxter ez a/, 2003). All P-type ATPases are
multi-domain membrane proteins with molecular masses of 70-150 kDa. Both the carboxyl and amino
termini are on the cytoplasmic side of the membrane, so they all have an even number of
transmembrane segments. Based on sequence homology, the P-type ATPase family can be divided into

five branches, which are referred to as types 1 to 5 (Kithlbrandt, 2004).

P,-TYPE ATPases

Particularly interesting for trace elements transport is the type-1B ATPases subgroup. P,,-ATPases, also
known as Heavy Metal Associated (HMA) ATPases, transport heavy metals (Cu’, Cu**, Zn*", Co™)
across biological membranes (Lutsenko and Kaplan, 1995; Solioz and Vulpe, 1996; Axelsen and
Palmgren, 1998; Rensing ez al., 1999; Argiiello, 2003; Williams and Mills, 2005). Due to the chemical
similarities among transition metals, these pumps can aspecifically transport alternative non-
physiological substrates; for instance, Cu’-ATPases transport Ag" while Zn**-ATPases can transport
Cd** and Pb™, causing toxicity effects to the organisms (Argiiello e# a/., 2007). Members of this class
are, for instance, the bacterial metal-resistance proteins CopA (Rensing ez al., 2000), ZntA (Okkeri and
Haltia, 1999) and CadA (Rosen, 2002) which remove toxic ions such as Cu’, Ag*, Zn*", Cd*" or Pb*"
from the cell. The activity of these transporters is crucial to maintain the homeostasis of trace elements,

such as Cu” and Zn*" by balancing the activity of the ABC-type metal-uptake proteins (Nelson, 1999;
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Rosen, 2002). Close homologs of bacterial P -type ATPases have been found in . cerevisiae (Goffeau,
1998), plants (Axelsen and Palmgren, 1998) and animals (Lutsenko and Petris, 2003).

MEMBRANE TOPOLOGY
When compared to other P-ATPases, P,;-ATPases have a distinct structure which is characterized by a
reduced number (six to eight) of transmembrane segments (TM), smaller ATP-binding domain (ATP-
BD) and the presence of N- and/or C- terminal metal binding domains (MBD) in many of them. P ;-
ATPases also present a particular distribution of TMs with respect to the large cytoplasmic loop
forming the ATP-BD, having two TMs on the C-terminal end of the ATP-BD (Fig. 1). However, in
spite of the indicated differences, a common pattern is present among these metal ATPases, which is
the presence of large cytoplasmic loops. These central components appear to confer their basic
functionality to these enzymes, i.e. the ability to transport metals using the energy resulting from ATP
hydrolysis.

The transmembrane metal binding sites (TM-MBS) of P,,-ATPases are responsible for metal
recognition and movement across the membrane permeability barrier. Analysis of the available
genomes reveals the presence of a CPC sequence in the center of their sixth transmembrane domain
(HG6), or some alternative sequences (SPC, CPS, CPT, CPA, CPG, CPD) in putative P,;-ATPases. This
CPx or xPC motif appeared as a defining element of these enzymes that likely takes part in metal
coordination during transport (Argtello ef al., 2007). Enzyme phosphorylation by ATP, subsequent
turnover and transport, require metal binding to the TM-MBS and this is independent of metal binding
from the N- and C-MBDs (Voskoboinik e¢# a/., 1999; Bal ¢z al., 2001; Mitra and Sharma, 2001; Fan and
Rosen, 2002; Mana-Capelli ¢z al., 2003; Mandal and Argtiello, 2003). Metals activate P,;-ATPases with
apparent affinities (IS, ,) in the 0.1 - 3 uM range but, since most of these assays have been performed in
the presence of various metal ligands (e.g. DTT, Cys and ATP), these K, , values do not refer to free
metal concentrations but to the total metal in the media (Okkeri and Haltia, 1999; Voskoboinik ez 4.,
1999; Sharma et al., 2000; Fan and Rosen, 2002; Mandal e# a/., 2002; Tsivkovskii e¢# 4/, 2002; Mana-
Capelli e al., 2003; Eren and Argtello, 2004). Considering the low dissociation constants for the soluble
metal complexes (metal-thiolate, metal-chaperone, metal-ATP) (Martell and Smith, 2004), it can be
proposed that these complexes deliver the metal directly to the TM-MBS, perhaps by a kinetically
controlled ligand exchange. The question remains whether this is a plausible 7z vv0 mechanism of metal
delivery to the TM-MBS.

The large cytoplasmic loop between transmembrane domains H6 and H7 of P ;-ATPases,
referred to as ATP-binding domain (ATP-BD), encompasses the nucleotide binding (N) and the

phosphorylation (P) domains. The smaller loop between H4 and H5 forms the actuator (A) domain.
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The ATP-BD structure generally consists of the P- and N-domain joined by two short loops (the hinge
region) (Sazinsky ez al., 2006). The P-domain contains the DKTGT sequence as well as a number of
residues conserved in all P-ATPases that interact with the ATP y-phosphate during binding and
hydrolysis, including the aspartic acid phosphorylated during the catalytic cycle (Serensen e al., 2004).
The N-domain contains the ATP-binding pocket, pointing out toward the cytosol near the P-domain
and might be associated with various roles still to be clarified, including alternative regulatory
mechanisms and required targeting. This and the P-domain together form the so-called
phosphorylation site (Olesen ez al., 2007).

In the A-domain has been found the highly conserved sequence (S/T)GE(P/S) and, in the
Ca>-ATPase, the interactions of this segment with the P-domain during enzyme
phosphotylation/dephosphotylation appears critical since it dtives the rotation of the A-domain with a
subsequent rearrangement of TMs (Toyoshima and Nomura, 2002; Olesen ez a/., 2004; Toyoshima and
Inesi, 2004; Toyoshima ef al., 2004). This rearrangement, in turn, leads to metal deocclusion and release.
Although the different disposition of TMs across the P ,-ATPase class might require different
transmembrane movements, the structural similarities suggest an equivalent mechanism for metal
release.

Most P;-ATPases have various types of cytoplasmic metal binding domains (MBD) located
either in the N-term (N-MBD) or C-term (C-MBD). The N-MBDs observed in Cu'-ATPases and
some bacterial Zn*'-ATPases are 60-70 amino acids domains and contain a highly conserved CxxC
metal binding sequence (Rensing ez al., 1999; Arnesano ez al., 2002; Lutsenko ez al., 2003). In vitro, these
, Cu™, Zn*" and Cd*
(DiDonato et al., 1997; Lutsenko et al., 1997; Jensen et al., 1999; Liu et al., 2005). Moreover, plant Zn* -

N-MBDs can bind both monovalent and divalent cations including Cu" ,
ATPases possess N-MBDs with a unique conserved CCxxE sequence (Eren ez a/., 2007). Although the
N-MBD is required for maximum enzyme turnover rate, it would not influence the metal binding to
the TM-MBS and the resulting transport selectivity. In other words, it might not be essential for the
transport of the metal but plays an important role in the post-translational regulation of the enzyme,
maybe controlling the conformational changes the transporter goes through during the catalytic cycle,
determining the phosphorylation/dephosphotylation processes that are the rate limiting step of the
transport mechanism (Eren e a/, 2007). Plant Zn*'-ATPases also present long C-term containing
numerous His and Cys. These can have various lengths and generally present two different patterns:
numerous Cys but no (or few) His residues (e.g. AtHMAD3) or, alternatively, His- and Cys-rich C-MBD
(e.g. AtHMA2 and AtHMA4) (Argtello ef al., 2007). As observed for the N-term, also the C-term plays
a role in metal coordination due to the functional groups contained in its sequence; so, probably the C-
term is required for the maximum turnover rate but it does not affect the interaction of metals with the

transport sites, as already postulated for N-MBDs (Eren ez a/., 2000).
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CATALYTIC MECHANISM
P,;-ATPases, like all P-ATPases, transport metals across biological membranes following the classical
E1/E2 Albers-Post catalytic cycle (Fig. 2), well studied especially in P,-ATPases (Na'/K'-, Ca*'-, and
H'/K'-ATPases) (MaclLennan ¢ al., 1997; Kaplan, 2002). In simple terms, in the E1 state, the metal
ion (M) binds to its high-affinity site in the TM-MBD, which is accessible from the cytoplasm. The ion
binding itself causes the P-domain to move into the E1 conformation. As a result, the key Asp residue
within the P-domain can be phosphorylated by Mg**-ATP, which is delivered to the phosphorylation
site by the N-domain. In the E1P state, the Asp is phosphorylated, and is able to transfer the
phosphoryl group back to ADP. In the rate-limiting E1P to E2P transition, the P-domain reorientates
from its E1 to its E2 position, while the A-domain rotates to get in contact with the phosphorylation
site, apparently protecting the phosphoryl group against hydrolysis, and ADP dissociates. The A-
domain rotation seems also involved in the shutting off the cytoplasmic ion-access channel, preventing
the binding of additional metal ions. The P-domain movement then disrupts the high-affinity metal
binding site (TM-MBS) so the ion is released to the outside (extracellular/lumenal side) through an exit
channel. The TM-MBS is now available to bind a proton (H") from the outside with high affinity. The
hydrolysis of the phosphorylated Asp results in the E2 state. Mg®" and inorganic phosphate (P)
dissociate so the enzyme reverts to the E1 state, in which H" is released into the cell, and another cycle
can begin (Kihlbrandt, 2004).

Because of their central role in cellular metabolism, the mechanism of action of P-ATPases
needs to be tightly controlled on a short enough timescale to respond to cellular and external stimuli as
well as to stress signals. Regulation is achieved at several different levels. P ,-ATPases are regulated by
domains that are situated within to the main chain of the enzyme. Moreover, plants have been found to
have N- or C-terminal binding regulatory domains (Eren ez a/., 2006; Eren ez al., 2007; Wong et al., 2009;
Mills e al., 2010).

Transport experiments clearly indicated that P,;-ATPases drive metal efflux from the
cytoplasmic compartment to the outside (Rensing e al., 1997; Voskoboinik e# a/., 1998; Fan and Rosen,
2002; Mana-Capelli ez al., 2003; Eren and Argtello, 2004). However, due to experimental difficulties to
obtain highly active everted vesicles or, alternatively, conditions to stabilize the metal occluded within
the binding site (E1P state), for most P,;-type ATPases the correct stoichiometry of the transport has
not been established yet. Liu and coworkers (2006) provided evidence of the binding of 1 Zn*" ion per
ATPase to the TM-MBS of E. cw/i ZntA in the absence of other substrates. Even though it could be
argued whether the metal binding site of the TM-MBS was fully occupied, this study is of great interest

as it is the first analyzing isolated metal binding to the TM-MBS.
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DISTRIBUTION AND PHYSIOLOGICAL ROLES
Unlike other P-ATPases subfamilies, P,;-ATPases are present in all life kingdoms. P,;-ATPases were
first identified and partially characterized in bacteria, in which they maintain metal homeostasis,
particularly those of Cu and Zn (Argiiello ¢# a/., 2007). This has been demonstrated by gene knockout
studies that resulted in sensitivity of bacteria to high concentrations of metals (Odermatt ez al., 1993;
Phung ez al., 1994; Rensing et al., 1997, 2000; Rutherford ez al., 1999; Tottey ez al., 2001). Along with
these studies, complementation assays enabled an initial insight on the substrate specificity of P,,-type
ATPases. As mentioned above, functional and biochemical assays showed that P,;-ATPases can also
transport non-physiological substrates (Tab. 1).

The extremophile Archaeoglobus fulgidus has two P-type ATPases, CopA and CopB, that
transport Cu’ and Cu'® respectively, suggesting the presence of a fine tuning Cu homeostasis
depending on redox conditions (Mandal ez a/., 2002; Mana-Capelli ¢f al., 2003). In humans there are two
genes (ATP7A and ATP7B) encoding Cu'-ATPases: mutations in these genes lead to Menkes
syndrome and Wilson disease respectively, which are associated with genetic Cu transport disorders
(Bull ez al., 1993; Vulpe ez al., 1993; Bull and Cox, 1994; Lutsenko ez al., 2003). Studies on these proteins
have considerably contributed to the understanding of P,,-ATPase functions.

Plants significantly differ from other organisms both in number and selectivity of their P,,-type
ATPases; higher plant have more P ;-ATPases than other organisms (Williams and Mills, 2005). From
evolution studies and phylogenetic analysis it emerged that higher plants evolved with a relatively high
number of P;-ATPases in their genomes (Baxter e a4/, 2003) and it is possible to suppose that
gradually there has been a diversification of functions so that some P,;-ATPases that first have a simple
role in expelling metals in excess from the cell, then turned out to be involved in xylem loading of
micronutrients for long-distance transport (Williams and Mills, 2005). So far, several studies have been
conducted in the model plant Arabidopsis that have led to a classification of these transporters. Eight
genes have been found in the dicot Arabidopsis (AHMAT to AHMAS, AHMAG/PAAL,
AHMA7/RANT and AHMASE/PAA?2). 1In the last few years the attention has also been extended to
P,;-ATPases of monocots: nine genes have been found in rice (O. sativa) (OsHMAT to OsHM.AY) and
ten in batley (H. vulgare) (HvHM.AT to HvHMAT0). Even though rice genome has been sequenced
since 2002 (Gofft ez al., 2002; Yu et al., 2002), poor functional information are still available on P,;-type
ATPases of rice. A dendrogram showing the relationships between P ,-ATPase in Arabidopsis and rice
is reported in fig. 3. A previous comparison between P,,-type ATPases of these two model species was
performed by Baxter and collaborators (2003). More recently, Williams and Mills (2005) analyzed the
P,;-ATPases of Arabidopsis, rice, barley and two algae species. In all dendrograms six clusters can be
clearly identified. This means that the common ancestor of monocots and dicots was likely to have six

P y-type ATPases. This is also proved by the high degree of conservation in intron number and

25



position observed in Arabidopsis and rice P,;-ATPases within the same cluster but not between
different clusters, as well as in the type of putative metal binding domains and their location. From
functional studies, mainly conducted on Arabidopsis, and the comparison of sequences from
Arabidopsis and rice, it is possible to divide these pumps into two big groups based on the metal
specificity: Cu/Ag ATPases (clusters 3-6) and Zn/Cd/Co/Pb ATPases (clusters 1-2) (Williams and
Mills, 2005). Finally, in Tab. 1 is summarized the current knowledge on P ;-type ATPases of

Arabidopsis and rice, following the six clusters in which they are divided.

THE POSITRON-EMITTING TRACER IMAGING SYSTEM (PETIS) FOR
STUDYING THE SYSTEMIC MOVEMENT OF TRACE ELEMENTS

Since last decades, new opportunities for studying biology have been opened up by radionuclide
imaging technologies. In particular, significant advancements in the positron emission tomography
(PET) technique have been done and now is possible to obtain images of molecular dynamics for
quantitating physiological functions noninvasively in clinical and animal studies (Kawachi ez a/., 2011a).
However, the conventional radionuclide counting and imaging tools used in plant science (i.e. Geiger-
Miiller counter, Nal(Tl) scintillation detectors and autoradiography) are invasive and require calibration
by statistical analysis over a large number of test plants. In addition, in many cases real-time detection
apparatuses have a limited field of view (FOV), making them inadequate for studying the most
important agricultural theme (Kawachi ez a4/, 2011b). A new imaging system has been developed in
recent years by Uchida and coworkers (2004), the positron-emitting tracer imaging system (PETIS),
which is equipped with planar-type imaging apparatus. Most of the higher plants studied in laboratory
experiments are thin and small; therefore, 2-D planar images are sufficient for studying them.
Radioisotopes tracers, like ''C, "N, O, *Fe, *Mn, “Zn, *Cu, and '"Cd, can be produced by a
cyclotron (Arakawa e al., 1995; Ishioka e al., 1999; Watanabe e al., 2001, 2009) or can be now bought
directly as commercial products (e.g. “Zn and *Na), depending on their half-life. At the moment,
PETIS is one of the most powerful tools for conducting real-time imaging 7z vivo on intact plants for
studying, for instance, uptake and translocation of mineral nutrients (macro- and micronutrients)
(Kiyomiya ez al., 2001b; Ohtake e# al., 2001; Suzuki e al., 2006, 2008; Tsukamoto et al., 2006; Kawachi ez
al., 2008; Suwa et al., 2008; Ishii ez al., 2009; Kawachi et al., 2011a, 2011b; Yoneyama ez a/., 2011) and
non-essential elements (e.g. Cd) (Fujimaki ez a/., 2010; Ishikawa ez a/., 2011; Hu ef al., 2013; Nakamura ef
al., 2013; Yoshihara ez al., 2014). Moreover, it is also possible to gain information about the distribution
and translocation of water (Kiyomiya ef al, 2001a) and photoassimilates (Matsuhashi ez a/, 2005;

Kawachi et al., 2006a, 2006b).
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YEAST AS A MODEL SYSTEM TO STUDY METAL IONS TRANSPORT:
HETEROLOGOUS PLANT GENE EXPRESSION

Analysis of gene function is of central importance for the understanding of physiological processes. In
1978, the development of yeast transformation provided a new way to isolate eukaryotic genes (Hinnen
et al., 1978) and, since then, functional expression has been frequently used to prove the function of
genes or to isolate new genes and has contributed a lot to the functional analysis of the gene products
(Romanos ef al., 1992; Frommer and Ninnemann, 1995). Since 1986, yeast cells have been used as
functional expression systems for membrane proteins of bacterial and animal origin. For plant genes,
yeast has become the preferred expression system. This technique can be especially valuable for the
analysis of plant functions for which no mutants are available and for which no screening scheme or
phenotype is predictable. This approach has been most powerful in identifying genes that are otherwise
difficult to define, such as integral membrane proteins. The major breakthrough in transport physiology
was the isolation of carrier genes involved in the uptake and distribution of specific nutrients. The
expression assay also allows the analysis of structure-function relationships (Frommer and Ninnemann,
1995).

Heterologous expression systems are based on the assumption that the basic principles of
protein expression and function are similar in all organisms. The sequences of most eukaryotic proteins
are well conserved (Botstein and Fink, 1988). Eukaryotic organisms share many principles of cell
compartmentation, intracellular transport, and regulation, such as vesicular trafficking along the
secretory pathway (Bednarek and Raikhel, 1992; Bennett and Scheller, 1993). Nevertheless, important
differences exist between fungal, plant, and animal cells in terms of presence and composition of cell
walls, and the presence of specialized organelles such as plastids and vacuoles. Regarding energization
of secondary active transport processes at the plasma membrane, plants are similar to yeast cells
because they both use proton gradients. Multicellular organisms, however, have many properties for
which no equivalent exists in unicellular organisms, such as intercellular communication across cell
walls and through signals transferred in the vascular system in plants (Frommer and Ninnemann, 1995).

Heterologous systems can be used if the respective function is lacking in the host. Examples of
plant transporters functionally expressed in yeast are reported below. The plasma membrane A. thaliana
H'-ATPase AHA2 partially complemented the . cerevisiae ATPase pmal mutation. The protein was
functional, but a large proportion was trapped in the endoplasmic reticulum (ER). Removal of the C-
terminal domain of AHAZ2 led to increased targeting to the plasma membrane and fully complemented
pmal. The same yeast mutant was used to compare the biochemical properties of three known major
H'-ATPase isoforms (Palmgren and Christensen, 1994). Other ATPase proteins have been

characterized by complementation of the w2 mutant of yeast. In particular, Brassica napus RAN1
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(Southron e al., 2004), Arabidopsis AtHMAS5 (Kobayashi e7 a/., 2008) and rice OsHMAS5 (Deng ef al.,
2013) have been identified as Cu-transporting proteins using drop test analysis.

Other membrane proteins not localized on the plasma membrane have also been functionally
expressed in yeast. HMA3 P,;-type ATPase of Arabidopsis (Gravot ef al., 2004) and rice (Ueno e al.,
2010), which are localized on the tonoplast, have been functionally characterized also by expression in
wild type (wt) and/or mutant strain (yf7) of S. cerevisiae, which is more sensitive to Cd than the wt.
Another P,; ATPase well characterized using both wt and mutant strains, including y¢f7, is the plasma
membrane-localized rice HMA2. In particular, wt and/or yg/ mutant strains have been used to
functional characterize OsHMAZ2 for Cd transport (Nocito ez al., 2011; Satoh-Nagasawa e al., 2012;
Yamaji et al., 2013). Moreover, zrel (Satoh-Nagasawa e al., 2012; Takahashi ef al., 2012) and #1312
(Yamaiji ef al., 2013) mutant strains have been transformed in order to prove that OsHMA2 is also able
to transport Zn. In particular, 37¢7 mutant is sensitive to high Zn concentrations (Kamizono e a/., 1989;
MacDiarmid e al., 2000); conversely, 37713122 results sensitive to low Zn concentrations (Regalla and
Lyons, 2006). All the cited studies used yeast drop tests to functional characterize these proteins.
However, controversial results have been sometimes obtained. Yamaji and coworkers (2013), for
instance, obtained opposite results from those previously reported by Nocito e a/. (2011) and Satoh-
Nagasawa and coworkers (2012). In particular, they supposed OsHMAZ2 as an influx transporter instead
of an efflux transporter of Zn and Cd, as hypothesized by the other research groups. A similar case is
that of AtHMA4: expression of AtHMA4 in yeast resulted in hypersensitivity to excess Zn and Cd in
one study (Bakgaard e 4/, 2010), but resulted in increased tolerance to excess Zn and Cd in others
(Papoyan and Kochian, 2004; Mills e# al., 2005; Verret et al, 2005). These inconsistencies may be
attributed to different yeast strains, experimental conditions, expression vector, and medium
components (Yamaji e al., 2013).

Some decades ago, Galgiani and Stevens (1976) developed a turbidimetric technique for
studying yeast susceptibility to antimicrobial substances. This method is reproducible, inoculums
independent, rapid, free from subjectivity and observer variability. For what regard plant gene
functional characterization, only sometimes yeasts have been grown in liquid culture and growth rates
of different transformants have been compared (Ramesh ez a/., 2003; Gravot ez al., 2004; Nocito e al.,
2011; Li ef al., 2014). Finally, only in few studies (Clemens ez al., 1999; Li et al., 2014) the yeast growth
has been expressed in relation to different metal (Cd or Al) concentrations. In addition, Li and
collaborators (2014) reported the growth of the different transformants as a ‘relative growth’, which is

independent from the inoculums and the growth rate.
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FIGURES AND TABLES

Figure 1. Schematic illustration of the topology and main domains present in Pig-ATPases.

C-MBD

ATP-BD

Transmembrane segments, H1 to HS, are indicated. The relative locations of the cytoplasmic actuator (A), phosphorylation
(P) and nucleotide (N) domains are shown, as well as the ATP binding domain (ATP-BD). The conserved amino acids in

Ho6, H7 and H8 form the transmembrane metal binding sites (TM-MBS); the N- and C-terminal metal binding domains
(MBDs) are also reported (adapted from Argtiello ¢z al., 2007).



Figure 2. Pig-ATPases catalytic cycle.
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E1, E2, E1P and E2P represent the basic conformations that the enzyme can assume. M"* represents a metal transported by
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these enzymes; # indicates the uncertainty on the specific stoichiometry of transport. M"*¢ and Mn*,, represent the
cytoplasmic or extracellular/luminal localization of the transported metal (adapted from Kihlbrandt, 2004; Arguello e# .,

2007).
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Figure 3. Dendrogram showing families of Pig-ATPases in Arabidopsis and rice.
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The dendrogram was constructed using ClustalW (http://clustalw.ddbj.nig.ac.jp/). Accession numbets for Arabidopsis
thaliana (UniProtKB) are: AtHMA1, QIM3H5; AtHMA2, Q9SZW4; AtHMA3, POCW78 (QI9SZW5); AtHMA4, O64474;
AtHMAS5, Q9SH30; AtHMAG, Q9SZC9 (Q3E9IRS8); AtHMA7, Q9S7]8; AtHMAS, BODFX7. Accession numbers for Oryza
sativa (Rice Genome Annotation Project, GenBank or PlantsT) are: OsHMA1, LOC_Os06g47550; OsHMA2, PlantsT
64490; OsHMAZ2v, which is OsHMA2 of the cultivar Volano, GenBank HQ646362; OsHMA3, LOC_Os07g12900;
OsHMA4, LOC_0s02g10290; OsHMA5, LOC_Os04g46940; OsHMAG6, LOC_Os02g07630; OsHMA?7,
LOC_0Os08g37950; OsHMAS, LOC_0Os03g08070; OsHMA9, LOC_Os06g45500. In brackets the accession numbers for
AtHMA3 and AtHMAG used by Nocito and coworkers and out of brackets the new accession numbers for AtHMA3 and
AtHMAG (adapted from Nocito ef al., 2011).
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Tablel. Summary of distribution and metal specificity of Arabidopsis (A. #haliana) and rice (O. sativa) Pis-ATPases and the relative references.

Sub-group Cluster  Protein Tissue expression log;il;alzzn Metal specificity References
AtHMAL  Roots. shoots. flowers Chloroplast Ca?*, Zn2+, Cut, Seigneurin-Berny ez al., 2006; Moteno ¢t al., 2008; Kim ez al., 2009; Boutigny ez
) ’ > HOW envelope Cdz+, Co?+ al, 2014
OsHMA1 ROOt, S};‘e"e’; flowers, C:i‘fé‘fg;a:t Zn2+ Williams and Mills, 2005; Suzuki ¢t al., 2012
Vasculature of roots Eren and Argiello, 2004; Hussain ef al., 2004; Eren et al., 2006; Eren ef al.
MA2 2 (a2t ) ; > ; ) ; )
AtH and shoots Plasma membrane Znz, Cd 2007; Wong and Cobbett, 2009; Wong e# a/., 2009
Vasculature of roots Mills ez al., 2003, 2005; Hussain ez al., 2004; Verret et al., 2004, 2005; Papoyan
24 24 2+ > > B > > > > >
Zn/Cd/Pb/Co AtHMA4 and shoots Plasma membrane Zn?t, Cd2*, Pb and Kochian, 2004; Wong and Cobbett, 2009
Vasculature of roots Nocito ¢ al., 2011; Satoh-Nagasawa ez al., 2012; Takahashi e# al., 2012; Satoh-
MA2 2 (24 , ; , ; > ;
2 OsH and shoots Plasma membrane Zn2r, Cd Nagasawa ¢ al., 2013; Yamaji ¢ al., 2013
Cd2+. Pb2+. Zn2+
AtHMA3 Roots, leaves Vacuole ’ C02+’ i Gravot ¢t al., 2004; Morel et al., 2009; Chao ef al., 2012
OSEHMA3 Roots. shoots Vacuole Cde Ueno ¢t al., 2010; Miyadate ¢ al., 2011; Ueno e# al., 2011; Satoh-Nagasawa e/
’ - al, 2013
AtHMAS5 Roots, flowers ? Cut Andrés-Colas ¢ al., 2006; Kobayashi ez al., 2008
3 OsHMA4 ? ?
OsHMA5 Vasc;lrllzgirheocc)isroots Plasma membrane Cu* Deng ¢t al., 2013
AtHMA? ? Cf;?ﬁiﬂf;t Cu* Hirayama ef al., 1999; Woeste and Kieber, 2000; Binder e al,, 2010
4 OsHMAG6 ? ? ?
Cu/Ag S Cde P
OsHMA9 Vasculature of roots Plasma membrane Zn2, G2, Pb2r, Lee et al., 2007
and shoots Cu?*
AtHMAG Roots, shoots Ci‘i‘f;fg;i“ Cu2* Shikanai e al., 2003; Abdel-Ghany ¢ al,, 2005
5
OsHMA7 ? ?
AtHMAS Shoots igﬁil:i Cuz+ Abdel-Ghany e al., 2005
6
OsHMAS8 ? ?
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AIMS OF THE RESEARCH
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It has been reported that Cd, a non-essential and toxic metal, is taken up from soil and translocated in a
root-to-shoot direction through transporters of essential elements such as Zn, suggesting that the two
metal ions may compete for the same transporter protein on a membrane. However, the movement of
Zn and Cd ions across several biological membranes involves a wide range of transport systems, each
characterized by a specific selectivity. Although divergent results have been obtained, they suggest that
Zn-independent pathways for Cd translocation in plants could be possible.

The proteins belonging to the HMA (Heavy-Metal ATPases) family have been partially
characterized as the main actors of the process of translocation of trace elements (essential or non-
essential) to all organs of the plant. In particular, OsHMA2 is the main transport system so far
described in rice as involved in the xylem loading of Zn and Cd, even though both its activity and
function has not been unambiguously characterized. Moreover, it has been shown that root-to-shoot
Cd translocation via the xylem is the major and common physiological process determining Cd
accumulation in shoots and grains of rice plants.

The research carried out in this PhD project took place in this context. Indeed, the general
purpose was studying the main mechanisms involved in the systemic distribution of some trace
elements in rice plants. In particular the activity was aimed at better understanding the Zn and Cd
translocation pathways, and was focused on studying the possible competition between Zn and Cd
mainly for the root-to-shoot translocation, since these processes have been seen to be crucial in
determining Cd accumulation in the shoots.

Specifically, the aims of this study were: (i) to investigate the effects of the possible competition
between Zn and Cd on their chelation and subcellular compartmentalization at the root level, thus in
reducing the amount of the two metals potentially mobile through the plant. This was done using
physiological techniques aimed at isolating and quantifying thiol based Zn- and/or Cd-binding
complexes; (ii) to investigate the potential inhibitory effect exerted by Zn on Cd translocation in
unstressed rice plants, performing a short-term positron-emitting tracer imaging system (PETIS)
experiment using '"’Cd as tracer; (iii) to identify genes encoding transporters involved in a putative Zn-
insensitive Cd xylem loading, thus responsible for a possible Zn-independent Cd translocation pathway,
by performing bioinformatic analysis. Our attention focused on the P,;-type ATPase family in order to
search for orthologs of the genes codifying the transporters that in the model plant Arabidopsis were
found to mediate the xylem loading of Cd; (iv) to functional characterize the transporters encoded by

the abovementioned genes by heterologous expression in Saccharomyces cerevisiae.
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MATERIALS AND METHODS
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PLANT MATERIAL, GROWTH CONDITIONS AND SAMPLING

Rice (Oryza sativa L. spp. japonica cv. Roma) caryopses were placed on filter paper saturated with distilled
water and incubated in the dark at 26 °C. Seven days later, seedlings were transplanted into 5 L plastic
tanks (eight seedlings per tank) containing the following complete nutrient solution (pre-growing
solution): 1.5 mM KNO;, 1 mM Ca(NO,),, 500 uM MgSO,, 250 puM NH,H,PO,, 30 pM Na,O,8i, 25
uM Fe-tartrate, 46 uM H;BO;, 9 uM MnCl,, 1 pM ZnCl,, 0.3 uM CuCl,, 0.1 pM (NH,);Mo,O,, (pH
0.5). Seedlings were kept for a 12-day-pre-growing period in a growth chamber maintained at 26 °C and
80% relative humidity during the 16-h light period and at 22 °C and 70% relative humidity during the
8-h dark period. Photosynthetic photon flux density was 400 pmol m™ s”. At the end of the pre-
growing period, plants were differentially exposed for a 10-day period to different concentrations of Zn
(0.1, 1 and 10 pM), in the absence or presence of a steady amount of Cd (0.1 pM), or to different
concentrations of Cd (0.01, 0.1 and 1 uM), in the presence of a steady amount of Zn (1 pM), by
supplementing the pre-growing solution with different amounts of ZnCl, and/or CdCl,. All hydroponic
solutions were renewed daily to minimize nutrient depletion.

Plants were harvested and roots were washed for 10 min in ice-cold 5 mM CaCl, solution to
displace extracellular Cd (Rauser, 1987), rinsed in distilled water and gently blotted with paper towels.
Shoots were separated from roots and the tissues were frozen in liquid N, and stored at -80 °C, or
analyzed immediately.

For PETIS (positron-emitting tracer imaging system) experiments, rice (O. sativa L. spp. japonica
cv. Nipponbare) caryopses placed on plastic mesh floated on distilled water and incubated in the dark
at 25 °C. Seven days later, seedlings were pre-grown in a one-quarter-strength Kimura B nutrient
solution for 7 days and then grown in a full-strength Kimura B nutrient solution for another 7-day
period. The Kimura B nutrient solution consisted of 700 pM (NH,),SO,, 470 pM MgSO,, 370 uM
CaCl,, 270 pM K,SO,, 170 puM Na,HPO,, 11 mg L' Fe-citrate, 15 pM H,BO,, 4.6 uM MnSO,, 0.16
uM CuSO,, 0.15 uM ZnSO,, 0.10 uM Na,MoO, (pH 5.5). Plants were kept in a growth chamber
maintained at 30 °C and 65% relative humidity during the 16-h light period and at 25 °C and 65%

relative humidity during the 8-h dark period. Photosynthetic photon flux density was 400 umol m” s’

DETERMINATION OF Zn AND Cd IN ROOTS AND SHOOTS
Samples of 200 mg fresh weight (FW) were mineralized at 120 °C in 5 mL 14.4 M HNO,, clarified with
1.5 mL 33% (w:v) H,0, and finally dried at 80 °C. The mineralized material was dissolved in 5 mL 0.1

M HNO; and filtered on a 0.45 um nylon membrane. Zn and Cd content was measured by inductively

coupled plasma mass spectrometry (ICP-MS; Bruker Aurora M90 ICP-MS).
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ANALYSIS OF ROOT-TO-SHOOT Zn AND Cd TRANSLOCATION

At the end of the exposure period, shoots were cut at 2 cm above the roots with a microtome blade.
Xylem sap exuded from the lower cut surface was collected for 45 min and stored into 1.5 mL plastic

vial. The amount of collected sap was determined by weighing and the concentration of Zn and Cd was

measured by ICP-MS.

DETERMINATION OF NON-PROTEIN THIOLS

Roots were pulverized using mortar and pestle in liquid N, and stored frozen in a cryogenic tank. For
total non-protein thiol (NPT) content, 400 mg of root powders were extracted in 600 pL. of 1 M
NaOH and 1 mg mL." NaBH,, and the homogenate was centrifuged for 10 min at 13 000 g and 4 °C.
Four hundred microliters of supernatant was collected, 66 puL of 37% HCI was added and then
centrifuged again for 10 min at 13 000 g and 4 °C. For the quantification, volumes of 200 uL of the
supernatant were collected and mixed with 800 pL. of 1 M K-Pi buffer (pH 7.5) containing or not 0.6
mM Ellman’s reagent {[5,5’-dithiobis(2-nitrobenzoic acid); DTNB]}. The samples’ absorbances at 412

nm were then spectrophotometrically measured.

Zn AND Cd FRACTIONING IN RICE ROOTS

Metal fractioning was carried out essentially as described by Rauser and Meuwly (1995). Briefly, frozen
root tissues (2 g FW) were pulverized in a cold mortar with a pestle and then homogenized with ice-
cold N,-purged 100 mM Tris-HCI (pH 8.6), 1 mM phenylmethanesulfonyl fluoride (PMSF) and 1%
(viv) Tween 20 at the ratio of 1 mL of buffer to 1 g tissue FW. The homogenate was centrifuged at 4
°C and 48 000 g for 6 min, the supernatant (extract 1) was collected and frozen immediately in liquid
N,, and the pellet was resuspended in a volume of N,-purged 10 mM Tris-HCI (pH 8.6) and 1% (v:v)
Tween 20, previously used to rinse the mortar kept on ice. The suspension was centrifuged again, and
the supernatant (extract 2) was collected and added to the extract 1 for freezing. Resuspension and
centrifugation of the homogenized tissue debris was repeated four more times to collect extracts 3-6.
At the end of this sequence, the pellet was suspended in a volume of ice-cold 100 mM HCI, centrifuged
at 4 °C and 48 000 g for 6 min and the supernatant (extract 7) was retained. This sequence was repeated
two more times to obtain extracts 8 and 9. The exhausted pellet was transferred to a glass tube,
mineralized at 120 °C in 10 mL 14.4 M HNO,, clarified with 3 mL 33% (w:v) H,0O, and finally dried at
80 °C. The mineralized material was dissolved in 5 mL 0.1 M HNOj and filtered on a 0.45 pm nylon
membrane.

Extracts 1 to 6 were resolved into two fractions, referred to as anionic and cationic, by anion-
exchange chromatography. Buffer extract was loaded, at 20 mL h, onto a 0.5 x 2 cm column of

diethylaminoethyl cellulose (DEAE) Sephadex A-25 (GE Healthcare, Uppsala, Sweden) equilibrated
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with 10 mM Tris-HCI (pH 8.6). After loading, the column was washed with 50 mL of equilibrating
buffer to remove unadsorbed solutes. All the fluid passing through the anion-exchanger was collected
for Zn and Cd analysis (cationic fraction). Anionic material was eluted with 6 mL of 10 mM Hepes (pH
8.0) and 1 M KCI. Five milliliters of the anionic fraction so obtained was further resolved by gel
filtration on a Sephadex G-50 column (0.8 x 130 c¢m) equilibrated with 10 mM Hepes (pH 8.0) and 300
mM KCI. The column was developed in equilibrating buffer at 12.5 mL h™' at 4 °C. The absorbance at
254 nm was recorded and fractions of about 5 mL were collected for Zn, Cd and NPT analysis. The
column was calibrated by using 5 mL of 0.25% (w:v) Blue dextran 2000 and 1% (w:v) K;Fe(CN), to
estimate void (1) and total volume (1), respectively. The partition coefficient, K, was calculated
using the following equation: K, = (I, - 1))/(I/, - 1/;), where 1/, was the elution volume. For NPT
determination, selected fractions from gel filtration were pooled in a glass tube, lyophilized, and finally

analyzed as above described. The amount of Zn and Cd ions in mineralized pellets, extracts and

column effluents was measured by ICP-MS.

"Cd TRACER
""Cd was produced as described by Fujimaki ez /. (2010). Briefly, a silver foil was bombarded for 2 h

with a 17 MeV energetic proton beam at a current of 5 pA from a cyclotron at Takasaki Ion
Accelerators for Advanced Radiation Application, Japan Atomic Energy Agency. The irradiated
material was dissolved in HNO,, and then diluted in warm water. Silver was precipitated by adding to
the solution a 0 to 2 M gradient of HCl. Supernatant, containing "Cd was filtered, dried and dissolved
in water. Aliquots of '"'Cd (6.7 MBq) were added to 12.2 mL of the culture solutions [0.5 mM CaCl,,
0.1 uM nonradioactive CdCl,, different concentrations (0.1, 1, 10 pM) of ZnSO,] used for the

experiments.

PETIS IMAGING

Rice plants were transferred into appropriate 120 x 14 x 10 mm plastic vessels, containing 12 mL of
full-strength Kimura B nutrient solution. Before starting the experiments, plants were acclimatized for
1 h in aerated 0.5 mM CaCl, solutions. In a typical experiment, 6 vessels — each containing one plant —
were placed in the mid-plane between two opposing detector heads of the PETIS apparatus (a
modified type of PPIS-4800; Hamamatsu Photonics, Japan). Detectors were focused on the plants in
order to observe the culture solutions, the whole root apparatus, the shoot bases, and the proximal
portions of the shoots, in a 12 x 19 cm field of view (FOV). The entire setup was installed in a growth
chamber maintained at 30 °C and 65% relative humidity in continuous light at the density of 400 pmol

2 A1
m S .
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PETIS experiments were started by injecting the '"’Cd marked culture solutions in the different
plastic vessels. All the solutions were continuously stirred with gentle aeration in order to maintain an
uniform composition. The surface level of the solution in the vessels was maintained by supplying fresh
0.5 mM CaCl, solutions with an appropriate solution supply system. Images of the '"Cd distribution in
the FOV were obtained every one minute for 24 h. The data of serial images obtained from the PETIS
apparatus were analyzed for '""Cd distribution in specific regions of interest (ROls; background, culture
solution, distal roots, proximal roots, shoot base, and proximal shoot) using NIH Image] 1.45s
software (Schneider ¢f a/. 2012). ROIs were manually selected on the image data and the time-activity
curves (time-courses of signal intensity in the ROIs) were generated and used to estimate the dynamics

of Cd in the culture solution, whole root apparatus, shoot base, and proximal shoot, as described by

Yoshihara ez al. (2014).

AUTORADIOGRAPHY

At the end of the PETIS experiments, plants were dissected, fixed on paper sheets with adhesive tape,
and then placed in contact with imaging plates (BAS-MS2040, GE Healthcare, Japan) in cassettes for 3
days. The imaging plates were scanned using a Bio Imaging Analyzer (Typhoon FLA 7000, GE
Healthcare, Japan) to generate the autoradiographic images of '’Cd in the plants. In fact, '”Cd with a
longer half-life (461 days) than '"Cd (6.5 h) was also obtained at a minor ratio (approximately 1:3000)

in the production process of Cd.

CLONING OF OsHMA2, OsHMA4 AND OsHMA5 cDNA

Total RNA was extracted from rice roots using TRIzol Reagent (Life Technologies) and first-strand
cDNA synthesis was carried out using SuperScript III first-strand synthesis system for reverse
transcription polymerase chain reaction (RT-PCR) (Life Technologies), according to the manufacturer’s
instructions. The entire coding sequence of the heavy metal P,;-ATPase 2 (OsHMA2), 4 (OsHM.A4)
and 5 (OsHM.A5) was amplified by PCR using the first-strand cDNA, Pfu DNA polymerase (Promega)

and the following couples of primers:

Gene Fwd Primer Sequence (5’ — 3) Rev Primer Sequence (5’ — 3)
OsHMA2  AAAAAGGATCCTAAATAATGGCGGCGGAGGGAGGG AAAAAGGATCCCTACTCCACTACGATCTCAGG
OsHMA4  AAAAATAAATAATGGAGCAGAATGGAGAGAA AAAAATCACACCAAATCCGGGTCAT
OsHMA5  AAAAAGGATCCTAAATAATGGCGGCGAGCACTCGAGC AAAAAGGATCCTCAACGGCCCAGTTTTGGGCT

The primers were designed according to OsHM.A2 sequence in PlantsT database (PlantsT 64490) and
to OsHMA4 and OsHMA5 sequences in the MSU Rice Genome Annotation Project Database and



Resource (OsHMA4 - LOC_0Os02g10290; OsHMAS - LOC_Os04g46940). The forward primers
included a consensus sequence for yeast translation initiation (underlined) before the ATG codon
(bold) (Cigan and Donahue, 1987; Donahue and Cigan, 1988; Hamilton e# a/., 1987). The EcRI-ended
OsHMA4 cDNA was cloned into the EwRI site of the yeast (Saccharomyces cerevisiae) expression vector
pESC-URA and pESC-TRP (Stratagene) under the control of GAL70 promoter, while the BazHI-
ended OsHMA2 and OsHM.A5 cDNAs were cloned into the BazHI site of the yeast expression vector
pESC-URA and pESC-TRP (only OsHM.A5) under the control of GALT promoter. The identity of the

PCR products was verified by sequencing both the strands.

OsHMA2, OsHMA4 AND OsHMA5 FUNCTIONAL CHARACTERIZATION IN YEAST
The yeast strain INVScl (MATa his3D1 len2 trp1-289 wura3-52) was transformed with the chimeric
OsHMA2-pESC-URA, OsHMA4-pESC-URA, OsHMA5-pESC-URA or the empty pESC-URA vector

by the standard lithium acetate method (Gietz ef al, 1992; Yeast Protocols Handbook, Clontech).
URA3 recombinant yeast cells were selected on solid synthetic minimal medium (SD) containing 2%
(w:v) Glc, 6.7 g " yeast nitrogen base without amino acids and 1.92 g L" yeast synthetic dropout media
without uracil (Sigma) and then plated both on fresh solid SD and SG media. The SG medium differed
from the SD one for the presence of 2% (w:v) Gal instead of Glc.

The standard lithium acetate method (Gietz ef al., 1992) was also used to transform the yeast
mutant strain ZHY3 (z1#1z1t2) (MATa ade6 canl his3 leu2 trpl wra3 zrtl::LLEU2 zrt2:HIS3) (Zhao and
Eide, 1996), sensitive to low Zn concentrations, with the chimeric OsHMA4-pESC-TRP, OsHMA5-
pESC-TRP or the empty pESC-TRP vector. TRP1 recombinant yeast cells were selected on solid
synthetic minimal medium (SD) containing 2% (w:v) Glc, 6.7 g L. yeast nitrogen base without amino
acids and 1.92 g L yeast synthetic dropout media without tryptophan (Sigma) and then plated both on
fresh solid SD and SG media. The SG medium differed from the SD one for the presence of 2% (w:v)
Gal instead of Glc.

Moreover, during previous studies, the yeast strain INVScl was transformed with the empty
pYES2.1 expression vector or the chimeric OsHMA2-pYES2.1, OsHMA4-pYES2.1, OsHMA5-
pYES2.1 obtained cloning the full length coding sequences of the genes into the expression vector
pYES2.1/V5-His-TOPO (pYES2.1, Life Technologies) under the control of GALT promotet.

For the drop test analyzing the Cd tolerance, URA3 recombinant cells of the yeast strain
INVScl were grown to approximately 1 4, unit in the liquid SD medium, washed twice with sterile
distilled water and then resuspended in water to final 0.01, 0.1 and 1, or 0.5, 0.05 and 0.005 -4, units.
Ten microliters of each cell suspension was dropped on SG media, in order to induce gene expression,
containing or not different concentration of Cd** (from 10 to 200 uM), supplemented as CdCl,. Yeast

cells were incubated at 28 °C for 3 or 5 days and analyzed for Cd tolerance.
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For the drop test analyzing the Cd tolerance, URA3 recombinant cells of the yeast strain
INVScl were grown to approximately 1 4, unit in the liquid SD medium, washed twice with sterile
distilled water and then resuspended in water to final 0.01, 0.1 and 1, or 0.5, 0.05 and 0.005 -4, units.
Ten microliters of each cell suspension was dropped on SG media, in order to induce gene expression,
containing or not different concentration of Cd** (from 10 to 200 uM), supplemented as CdCl,. Yeast
cells were incubated at 28 °C for 3 or 5 days and analyzed for Cd tolerance.

In addition, OsHMA4 and OsHMAJ5 were also tested for the Zn transport using a yeast mutant
strain ZHY?3 defective for Zn uptake. TRP1 recombinant cells were grown to approximately 1 4, unit
in the liquid SD medium, washed twice with sterile distilled water and then resuspended in water to
final 0.01, 0.1 and 1 A, units. Ten microliters of each cell suspension was dropped on SG media, in
order to induce gene expression, supplemented or not with 0.2 mM ZnCl, and 0.2 mM EDTA
(2,2',2" 2"-(Ethane-1,2-diyldinitrilo)tetraacetic acid) that chelates Zn creating a Zn-limiting condition.
Yeast cells were incubated at 28 °C for 3 days and analyzed for Zn transport.

For the growth analysis, recombinant yeast cells of the strain INVScl carrying the chimeric
OsHMA2-pESC-URA, OsHMA4-pESC-URA, OsHMA5-pESC-URA or the empty pESC-URA vector
were grown — in liquid SD or SG, under continuous shaking (150 rpm), at 28°C — up to reach a mid-log
phase. Yeast cells were then resuspended to a final absorbance of 0.05 .4, unit in fresh liquid SD or
SG media and finally grown under the same condition for 6 (SD) or 27 (SG) h. For the growth
inhibition analysis, yeast cells expressing OsHMA2, OsHMA4, OsHMAS5 or harboring the empty
pESC-URA vector were resuspended to a final absorbance of 0.01 4, in fresh liquid SG media
containing or not different excesses of Zn*" (from 1.5 to 16.5 mM) or Cd*" (from 15 to 165 pM),
supplemented as ZnCl, or CdCl, respectively, and then grown for 48 h, under continuous shaking (150
rpm), at 28°C.

Yeast growth was monitored by measuring the optical density at 600 nm. The duplication times
of the yeast cells were calculated by fitting the equation Ay (A = A, (%) € to the experimental data.
The percentage of growth inhibition was calculated with respect to the growth of the yeast cells in the
absence of any excess of Zn or Cd and data were fitted with a four parameter sigmoid curve using

SigmaPlot for Windows version 11.0 (Systat Software, Inc., Chicago, IL, USA).

STATISTICAL ANALYSIS

Statistical analysis was carried out using SigmaPlot for Windows version 11.0 (Systat Software, Inc.,
Chicago, IL, USA). Quantitative values are presented as mean t standard error of the mean (SE).
Significance values were adjusted for multiple comparisons using the Bonferroni correction. Statistical

significance was at P < 0.05. Student’s t-test was used to assess the significance of the observed
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differences between plants exposed or not to Cd in each Zn exposure condition analyzed. Statistical

significance was at P = 0.001.
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FIGURES AND TABLES

Figure 1. The setup of the PETIS imaging apparatus.

A panoramic view of the setup of the PETIS imaging apparatus; plants were set at the centre of two detector heads

(indicated with red arrows) with LED lighting, reservoir tank and a bubbling pump (backside).
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SECTION I
A zinc independent pathway for root-to-shoot cadmium translocation

RESULTS AND DISCUSSION
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RESULTS

To better characterize the possible interactions between Cd and Zn translocation pathways we
performed two set of experiments: in the first, rice plants were hydroponically grown and differentially
exposed for a 10-day period to increasing Zn external concentrations (from 0.1 to 10 uM), in the
absence or presence of a steady amount of Cd (0.1 pM), whilst, in the second, plants were exposed for
10 days to different Cd concentrations (from 0 to 1 M) in the presence of a steady amount of Zn (1
uM). In all the experiments changes in metal concentrations did not produce either significant effects
on the growth of both roots and shoots, or any apparent symptoms of stress (data not shown): at the
end of the exposure period, root and shoot dry weights of a single plant were 0.128 * 0.004 g and 0.588
1 0.023 g, respectively.

Zn AND Cd PARTITIONING BETWEEN ROOT AND SHOOT

Results of the first experiment indicated that, in the absence of any Cd sources, Zn concentration in
roots and shoots significantly increased as Zn availability in the external medium did. A similar trend
was observed in the presence of a steady amount of Cd (0.1 pM); however, in this condition, Zn
concentration in the shoots was lowered by the presence of Cd, whilst in the roots it was not
significantly affected by the presence of the interfering metal (Fig. 1a,b). Finally, Cd accumulation in
shoots and roots was significantly affected moving the external Zn concentration from 0.1 to 1 pM.
Interestingly, a further increase in Zn availability in the medium - up to reach 10 pM - did not produced
any additional decrease in Cd accumulation (Fig. 1c,d).

In the second experiment, the concentration of Zn in the shoots significantly decreased as Cd
availability in the external medium increased, whilst Zn accumulation in the roots did not seem
significantly affected by Cd availability (Fig. 1e,f). Under the same conditions a steady increase in Cd
accumulation was observed in both shoots and roots moving the external Cd concentration from 0.01

to 1 uM (Fig. 1g,h).

ANALYSIS OF ROOT-TO-SHOOT TRANSLOCATION OF Zn AND Cd

Dynamics of root-to-shoot translocation of Zn and Cd were examined by measuring their
concentrations in the xylem sap of rice plants exposed to the different combinations of the metals. In
these experiments, translocation was estimated as the amount of Zn and Cd ions loaded and
transported in the xylem sap for 45 min.

The amount of Zn ions transported in the xylem sap linearly increased as Zn concentration in
the external medium did, both in the absence and in the presence of 0.1 uM Cd*" (Fig. 2a). As expected

the presence of a steady amount of Cd (0.1 pM) slightly decreased Zn translocation in all the conditions

45



analyzed (Fig. 2a). In the same experiment Cd translocation was significantly inhibited moving the
external Zn concentration from 0.1 to 1 uM, and then resulted not affected following a further increase
in Zn availability (Fig. 2b). On the other hand, enhancing Cd concentration in the external medium
progressively reduced Zn translocation (Fig. 2¢) and induced significant increases in the amount of Cd
ions transported in the xylem sap (Fig. 2d). In the latter case, the translocation isotherm of Cd started
to approach saturation at 0.1 pM.

In both the experimental setup, Zn and Cd translocation was linearly related to the total amount

of Zn and Cd ions accumulated in the shoots over the 10-day period (Fig. 3).

EFFECT OF Zn AND Cd EXPOSURE ON NON-PROTEIN THIOL BIOSYNTHESIS

Since activation of thiol metabolism may potentially allow a greater proportion of Zn and Cd to be
retained in roots through vacuolar sequestration, we measured the levels of non-protein thiols (NPT's)
in roots of plants exposed to the different combination of the two metals. The NPT levels of the roots
increased as the Zn concentration in the external medium did, either in the absence or in the presence
of 0.1 pM Cd*'. Interestingly, the levels of NPTs measured for each Zn exposure condition were
significantly enhanced by the concomitant presence of Cd in the media (Fig. 4a). Finally, the NPT levels

of the roots significantly increased as the external Cd concentration did (Fig.4b).

FRACTIONING OF Zn AND Cd IN RICE ROOTS

Fractioning of Zn and Cd retained by roots was carried out using a sequential extraction procedure
with buffer and acid (Rauser and Meuwly, 1995; Nocito ez al., 2011). Table 1 and 2 summarize results
obtained in representative expetiments where the sum of Zn and/or Cd ions recovered in the different
fractions accounts for at least 97% of the total Zn and/or Cd content of the roots. Following
extraction, three main metal-ion fractions were obtained: i) buffer soluble (extracts 1-0); i) acid soluble
(extracts 7-9); iii) ash (non-soluble Zn and/or Cd). Extracts 1 to 6 were further resolved into two
fractions, named anionic and cationic, by anion-exchange chromatography.

The procedure we used for metal ion fractioning allowed to discriminate Zn and Cd ions
potentially mobile (cationic) from those retained in complexes with thiol-peptides or other soluble
molecules negatively charged in the extraction buffer (anionic), or tightly adsorbed to cellular matrices
or apoplast components (acid soluble and ash). So, the last three fractions should be considered not
available for root-to-shoot translocation (Nocito ef al., 2011). An integrated analysis of data in which
the total amount of each metal ions retained by roots is divided into two fractions — named mobile
(cationic, i.e. potentially available for root-to-shoot translocation) and non-mobile (anionic + acid
soluble + ash) — according to Nocito e a/. (2011) is reported in Figure 5. Results indicated that both

mobile and non-mobile fractions of Zn were linearly related to the Zn concentration in the external
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medium, either in the absence or in the presence of Cd (Fig. 5a); however, the presence of a steady
amount of Cd in the medium significantly enhanced the concentration of Zn ions in the mobile
fractions because of the contraction in the amount of the metal in the non-mobile fractions. In these
last conditions, increases in Zn external concentration decreased Cd content in the roots but did not
produce any significant effect on the amount of Cd in the mobile fraction (Fig. 5b). On the other hand,
increases in Cd external concentration significantly enhanced the amount of Zn and Cd ions measured
in the mobile fractions (Fig. 5c,d).

Finally, the anionic buffer-soluble fractions were further resolved by gel filtration on a Sephadex
G-50 column into peaks I, IT and IIT (Fig. 6). Zn/Cd ions into peak I at the void volume of the column
(17,) were ascribed to non-specific adsorption of the metal ions to proteins. Peaks II and III — centred
between 17, and I, of the column — were designated as the classical HMW thiol based Cd-binding
complexes and LMW thiol based Zn- and/or Cd-binding complexes, respectively, since the amount of
NPTs recovered in these fractions accounted for 22 (1 uM Zn**, 0 pM Cd*") to 89% (1 uM Zn*', 1 uM
Cd™") of the total GSH equivalents measured in the roots; no thiols were found in peaks II and III of
the anionic buffer-soluble fraction obtained from roots of plants grown under 0.1 pM Zn®" in the
absence of Cd*" (data not shown). Neither Zn nor Cd ions were found at total volume (1) of the

column (K, = 1). Peaks II (HMW) were centred around K, = 0.44 for Cd, whilst peaks III (LMW)

v

were centred around K, = 0.58 and K, = 0.62, for Zn and Cd, respectively. Data analysis revealed that
rice roots sequestered Zn and Cd differently. In all cases Zn appeared in LMW complexes. In the
absence of any source of Cd LMW Zn-binding complexes significantly increased as the Zn external
concentration did (Fig. 6a,b,c). Interestingly, the concomitant presence of Cd in the external medium
significantly enhanced the amount of Zn ions found in LMW complexes. Moreover, the amount of Cd
ions in LMW complexes remained constant in all the Zn conditions analyzed, differently from that
found in HMW complexes, which instead decreased as Zn external concentration increased (Fig.
6e,f,g). On the other hand, LMW and HMW Cd-binding complexes appeared in a dynamic equilibrium
depending on Cd external concentrations, as indicated by the ratio between the amount of Cd ions
retained in each complex, which deeply changed moving toward the highest Cd external concentration,

in the presence of a steady amount of Zn (Tab. 3, 4). Finally, in the same conditions, the amount of Zn

found in LMW complexes significantly increased as Cd external concentration did (Fig. 6b,d,t,h).

KINETIC ANALYSIS OF 'Cd SYSTEMIC MOVEMENT

The systemic movement of Cd in the whole plant was further analyzed using '"’'Cd in short-term (24 h)
PETIS experiments. Figures 7a shows the field of view of a typical experiment and the regions of
interest (ROIs) used to estimate the dynamics of Cd in the plants. In particular, six ROIs (background,

culture solution, distal roots, proximal roots, shoot base, and proximal shoot) were set for each plant.

47



The experiments were started by applying to the roots fresh marked ('’Cd; 0.55 MBq mL") culture
solutions containing 0.5 mM CaCl,, 0.1 pM CdCl,, and different concentrations of Zn>" (0.1, 1, and 10
uM). '""Cd absorption by roots was immediately observed after injection as clearly showed by the
comparison of figure 7b with 7c. In all the conditions analyzed, the amount of Cd in the roots
increased over the time reaching a common maximum plateau value at about 11 h for both plants
exposed to 0.1 and 1 uM Zn*", and about 16 h for plants exposed to 10 pM Zn*". Concerning the
shoots (Fig. 7d), '""Cd signals appeared in the lower parts of the stems (shoot bases; Fig. 8) within 1 h
from the injections and then linearly increased at least up to 10 h. Considering the initial slope of each
curve (from O to 10 h) we estimated that the rate of Cd translocation was significantly higher in plants
exposed to 0.1 uM Zn*" (0.0126 + 0.0003 nmol h™') with respect to those exposed to 1 or 10 uM Zn*',
for which the estimated rate of Cd translocation was similar (0.0078 £ 0.0002 nmol h™" or 0.0075 +

0.0004 nmol h™', respectively). Similar results were obtained in a second independent analysis (Fig. 9).

DISCUSSION

It has been reported that Cd accumulation in plants can be inhibited by increasing the level of Zn in the
soil. Such an observation could be mainly due to an effect of Zn on biological processes involved in Cd
uptake and translocation, since it is unlikely to suppose this effect as the result of soil chemical
processes (Basta and Tabatabai, 1992). In fact, the addition of Zn to the soil should increase the
bioavailability of free Cd ions resulting in greater Cd uptake and accumulation in the plants. Several
studies have shown that Zn and Cd ions may compete for the same transporter protein on a
membrane. This means that increasing the concentration of Zn will decrease the movement of Cd
through the transporter, and vice versa. Thus, the concept of competition necessarily implies the
existence of a reciprocal interference between the two ions, which is intrinsically associated to their
physical characteristics and to the selectivity of the transport system we consider. However, the
presence of scarcely selective transport systems does not necessarily imply the existence of a “strong
reciprocity” between the systemic fluxes of Zn and Cd in the whole plant, since the movement of the
two ions across a plethora of biological membranes may involve several and often-different transport
systems, each characterized by a specific selectivity. Finally, the level of complexity may be further
increased considering that the expression level of each transporter may be often modulated by the
nutritional status of the plant and that, once inside the cells, Zn and Cd ions are subjected to complex
equilibria, which may differentially influence their relative mobility inside the plant. Such aspects have
important technological implications in the fields of food safety, especially in cases where the strategies

used for containing Cd accumulation in the crops be founded on Zn fertilization. In this view, we
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performed a complete set of competition experiments with Zn and Cd in order to analyze their
possible interactions and reciprocal effects at the translocation level using rice plants grown in a soil-
free system.

The main results we obtained clearly indicate the lack of a fully reciprocity considering the
effect of Cd on Zn accumulation, and vice versa, since the accumulation of Zn in the shoots was
significantly inhibited by Cd increases in all the analyzed conditions, whereas those of Cd was only
partially impaired by Zn increases (Fig. 1). In fact, Cd accumulation in the shoot was reduced by 16%
moving the external Zn concentration of one order of magnitude (from 0.1 to 1 uM), then remained
essentially unaffected by a further increase in Zn availability, from 1 to 10 uM, indicating Cd
accumulation in this range as a Zn-independent process. However, from this data we cannot conclude
that the effects of Zn on shoot Cd accumulation necessarily results from mechanisms involved in root-
to-shoot Cd translocation, since Cd absorption by plants seemed affected by Zn concentration, as
indicated by the total amount of Cd in the whole plant, whose value decreased as Zn concentration in
the external medium increased (Fig. 1c,d). A similar consideration may be done for Zn accumulation in
the shoot under different Cd concentrations (Fig. 1e,f). However, Zn and Cd translocation, evaluated at
the end of the exposure period on the bases of metal concentrations in the xylem sap, resulted linearly
related to total amount of Zn and Cd ions accumulated in the shoots over the 10-day period (Fig. 2, 3),
suggesting the hypothesis that the differential effect produced by the two metals on Zn and Cd
accumulation in the shoot was reasonably due to the existence of at least two translocation pathways
with different metal selectivity. Moreover, it is also important to consider that the total amounts of Zn
and Cd ions in the root tissues are often poor indicators of their actual availability to be loaded into the
xylem and then translocated in a root-to-shoot direction, since, once inside the cells, Zn and Cd ions
may be trapped into the root through selective binding sites or molecules with high affinity for the
metals or through transfer across a membrane into an intracellular compartment (Clemens, 2006; Ueno
et al., 2010; Nocito et al., 2011). Thus the concentration of Zn and Cd ions potentially mobile in the
plants should result from different biochemical and physiological processes involved in metal chelation,
compartmentalization and adsorption (Souza and Rauser, 2003; Nocito e/ al, 2011; Olsen and
Palmgtren, 2014).

It has been shown that different photosynthetic organisms respond to excess of Zn and Cd ions
by producing phytochelatins (PCs), a class of thiol compounds involved in metal chelation and vacuolar
sequestration (Grill ef a/., 1987, 1988; Zenk, 1996; Tennstedt ez al., 2009; Garcia-Garcia ez al., 2014; Song
¢t al., 2014), which may largely contribute to Zn and Cd root retention (Tennstedt ¢z al., 2009; Wong
and Cobbett, 2009). In our conditions, rising Zn or Cd exposure progressively increased, with different
efficiency, the level of NPTs in the roots (Fig. 4). Such a finding may be reasonably ascribable to the

activation of PC biosynthesis, as revealed by the gel filtration analysis of the anionic fractions in which
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most of Zn and Cd ions resulted immobilized with thiol compounds in LMW and HMW complexes
(Fig. 6; Tab. 3, 4) as previously reported in other papers (Rauser and Meuwly, 1995; Souza and Rauser,
2003; Nocito et al., 2011). Moreover, fractioning of metals accumulated in the root also revealed that
the three main fractions were in a dynamic equilibrium in which the increases in Zn or Cd external
concentration, in the presence of a steady amount of Cd or Zn, respectively, resulted in changes in the
amount of the two metal ions in each fraction (Tab. 1, 2).

Focusing the attention on the cationic fractions (Fig. 5; Tab. 1, 2) we can make some educated
guesses about changes in the relative mobility of Zn and Cd into the root, since, as above mentioned,
only the metal ions belonging to these fractions have all the requisites to be considered potentially
available for root-to-shoot translocation (Nocito ez al., 2011). Increases in Zn external concentration, in
the presence of a steady amount of Cd, did not produce significant changes in the amount of Cd ions
in the mobile fractions but conversely increased the amount of free Zn ions in the same fractions. Such
behaviors may be ascribable to competition phenomena between the two ions for both root absorption
and negative charges on cellular matrices or apoplast components. In fact, the increases in Zn external
concentration not only reduced the total amount of Cd in the root, but also displaced non-mobile Cd
ions from cellular matrices (Fig. 5; Tab. 1, 2). On the other hand, the increases in Cd external
concentration, in the presence of a steady amount of Zn, significantly enhanced the amount of both Zn
and Cd ions in the mobile fractions (Fig. 5; Tab. 1, 2). Also in this case we can speculate that the
gradual saturation of cellular matrices with Cd ions may have displaced Zn ions leading to a transient
increase in the activity of the free Zn forms that, in turn, has been only partially counterbalanced by a
week increase in the amount of Zn ions immobilized with thiol compounds in the LMW complexes
(Fig. 6; Tab. 3, 4). Finally, by plotting the translocation data obtained in the two experimental setup as a
function of the Zn/Cd or Cd/Zn concentration ratios in the mobile fractions we can easily evince that
increases in Zn/Cd ratio did not produce fully reciprocal effects on Zn and Cd translocation, whilst
increases in Cd/Zn ratio resulted in fully reciprocal effects (Fig. 10). Such a finding strongly confirms
the hypothesis that Cd ions may use at least two distinct pathways to be translocated from roots to
shoots. The first one — shared with Zn — is probably used for Zn translocation in physiological
conditions, whilst the second one appears as a Zn-independent route that Cd may preferentially use
when the first pathway is saturated with Zn. Moreover, the Zn-independent pathway we postulate
seems to be also independent from Cd stress since the partial inhibitory effect exerted by Zn on Cd
translocation was also observed in short-term PETIS experiments performed with unstressed rice
plants (Fig. 7, 8, 9). In fact, time-course analysis of Cd systemic movement in the plants revealed that: i)
the rate of Cd translocation was significantly reduced moving the external Zn concentration from 0.1 to
1 uM and then remained unaffected following a further increase in Zn availability (Fig. 7d, 9d); ii) the

rates of Cd translocation measured in the presence of different Zn external concentrations significantly
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differed just starting from the first hour of exposure (Fig. 7d, 9d), suggesting that the hypothetical Zn-
independent pathway was constitutively expressed in rice plants. It is also noteworthy that rates of Cd
translocation measured in the presence of 1 and 10 pM Zn*" did not significantly differ even if the
highest Zn concentration we tested strongly reduced the rate of Cd accumulation in the roots (Fig. 7,
9). Such a finding clearly confirms that the gradual saturation of the Zn-dependent pathway with Zn
may force Cd ions to move through the second pathway, suggesting that the two translocation routes
normally compete for free Cd ions into the root. Finally, our main conclusion seems to be further
supported by the paper of Satoh-Nagasawa e a/. (2012) which showed that rice mutants defective for
OsHMA2 — the main transport system so far described in rice as involved in Zn*"/Cd*" translocation
(Nocito e al., 2011; Satoh-Nagasawa ez al., 2012, 2013; Takahashi e al., 2012; Yamaji ¢z al., 2013) — had a

residual capacity to translocate Cd to the shoots.
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FIGURES AND TABLES

Figure 1. Zn and Cd accumulation in shoot and root.
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Rice plants were hydroponically grown and differentially exposed for a 10-day period to increasing Zn external concentrations (from 0.1 to 10 uM), in the absence or presence of 0.1
uM Cd?* (a-d), or to different Cd concentrations (from 0 to 1 pM) in the presence of 1 uM Zn?* (e-h). (a,b) Zn concentration in shoot and root in the absence (white bars) and in the
presence (grey bars) of a steady amount of Cd. (c,d) Cd concentration in shoot and root in the presence of a steady amount of Cd. (e,f) Zn concentration in shoot and root in the
presence of a steady amount of Zn. (g,h) Cd concentration in shoot and root in the presence of a steady amount of Zn. Bars and error bars are means and SE of three experiments run
in triplicate (# = 9). Different letters indicate significant differences between treatments (P < 0.05). Asterisks indicate significant differences between plants exposed or not to 0.1 pM

Cd?* (P < 0.001). ND, not detectable; DW, dry weight.
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Figure 2. Zn and Cd translocation.
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Rice plants were hydroponically grown and differentially exposed for a 10-day period to increasing Zn external concentrations (from 0.1 to 10 uM), in the absence or presence of 0.1
uM Cd?* (a,b), or to different Cd concentrations (from 0 to 1 uM) in the presence of 1 pM Zn?* (c,d). At the end of the exposure period, shoots were separated from roots and the
xylem sap exuded from the cut (root side) surface were collected over a 45 min period. (a) Zn ions loaded and transported in the xylem sap in the absence (white circles) and in the
presence (grey circles) of a steady amount of Cd. (b) Cd ions loaded and transported in the xylem sap in the presence of a steady amount of Cd. (c,d) Zn and Cd ions loaded and

transported in the xylem sap in the presence of a steady amount of Zn. Data are means and SE of three experiments run in triplicate (# = 9).
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Figure 3. Relationship between Zn and Cd ions loaded in the xylem sap and Zn and Cd concentration in shoots.
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Rice plants were hydroponically grown and differentially exposed for a 10-day petiod to increasing Zn external concentrations (from 0.1 to 10 uM), in the absence or presence of 0.1
uM Cd?* (a,b), or to different Cd concentrations (from 0 to 1 pM) in the presence of 1 pM Zn?* (c,d). (a) Zn translocation vs Zn shoot concentration in the absence (white circles) and
in the presence (grey circles) of a steady amount of Cd. (b) Cd translocation vs Cd shoot concentration in the presence of a steady amount of Cd. (c) Zn translocation vs Zn shoot
concentration in the presence of a steady amount of Zn. (d) Cd translocation vs Cd shoot concentration in the presence of a steady amount of Zn. Data are means and SE of three

experiments run in triplicate (z = 9). DW, dry weight.
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Figure 4. Total non-protein thiols (NPT's).
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Rice plants were hydroponically grown and differentially exposed for a 10-day period to increasing Zn external
concentrations (from 0.1 to 10 uM), in the absence (white bars) or presence (grey bars) of 0.1 uM Cd?* (a), or to different
Cd concentrations (from 0 to 1 pM) in the presence of 1 uM Zn?* (b). NPT levels are expressed as GSH equivalents. Bars
and error bars are means and SE of three experiments run in triplicate (# = 9). Different letters indicate significant
differences between treatments (P < 0.05). Asterisks indicate significant differences between plants exposed or not to 0.1

uM Cd2* (P < 0.001). DW, dry weight.
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Table 1. Fractioning of Zn ions retained in root.

Metal concentration Zn content
Zn Cd Buffer soluble (1-6) Acid soluble (7-9) Ash Total
Anionic Cationic
uM nmol g' DW

0.1 0 42.05 = 1.39 (a) 143.03 + 3.86 (a) 240.95 = 7.71 (a) 51.78 £ 1.91 (a) 477.81 = 14.88 (a)
1 0 60.00 £ 1.56 (a) 420.00 + 14.70 (a) 746.00 £ 22.38 (a) 121.00 £ 4.60 (a) 1347.00 £ 43.24 (b)
10 0 384.04 £ 13.44 (b) 3136.82 + 128.61 (b) 13634.40 £ 545.38 (b) 618.49 £ 25.36 (b) 17773.74 £ 712.78 (c)
0.1 0.1 4537 + 1.72 (a) 206.02 % 6.59 (a) 200.67 + 7.22 (a) 46.79 + 1.50 (a) 498.85 + 17.04 (a)

1 0.1 110.00 £ 3.85 (b) 632.25 + 2213 (a) 475.01 = 19.95 (a) 92.21 £ 3.13 (a) 1309.46 £ 49.06 (b)
10 0.1 534.96 £ 21.93 (c) 4541.08 + 177.10 (b) 11546.99 £ 288.67 (b) 587.44 £ 25.26 (b) 17210.47 £ 512.97 (¢
1 0 60.00 % 1.56 () 420.00 % 14.70 (a) 746.00 £ 22.38 (a) 121.00 * 4.60 (a) 1347.00 + 43.24 (a)
1 0.01 95.59 + 2.87 (b) 486.91 + 17.04 (a) 620.59 % 21.10 (b) 113.54 + 3.29 (a) 1316.63 + 44.30 (a)
1 0.1 110.00 + 3.85 (b) 632.25 + 22.13 (b) 475.01 % 19.95 (o) 92.21 + 3.13 (b) 1309.46 + 49.06 (a)
1 1 14512 % 4.50 (0) 696.00 % 24.36 (b) 364.00 + 10.56 (d) 82.03 + 3.12 (b) 1287.16 + 42.53 (a)

Rice plants were hydroponically grown and differentially exposed for a 10-day period to increasing Zn external concentrations (from 0.1 to 10 uM), in the absence or presence of 0.1
uM Cd?*, or to different Cd concentrations (from 0 to 1 uM) in the presence of 1 pM Zn?*. Zn retained by root was extracted with buffer and acid using the sequential procedure
described in Materials and Methods section. Data are means and SE of three experiments, each performed with eight plants (# = 3). Different letters indicate significant differences

between treatments (P < 0.05).
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Table 2. Fractioning of Cd ions retained in root.

Metal concentration Cd content
Zn Cd Buffer soluble (1-6) Acid soluble (7-9) Ash Total
Anionic Cationic
uM nmol g' DW

0.1 0.1 140.10 £ 5.04 (a) 81.66 £ 2.61 (a) 608.83 = 21.31 (a) 149.79 + 5.69 (a) 980.36 £ 34.66 (a)
1 0.1 84.57 + 3.55 (b) 83.00 + 2.82 (a) 444.00 + 14.21 (b) 84.00 + 2.94 (b) 695.57 + 23.52 (b)
10 0.1 72.76 + 1.82 (b) 82.00 £ 3.53 () 397.07 + 15.88 (b) 83.03 £ 3.40 (b) 634.86 + 24.63 (b)
1 0 ND ND ND ND ND
1 0.01 5.85 + 0.20 (a) 11.056 + 0.32 (a) 62.79 % 2.20 (a) 11.99 + 0.36 (a) 91.69 + 3.08 ()
1 0.1 84.57 £ 3.55 (b) 83.00 £ 2.82 (b) 444.00 + 14.21 (b) 84.00 £ 2.94 (b) 695.57 £ 23.52 (b)
1 1 62433 + 18.11 (o)

349.49 + 13.28 (o)

3442.60 + 92.95 (c)

845.28 £ 26.20 (c)

5261.71 % 150.54 (<)

Rice plants were hydroponically grown and differentially exposed for a 10-day period to increasing Zn external concentrations (from 0.1 to 10 uM) in the presence of 0.1 uM Cd?*, or

to different Cd concentrations (from 0 to 1 pM) in the presence of 1 uM Zn?*. Cd retained by root was extracted with buffer and acid using the sequential procedure described in

Materials and methods section. Data are means and SE of three experiments, each performed with eight plants (# = 3). Different letters indicate significant differences between

treatments (P < 0.05).
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Figure 5. Partitioning of Zn and Cd ions between potentially mobile and non-mobile fractions.
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Rice plants were hydroponically grown and differentially exposed for a 10-day petiod to increasing Zn external concentrations (from 0.1 to 10 uM), in the absence or presence of 0.1

uM Cd?* (a,b), or to different Cd concentrations (from 0 to 1 pM) in the presence of 1 uM Zn?* (c,d). (a) Total (square), mobile (triangle) and non-mobile (circle) Zn in the absence

(white symbols) and in the presence (grey symbols) of a steady amount of Cd. (b) Total (square), mobile (triangle) and non-mobile (circle) Cd in the presence of a steady amount of Cd.

(c) Total (square), mobile (triangle) and non-mobile (circle) Zn in the presence of a steady amount of Zn. (d) Total (square), mobile (triangle) and non-mobile (circle) Cd in the presence

of a steady amount of Zn. Non-mobile (anionic + acid soluble + ash) metal ion fractions are calculated using data reported in Tab. 1 and 2. Data are means and SE of three

experiments, each performed with eight plants (» = 3). DW, dry weight.
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Figure 6. Zn- and Cd-binding complexes resolved by gel filtration chromatography.
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Rice plants were hydroponically grown and differentially exposed for a 10-day period to increasing Zn external concentrations (from 0.1 to 10 uM), in the absence (a,b,c) or presence of
0.1 uM Cd?* (e,f,g), or to different Cd concentrations (from 0 to 1 pM) in the presence of 1 uM Zn?* (b,d,f,h). The anionic fraction from buffer extracts 1-6 was chromatographed on a
Sephadex G-50 column. Zn and Cd eluted were measured by ICP-MS. Void and total volume peaks are centred at Ky = 0 and K,y = 1, respectively. Peaks I, II and III are highlighted

with different colors. Data are representative of one typical experiment repeated three times with similar results.
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Table 3. Zn ions retained in the root in complexes with thiols.

Metal concentration Zn
Zn Cd HMW LMW Complexed with thiols
uM nmol g' DW

0.1 0 ND 21.74 £ 0.70 (a) 21.74 £ 0.70 (a)
1 0 ND 47.62 = 1.76 (a) 47.62 = 1.76 (a)
10 0 ND 343.45 + 14.42 (b) 343.45 £ 14.42 (b)
0.1 0.1 ND 24.36 % 0.83 (a) 24.36 % 0.83 (a)
1 0.1 ND 84.75 + 2.97 (b) 84.75 + 2.97 (b)
10 0.1 ND 507.87 £ 19.61 (¢ 507.87 £ 19.61 (c)
1 0 ND 47.62 + 1.76 () 47.62 +1.76 (a)
1 0.01 ND 72.89 + 2.70 (b) 72.89 + 2.70 (b)
1 0.1 ND 84.75 + 2.97 (b) 84.75 + 2.97 (b)
1 1 ND 121.21 + 4.97 () 121.21 + 4.97 (¢)

Rice plants were hydroponically grown and differentially exposed for a 10-day period to increasing Zn external
concentrations (from 0.1 to 10 uM), in the absence or presence of 0.1 pM Cd?*, or to different Cd concentrations (from 0
to 1 uM) in the presence of 1 uM Zn?*. The anionic fraction from buffer extracts 1-6 was chromatographed on a Sephadex
G-50 column. Zn eluted was measured by ICP-MS. Data are means and SE of three experiments, each performed with eight
plants (z = 3). Different letters indicate significant differences between treatments (P < 0.05). LMW, low molecular weight
Zn-binding complexes; HMW, high molecular weight Zn-binding complexes. ND, not detectable; DW, dry weight.



Table 4. Cd ions retained in the root in complexes with thiols.

Metal concentration Cd
Zn Cd HMW LMW Complexed with thiols
uM nmol g! DW

0.1 0.1 96.89 £ 3.00 (a) 3418 £ 1.13 (a) 131.07 £ 4.13 (a)

1 0.1 45.78 £ 1.51 (b) 31.83 £ 1.18 (a) 77.61 £ 2.69 (b)

10 0.1 33.82 = 1.29 (¢ 33.19 £ 1.33 (a) 67.00 £ 2.61 (b)

1 0 ND ND ND

1 0.01 ND 5.00 £ 0.17 (a) 5.00 £ 0.17 (a)

1 0.1 4578 + 1.51 (a) 31.83 + 1.18 (b) 77.61 % 2.69 (b)

1 1 473.66 % 17.05 (b) 134.35 + 5.24 (0) 608.01 + 22.29 (¢)

Rice plants were hydroponically grown and differentially exposed for a 10-day period to increasing Zn external
concentrations (from 0.1 to 10 uM) in the presence of 0.1 pM Cd?*, or to different Cd concentrations (from 0 to 1 pM) in
the presence of 1 pM Zn?*. The anionic fraction from buffer extracts 1-6 was chromatographed on a Sephadex G-50
column. Cd eluted was measured by ICP-MS. Data are means and SE of three experiments, each performed with eight
plants (z = 3). Different letters indicate significant differences between treatments (P < 0.05). LMW, low molecular weight
Cd-binding complexes; HMW, high molecular weight Cd-binding complexes. ND, not detectable; DW, dry weight.



Figure 7. Time-course analysis of Cd systemic movement.
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Rice plants were differentially exposed for a 24-h period to different Zn concentrations (from 0.1 to 10 uM), in the presence
of 0.1 pM Cd?* enriched with 97Cd. (a) Image of rice plants used in a typical PETIS experiment. The field of view of
PETIS is bordered by the white continuous line. ROIs used for time-course analysis are indicated with arrows in the
adjacent panel. ROI-A, background; ROI-B, culture solution; ROI-C, distal root; ROI-D, proximal root; ROI-E, shoot base;
ROI-F, proximal shoot. (b,c,d) Time-course analysis of Cd dynamics in the culture solution (b), whole root apparatus (c),
and shoot base + proximal shoot (d). White circles, black triangles, and thin x refer to the experiments performed in the

presence of 0.1 (No. 4), 1 (No. 5) and 10 pM Zn?" (No. 6), respectively. A representative set of data from two independent
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Figure 8. Autoradiography and time-course analysis of Cd accumulation in the shoot base.
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Rice plants were differentially exposed for a 24-h period to different Zn concentrations (from 0.1 to 10 uM), in the presence
of 0.1 pM Cd?* enriched with '7Cd. (a,c) Optical observation of plants at the end of the PETIS experiments (left) and the
corresponding autoradiography of 19Cd after three days of exposure (right). Red triangles indicate the shoot bases. (b,d)
Time-course analysis of Cd accumulation in the shoot bases. White circles, black triangles, and thin x refer to the
experiments performed in the presence of 0.1, 1 and 10 pM Zn?*, respectively. Two representative set of data from two

independent experiments performed with two plants for each Zn exposure condition are given.
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Figure 9. Another set of time-course analysis of Cd systemic movement.
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Rice plants were differentially exposed for a 24-h period to different Zn concentrations (from 0.1 to 10 uM), in the presence
of 0.1 uM Cd?" enriched with 197Cd. (a) Image of rice plants used in a typical PETIS experiment. The field of view of
PETIS is bordered by the white continuous line. ROIs used for time-course analysis are indicated with arrows in the
adjacent panel. ROI-A, background; ROI-B, culture solution; ROI-C, distal root; ROI-D, proximal root; ROI-E, shoot base;
ROI-F, proximal shoot. (b,c,d) Time-course analysis of Cd dynamics in the culture solution (b), whole root apparatus (c),
and shoot base + proximal shoot (d). White circles, black triangles, and thin x refer to the experiments performed in the

presence of 0.1 (No. 1), T (No. 2) and 10 uM Zn?>" (No. 3), respectively. A representative set of data from two independent
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Figure 10. Analysis of metal translocation as a function of Zn and Cd concentration in the mobile fractions.
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Rice plants were hydroponically grown and differentially exposed for a 10-day period to increasing Zn external concentrations (from 0.1 to 10 pM), in the presence of 0.1 uM Cd?* (a),
or to different Cd concentrations (from 0.01 to 1 pM) in the presence of 1 pM Zn?* (b). (a) Zn (circles) and Cd (square) translocation in plants exposed to 0.1 (white), 1 (grey) and 10
(black) uM Zn?*, in the presence of 0.1 uM Cd?*. (b) Zn (circles) and Cd (square) translocation in plants exposed to 0.01 (white), 0.1 (grey) and 1 (black) pM Cd?*, in the presence of 1
uM Zn?*. Data reported in figures derived from Fig. 2 and Tab. 1, 2.
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SECTION II
Functional characterization of OsHMA genes in yeast

RESULTS AND DISCUSSION
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RESULTS AND DISCUSSION

Some members of the P,;-type ATPase subfamily, which present several functions in the cell, ranging
from metal delivery to cellular compartment to detoxification processes (Williams and Mills, 2005;
Colangelo and Guerinot, 2006), have been identified as responsible for Zn and Cd xylem loading and
thus particularly relevant in the determination of Zn and Cd accumulation in the shoots. In particular,
AtHMAZ2 and AtHMA4 were found to be responsible for root-to-shoot Zn translocation in A. thaliana
(Hussain e al., 2004) and several reports also suggest their involvement in Cd transport (Mills ez al.,
2003, 2005; Eren and Argtiello, 2004; Verret et al., 2005; Wong and Cobbett, 2009; Wong e# al., 2009).
Moreover, they appeared predominantly expressed in the roots in correspondence of the vascular
bundles and the encoded proteins localized on the plasma membrane, suggesting their function as
efflux pumps extruding excess of metals into the apoplast (Mills ez a/., 2003, 2005; Hussain ez al., 2004;
Verret et al., 2005). Acknowledging the importance of such transporters in the control of Zn and Cd
translocation, the identification of the orthologs of AtHMA2 and AtHMA4 in rice would be of great
concern in understanding and characterizing the root-to-shoot Cd translocation pathways, also in
relation to possible competitions with Zn. Recently, HMA2 has been suggested as responsible for Zn
and Cd xylem loading also in rice (Nocito e al., 2011; Satoh-Nagasawa ef al., 2012; Takahashi e a/.,
2012), barley (Mills ez al., 2012) and Triticum aestivum (Tan et al., 2013). However, the transport activity of
OsHMAZ2 for Zn and Cd has been controversially described in a number of papers (Nocito ez al., 2011;
Satoh-Nagasawa ez al., 2012; Takahashi ez a/, 2012; Yamaji ez al., 2013) in which the transporter was
indirectly studied by in heterologous expression systems (Saccharomyces cerevisiae). A careful analysis of
published studies reveals that both activity and function of OsHMA2 has not been unambiguously
characterized, since three independent papers described this transporter as able to mediate Zn*" and/or
Cd*" efflux for xylem loading (Nocito ez al., 2011; Satoh-Nagasawa ez al., 2012; Takahashi ez al., 2012),
whilst Yamaji ez a/. (2013) proposed OsHMAZ2 as an influx transporter for both Cd and Zn, involved in
the preferential distribution of the two metal ions through the phloem to the developing tissues.
Moreover, also the OsHMAZ2 tissue localization seems to be a controversial issue, since Takahashi e# a/.
(2012) indicated the vascular bundle of the root as the main expression domain of the transporter,
whilst Yamaji e a/. (2013) localized OsHMAZ2 in the root pericycle and in the phloem regions of
vascular bundles of the uppermost node connecting to panicle and flag leaf.

The results obtained in the first part of this work pointed out the existence of at least one
additional Cd root-to-shoot translocation pathway that is Zn-independent and that finally contributes
to Cd accumulation in the shoot. Thus, the specific aim of the second part of the work was to better
characterize the transport activity and selectivity of OsHMAZ2 and try to find out the protein(s)

responsible for the Zn-independent Cd translocation pathway.
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Lee and coworkers (2007) provided a useful insight on the response to Cd exposure of some
P s-type ATPases, z.e. OsHMA4 up to OsHMAD9. In this study, OsHM.A5, OsHM.A6 and OsHM.A9
were found to be upregulated by Cd both in shoots and roots, whereas OsHN.A4 showed an induction
only in roots. The zn silico analysis conducted on the rice P ;-type ATPase subfamily aimed at searching
for proteins functionally related to AtHMAZ2 returned that, apart from OsHMA2 and OsHMA3 that
have already been partially characterized, OsHMA7 and OsHMA4 share the highest identity with
AtHMA2 (21 and 20%, respectively). However, OsHMA7 did not seem involved in Cd movement
since any response whatsoever was detected, even at high Cd concentrations (Lee e al, 2007). The
same analysis revealed that OsHMA4 falls in the same cluster as OsHMAS5, OsHMAG6 and OsHMA9
which, as mentioned earlier on, showed a clear induction upon Cd treatment. In addition, OsHMA4 is
very close to OsHMAS5 (58% of identity) (see the dendrogram adopted from Nocito e a/., 2011, and
shown in the introduction as fig. 3). Interestingly, such transporter belongs to the same cluster of
AtHMAS and AtHMA7, which are classified as Cu/Ag ATPases (Hirayama ez al., 1999; Woeste and
Kieber, 2000; Mandal e al., 2004; Williams and Mills, 2005; Andrés-Colas e al., 2006). According to
these premises, OsHMA4 and OsHMAS are likely to take part in the transport of Cd and/or Zn and
could be good candidates to explain their xylem loading.

Thus, in order to identify the possible Zn-insensitive pathway involved in Cd translocation the
transport activity of OsHMA2, OsHMA4 and OsHMAS5 for Zn and Cd was better characterized. In
particular, the full length genes were amplified by RT-PCR from total RNA isolated from rice roots and
the relative cDNAs were heterologously expressed in wild type (INVScl) and mutant (z7#7z722) strains
of S. cerevisiae. In particular, we performed drop tests and growth analysis of the yeast strains expressing
OsHMA2, OsHMA4 and OsHMAD5 under the control of the GALT or GALT0 promoters.

The membrane topology prediction analysis of the three codified polypeptides performed by
software MEMSAT3 confirmed OsHMA2 (Fig. 1), OsHMA4 (Fig. 2) and OsHMA5 (Fig. 3) as
transporters belonging to the P,y-type ATPase family, due to the presence of: (a) eight predicted
transmembrane domains (TMs); (b) the CPC motif in TMO; (c) the signature sequences found in all P-
type ATPases, z.e. DKTGT, GDGxNDxP and PxxK motifs, the first being particulatly relevant for the

ATPase activity since it contains the phosphorylatable aspartic residue.

OsHMA2

The amplified OsHM.A2 cDNA from the cultivar Roma encodes a polypeptide of 1067 amino acids,
with a predicted mass of 116 kDa, is identical to OsHAM.A2 cv. Volano (OsHMAZ2y, accession
HQ0646362) submitted to GenBank by Nocito and coworkers (2011). In particular, it shares 95%
identity with the 1060 amino acid-long protein reported in PlantsT. The membrane topology prediction

analysis (Fig. 1) also revealed signature sequences corresponding to Zn**/Cd*"/Pb*"/Co®" ATPases in
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TM6 [CPC(x),SxP], TM7 [N(x).K] and TM8 [DxG| (Williams and Mills, 2005). Sequence analysis
revealed OsHMAZ2 as a member of cluster 2 in the phylogenetic tree of the P,;-ATPase subfamily; such
a group is thought to include all Zn*"/Cd*"/Pb*"/Co®" ATPases (Williams and Mills, 2005). Moreover,
OsHMAZ has a relatively short N-terminal end (89 amino acids) with significant homology to the heavy
metal-associated domain (Pfam: PF00403), containing the variant of the core consensus domain,
GxCCxxE ("GICCTSE?®), found in the Arabidopsis HMA2, HMA3 and HMA4 Zn*'-ATPases (Eren e
al., 2007). Finally, OsHMA2 has a relatively long C-terminal end (373 amino acids) which contains

numerous Cys-Cys repeat sequences and His residues that may be involved in heavy metal binding.

OsHMA4 AND OsHMA5
The resulting amplicons codify a polypeptide of 978 and 1002 amino acids for OsHM.A4 and OsHM.A5,

respectively. They are characterized by a predicted mass of 105 and 108 kDa. Moreover, the
aminoacidic sequence of OsHMA4 shares 99% identity with the protein predicted for OsHMA4 cv.
Nipponbare, while those of OsHMAS5 is identical to the protein predicted for OsHMAS5 cv.
Nipponbare. The membrane topology prediction analysis of the two proteins (Fig. 2 and 3) revealed
signature sequences characteristic of the Cu'/Ag"” ATPase, z.e. CPC(x,)P in TM6, N(x,) YN(x,)P in TM7
and P(x)M(x,)SS in TM8 (Williams and Mills, 2005), in both OsHMA4 and OsHMAS5. The amino
acidic sequence also revealed the presence of short C-terminal ends, which are 26 and 16 amino acids
long in OsHMA4 and OsHMADS, respectively. In this region, contrary to OsHMA2, neither Cys-Cys
repeated sequences nor His stretches could be identified. By contrast, OsHMA4 and OsHMAS5
presented relatively long N-terminal ends (275 and 376 amino acids, respectively), where two
repetitions of the highly conserved GxxCxxC (OsHMA4: ®GISCASC” and ""GMACTSC';
OsHMAS5: ®"GMTCAACY and '""GMTCTSC'") metal binding sequence (Lutsenko e a., 2003) were
found. The length of the N-term of OsHMA4 and OsHMADS, as well as the presence and the positions
of the GxxCxxC conserved motifs, resembles very much to the structure of AtHMADS, which is the
Arabidopsis P-type ATPase with which both OsHMA4 and OsHMADS share the highest identity with
(59% and 71%, respectively). In addition, both proteins are also highly similar (49% identity) to
AtHMA7. Both AtHMA5 and AtHMA?7 present the same pattern in tandem of the conserved
GxxCxxC motifs (AtHMA5: “GMTCSAC”, "“"GMTCTSC'’; AtHMA7: *“GMTCAAC”,
"'GMTCAAC") of OsHMA4 and OsHMA5 (in bold the conserved amino acids).

69



FUCNTIONAL CHARACTERIZATION OF OsHMA2, OsHMA4 AND OsHMA5 IN
YEAST
DROP TEST

To determine whether OsHMA2, OsHMA4 and OsHMAS play a role in Cd transport, we performed
classic functional assay (drop test) in yeast as shown in figure 4, in which two representative drop tests
are reported. The yeast strains carrying OsHMA2, OsHMA4, OsHMA5 or empty vector were grown
on SG media supplemented or not with different CdCl, concentrations (from 10 to 200 pM). In the
drop test made using pYES2.1 vector (Fig. 4a), in the presence of Cd, both the yeast harboring the
empty vector and those expressing the OsHMA proteins showed a slower growth with respect to the
control plate without Cd*". Nevertheless, yeast strains expressing the three OsHMA proteins showed a
stronger tolerance to Cd than the control, suggesting that OsHMAZ2 but also OsHMA4 and OsHMA5
are able to transport Cd, even though the 7 silico analysis indicated them as putative Cu/Ag ATPases
(Williams and Mills, 2005) and recently Deng and coworkers (2013) characterized the OsHMA5 as a Cu
transporter responsible for Cu xylem loading. Such a finding suggests that these proteins could
function as detoxification systems in yeast by pumping excess of cytosolic Cd ions into the apoplast, as
already reported for OsHMA2 by some authors (Nocito ¢ al, 2011; Satoh-Nagasawa et al., 2012).
However, other drop tests we performed, like the one showed in figure 4b, in which yeast strains
carrying the chimeric OsHMA2-pESC-URA, OsHMA4-pESC-URA, OsHMA5-pESC-URA  were
compared to the yeast harboring the pESC-URA empty vector, did not show repeatable results. For
instance, in this case, only OsHMA2 and OsHMA5 showed stronger tolerance to Cd than the yeast
strain carrying the empty vector, whereas no evidence for enhanced tolerance to Cd was found for
OsHMA4. Yamaji ef al. (2013) reported that these inconsistencies may be attributed to many different
factors, such as different expression vectors.

Moreover, to determine whether OsHMA4 and OsHMAS play a role also in Zn transport, we
performed drop tests using the yeast mutant strain ZHY3 (37/72r72) (Zhao and Eide, 1996), sensitive to
low Zn concentrations, using the pESC-TRP vector (Song ez al., 2010). The yeast strains carrying
OsHMA2, OsHMA4, OsHMAS or empty vector were grown on SG media supplemented or not with
0.2 mM ZnCl, and 0.2 mM EDTA (2,2',2"2"-(Ethane-1,2-diyldinitrilo)tetraacetic acid) that chelates Zn
creating a Zn-limiting condition. As reported in figure 5, this test did not reveal any significant
difference between the empty vector and OsHMA4 or OsHMAS, suggesting that neither OsHMA4 nor
OsHMADJ are able to transport Zn.

GROWTH ANALYSIS

In order to understand the reason why we did not obtain repeatable results with the drop tests, we

analyzed the growth rates of the yeast strain carrying OsHMA2, OsHMA4, OsHMA5 or empty vector
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(control) incubated in SD (no gene induction) or SG (gene induction) liquid media and the growth
curves we obtained and the relative duplication times are reported in figure 6. The yeast strains carrying
OsHMAs and empty vector did not significantly differ in their duplication times when grown in the
presence of glucose (Fig. 5a). By contrast, the addition of galactose significantly enhanced the
duplication time, which however resulted higher in the yeast expressing all the OsHMA proteins
analyzed than in the control (Fig. 5b). Such a finding — reasonably due to an interfering effect of the
OsHMA proteins induction on yeast growth — precluded the direct comparison of yeast growths in

traditional functional assays performed with media containing excess of Zn or Cd.

GROWTH INHIBITION ANALYSIS

To solve this impasse, we grew the yeast strains carrying OsHMA2, OsHMA4, OsHMA5 or empty
vector in liquid synthetic minimal media containing or not different excess of Zn*" (from 1.5 to 16.5
mM) or Cd*" (from 15 to 165 pM) in the presence of Gal (SG media). The preliminary tests we
performed with the yeast harboring the empty vector (Fig. 7a,b) showed similar results, suggesting that
this kind of test is quite repeatable. Moreover, in such a way, we were able to measure the inhibitory
effect exerted by each metal concentration on the growth of each strain (control, OsHMA2, OsHMA4
and OsHMAS), in a comparison functional test independent from possible differences in the
duplication time. Results indicated that both Zn and Cd significantly affected yeast growth, since the
percentages of growth inhibition increased as the metal concentration in the medium did (Fig. 7c,d).
Non-linear regression analysis of the growth inhibition curves allowed to calculate the metal
concentrations required to inhibit the growth of each yeast strain by 50% (IC,;). The estimated ICj,
values were significantly different between the yeast strains. In particular, for Zn the ICy, values of
OsHMA2 and OsHMAS5 were higher than those of the control; on the other hand, for Cd only the ICj,
value of OsHMA2 was different from that of the control (Fig. 7). These findings are in agreement with
the most part of the previous studies on the transport activity of OsHMA2 (Nocito ef al., 2011; Satoh-
Nagasawa et al., 2012, 2013; Takahashi ez 4/, 2012), confirming that OsHMAZ2 removes Zn and Cd
from the cytoplasm conferring a tolerance to excess Zn and Cd in yeast. A similar role was recently
described for HMA2 in barley (Mills et al., 2012) and Triticum aestivwm (Tan et al., 2013). In addition,
AtHMAZ2 has been thoroughly studied and its role in Cd and Zn xylem loading is widely accepted (Eren
and Argtello, 2004; Hussain ef al., 2004; Eren et al., 2006, 2007, Wong and Cobbett, 2009; Wong ¢/ .,
2009). For what concern OsHMA5, even if recently it has been charactetized as a Cu®" transporter,
responsible for Cu xylem loading (Deng e al., 2013), and the membrane topology prediction analysis
(Fig. 3) also revealed signature sequences characteristic of the Cu’/Ag" ATPase (Williams and Mills,
2005), the growth inhibition test revealed the OsHMAS5 is also able to transport Zn*', as shown by the

growth inhibition curves and the IC;, values (Fig. 7c), disproving the result of the drop test for Zn
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tolerance (Fig. 5). At the same time, the findings of the growth inhibition analysis refuted the results of
both the drop tests for Cd tolerance indicating OsHMAS5 as not able to mediate the transport of Cd**
(Fig. 7d, 4). In the case of OsHMA4 the growth inhibition analysis excluded the hypothesis that
OsHMA4 could mediate the transport of Zn*" or Cd*" (Fig. 7c,d), refuting the results we previously
obtained in the drop tests which suggested OsHMA4 as able to mediate the Cd*" transport (Fig. 4a).
Unfortunately, the functional analysis of OsHMA4 and OsHMAS in yeast we provided in this study
excluded the involvement of these proteins in mediating Cd efflux from yeast cells leaving opened the
question of which is (are) the protein(s) responsible for the Zn-independent root-to-shoot Cd

translocation pathway(s).

The different growth analyses we performed clearly pointed out that great inconsistencies may
be obtained using not only different yeast strains, experimental conditions, expression vector or
medium components as reported by Yamaji and coworkers (2013), but also using different methods of
analysis. Looking at the growth rate analysis (Fig. 0), the induction of the OsHMA proteins reasonably
affect the yeast growth increasing the duplication times with respect to the control. Based on these
findings, the drop test is not the correct method to study the transport activity of a protein because the
direct comparison of yeast growths performed with media containing excess of Zn or Cd is precluded.
In fact, results could be strongly affected by different duplication times of the yeast expressing the
target proteins. In addition, the result is dependent from the inoculum, even though optical densities of
cell suspensions of the different strains appear similar. Finally, the results, when different yeast colonies
are compared, are strongly dependent from subjectivity and observer variability. To overcome these
limits, we performed a growth inhibition analysis that enabled us to measure the inhibitory effect
exerted by each metal concentration on the growth of each strain. This kind of functional test resulted
independent from possible differences in the duplication time. A similar method was developed by
Galgiani and Stevens (1976 and 1978) for studying yeast susceptibility to antimicrobial substances.
Their evidences showed that this turbidimetric technique is reproducible, inoculums independent,
rapid, free from subjectivity and observer variability. They also calculated the IC,, as the drug
concentrations required to inhibit the yeast growth by 50%. Although the turbidimetric technique is
known since a long time in clinical studies on yeast, concerning plant gene functional characterization
in yeast the drop test has been largely used as functional assay so far (e.g. Gravot et al., 2004; Southron
et al., 2004; Kobayashi ez al., 2008; Ueno e al., 2010; Nocito et al., 2011; Satoh-Nagasawa ¢t al., 2012;
Takahashi ef al., 2012; Deng et al., 2013; Yamaji ef al., 2013), even though the abovementioned limits.
Other researchers only grew yeast in liquid culture and compared the growth rates of different
transformants (Ramesh ¢z a/., 2003; Gravot e al., 2004; Nocito ¢t al., 2011), but only few related the
yeast growth to different metal (Cd or Al) concentrations (Clemens ez al., 1999; Li et al., 2014). All these

72



methods, however, still could depend on possible differences in the duplication time of the different
transformants. Only in a recent paper on the characterization of Nramp aluminum transporter
(NRATT1) the growth of the different yeast transformants was expressed as a ‘relative growth’, which is
independent from the inoculums and the growth rate (Li ¢ a/, 2014). Thus, probably, our study
represents one of the first examples of growth inhibition analysis applied to plant gene functional

characterization.
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FIGURES AND TABLES

Figure 1. Membrane topology of OsHMAZ2.
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The OsHMA2 (cv. Roma) sequence has 100% identity to OsHMA2 cv. Volano submitted by Nocito and coworkers (2011).
Eight TM helices are predicted in OsHMA2r using MEMSAT3. Numbers in bold indicate the position of TM segments
within the OsHMAZ2 sequence. Signature sequences in TM6 [*!CPC33], TM7 [2N(x);K%0] and TM8 [!DxG%3| are
conserved in all Zn?*/Cd2+/Pb2+/Co?" ATPases.
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Figure 2. Membrane topology of OsHMAA4.
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Eight TM helices are predicted in OsHMA4 using MEMSAT3. Numbers in bold indicate the position of TM segments
within the OsHMA4 sequence. Signature sequences in TMG6 [P7CPC>, TM7 ["®N(x)sYN(x)sP?8] and TMS8
[P*P(x)sM(x)2SS%] are consetved in all Cut/Ag* ATPases.
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Figure 3. Membrane topology of OsHMAS.
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The OsHMAS5 (cv. Roma) sequence has 100% identity to OsHMAS5 cv. Nipponbare. Eight TM helices are predicted in
OsHMAS5 using MEMSAT3. Numbers in bold indicate the position of TM segments within the OsHMAS5 sequence.

Signature sequences in TMG6 [37CPC9|, TM7 [**N(x)sYN(x)4P?%] and TMS8 [*7'P(x)sM(x)2S5%%?] are conserved in all
Cu*/Ag" ATPases.

76



Figure 4. Drop test of yeast testing Cd tolerance.
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Cells of the wild type yeast strain INVScl expressing OsHMA2 (2), OsHMA4 (4) and OsHMA5 (5) under the control of
the inducible GALT or GALT0 promoter or harboring the empty (E) pYES2.1 (a) or pESC-URA (b) vector were grown at
30 °C on SG media supplemented (picture taken after 5 days) ot not (picture taken after 3 day) with 100 pM CdCl.



Figure 5. Drop test of yeast testing Zn tolerance.
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Cells of the mutant yeast strain ZHY3 (zr#73142) expressing OsHMA4 (4) and OsHMAS5 (5) under the control of the
inducible GAL1 or GAL10 promoter or harboring the empty (E) pESC-TRP vector were grown at 30 °C for 3 days on SG
media with normal (control) or limiting levels of Zn (obtained adding 0.2 mM EDTA and 0.2 mM ZnCly).



Figure 6. Kinetic analysis of yeast growth.
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Growth of yeast cells of the wild type strain INVScl expressing OsHMA2 (red circles), OsHMA4 (blue circles) and
OsHMADS (green circles) or harboring the empty pESC-URA (control) vector (black circles) in liquid synthetic minimal
media containing 2% (w:v) glucose (SD) (a) or 2% (w:v) galactose (SG) (b). The table reports the duplication times calculate
for each strain. Data are means and SE of three experiments performed in triplicate (# = 3). Asterisks indicate significant
differences between the control and yeast expressing one OsHMA protein (P < 0.001); n.s. indicates that there is not

significant difference.
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Figure 7. Yeast growth inhibition.
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Growth inhibition curves of yeast cells of the wild type strain INVScl were incubated in SG media containing different
concentrations of Zn (a,c) or Cd (b,d). (a,b) Preliminary tests with yeast harboring the empty pESC-URA (control) vector.
The black circles are means of the means and the black curve is the result of the non linear regression analysis of that data.
(c,d) Compatison functional tests of yeast cells expressing OsHMA2 (red circles), OsHMA4 (blue circles) and OsHMA5
(green circles) or harboring the empty vector (black circles). For each data point the percentage of growth inhibition was
calculated with respect to the growth of the yeast cells in the absence of any excess of Zn and Cd. The table reports the
duplication times calculate for each strain. Data are means and SE of three experiments performed in triplicate (#z = 3).
Asterisks indicate significant differences between the control and yeast expressing one OsHMA protein (P = 0.001); n.s.

indicates that there is not significant difference.
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CONCLUDING REMARKS
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Several studies have shown that Cd, a non-essential and toxic metal, is taken up from soil and
translocated in a root-to-shoot direction through transporters of essential elements such as Zn,
suggesting that the two metal ions may compete for the same transporter protein on a membrane. This
means that increasing the concentration of Zn will decrease the movement of Cd through the
transporter, and vice versa. However, the movement of the two metal ions across several biological
membranes may involve a wide range of transport systems, each characterized by a specific selectivity,
not leading to a necessary “strong reciprocity” between the systemic fluxes of Zn and Cd in the whole
plant. Finally, Zn and Cd ions are subjected to complex equilibria influencing their relative mobility
inside the plant. Although divergent results have been obtained, they suggest that also Zn-independent
pathways for Cd translocation in plants could be possible.

The proteins belonging to the HMA (Heavy-Metal ATPases) family have been partially
characterized as the main actors of the process of translocation of trace elements (essential or non-
essential) to all organs of the plant. In particular, OsHMA2 is the main transport system so far
described in rice as involved in the xylem loading of Zn and Cd, even though both its activity and

function has not been unambiguously characterized.

In such a contest took place the studies carried out in this PhD project. Indeed, the activity was
focused at analyze possible interactions between Zn and Cd and reciprocal effects at the translocation
level in rice plants, since these processes have been seen to be crucial in determining Cd accumulation
in the shoots. The main results clearly indicate the lack of a fully reciprocity considering the effect of
Cd on Zn accumulation, and vice versa, since the accumulation of Zn in the shoot was significantly
inhibited by Cd increases in all the analyzed conditions, whereas those of Cd was only partially impaired
by Zn increases. Such a finding suggests that Cd ions may use at least two distinct pathways to be
translocated from the root to the shoot. The first one — shared with Zn — is probably used for Zn
translocation in physiological conditions, whilst the second one appears as a Zn-independent route that
Cd may preferentially use when the first pathway is saturated with Zn. Moreover, the Zn-independent
pathway seems constitutively expressed in rice plants since the partial inhibitory effect exerted by Zn on
Cd translocation was also observed in short-term PETIS experiments performed with unstressed
plants. Since OsHMA2 appeats to play an important role in Zn/Cd root-to-shoot translocation, in this
work we also contributed to elucidate some aspects related to the OsHMAZ2 transport activity and
selectivity by comparing the inhibitory effects exerted by Zn or Cd on the growth of yeast cells
expressing, or not, OsHMAZ2. The results indicate that OsHMA2 enhances Zn and Cd tolerance in
yeast, so we can reasonably conclude that OsHMAZ2 may pump excess of cytosolic Zn or Cd into the
apoplast and thus has all the requisites to be considered the xylem loading system potentially involved

in mediating the translocation of Cd through the Zn-dependent pathway. In addition, probably, this
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study represents one of the first examples of growth inhibition analysis applied to plant gene functional
characterization.

In conclusion our data provide several evidence to support the hypothesis that at least two
competing pathways may be interested in mediating root-to-shoot Cd translocation in rice. The first
one, prevailing at relatively low Zn concentrations, could involve OsHMA2 as Zn®"/Cd*" xylem
loading system, while the second one appears to involve a Zn-independent system that still needs to be
identified among the plethora of transporters involved in the metal homeostasis. The possible future
identification of the transporter(s) responsible for the Zn-independent Cd translocation pathway(s)
could allow the development of markers to select rice genotypes able to exclude Cd from the shoots.
Furthermore, these activities could have important technological implications in the fields of food
safety, especially in cases where the strategies used for containing Cd accumulation in the crops be

founded on Zn fertilization.

83



REFERENCES

84



Abdel-Ghany S.E., Miiller-Moulé P., Niyogi K.K., Pilon M. and Shikanai T. 2005. Two P-type ATPases are required for copper
delivery in Arabidopsis thaliana chloroplasts. Plant Cel/ 17, 1233-1251.

Abdel-Sabour MLF., Mortvedt J.J. and Kelsoe J.J. 1988. Cadmium-zinc interactions in plants and extractable cadmium and zinc

fractions in soil. Soi/ Science 145, 424-431.

Agency for Toxic substances and Disease Register (ATSDR) 2008. Draft Toxicological Profile for Cadmium,
http:/ /www.atsdr.cdc.gov/ toxprofiles/tp5.pdf.

Alcantara E., Romera F.J., Cafiete M. and De La Guardia M.D. 1994. Effects of heavy metals on both induction and function of

root Fe(IlT)reductase in Fe-deficient cucumber (Cucumis sativus 1..) plants. Journal of Experimental Botany 45, 1893-1898.
Alloway B.]. 1995. Heavy metals in soils, 2nd edn. London, UK: Blackie Academic & Professional.
Alloway B.]. 2007. Zinc in Soils and Crop Nutrition. International Zinc Association (IZA) Publications, Brussels.

Alloway B.J. 2009. Soil factors associated with zinc deficiency in crops and humans. Ewmvironmental Geochemistry and Health 31,

537-548.

Alloway B.J. and Steinnes E. 1999. Anthropogenic addition of cadmium to soils. In: McLaughlin M.J. and Singh B.R., eds.,
Cadmium in soils and plants. Developments in plant and soil sciences. Dordrecht, the Netherlands: Kluwer Academic

Publishers, pp 97-123.

Amtmann A., Fischer M., Marsch E.L., Stefanovic A., Sanders D. and Schachtman D.P. 2001. The wheat cDNA LCT1

generates hypersensitivity to sodium in a salt-sensitive yeast strain. Plant Physiology 126, 1061-1071.

Andrés-Colas N., Sancenén V., Rodriguez-Navarro S., Mayo S., Thiele D.J., Ecker J.R., Puig S. and Pefiarrubia L. 2006. The
Arabidopsis heavy metal P-type ATPase HMADS interacts with metallochaperones and functions in copper detoxification of

roots. Plant Journal 45, 225-236.

Arakawa K., Nakamura Y., Yokota W., Nara T., Agematsu T., Okumura S., Ishibori I. and Fukuda M. 1995. Status report on
TIARA-AVF cyclotron. Proceedings of the 15th International Conference on Cyclotrons and their Applications, 57-60.

Arao T. and Ae N. 2003. Genotypic variations in cadmium levels of rice grain. Soi/ Science and Plant Nutrition 49, 473-479.

Arao T. and Ishikawa S. 2006. Genotypic differences in cadmium concentration and distribution of soybeans and rice. Japan

Agricultural Research Qunarterly 40, 21-30.

Arguello J.M. 2003. Identification of ion selectivity determinants in heavy metal transport Pig-type ATPases. Journal of Membrane

Biology 195, 93-108.

Argtello J.M., Eren E. and Gonzalez-Guerrero M. 2007. The structure and function of heavy metal transport Pip-type ATPases.
Biometals 20, 233-248.

Arnesano F., Banci L., Bertini 1. Ciofi-Baffoni S., Molteni E., Huffman D.L. and O'Halloran T.V. 2002. Metallochaperones and

metal-transporting ATPases: a comparative analysis of sequences and structures. Genome Research 12, 255-271.

Arrivault S., Senger T. and Krimer U. 2006. The Arabidopsis metal tolerance protein AtMTP3 maintains metal homeostasis by

mediating Zn exclusion from the shoot under Fe deficiency and Zn oversupply. Plant Journal 46, 861-879.

Axelsen K. and Palmgreen M. 2001. Inventory of the superfamily of P-type ion pumps in Arabidopsis. Plant Physiology 126, 696-
700.

85



Axelsen K.B. and Palmgren M.G. 1998. Evolution of substrate specificities in the P-type ATPase superfamily. Journal of Molecular
Evolution 46, 84-101.

Bzkgaard L., Mikkelsen M.D., Serensen D.M., Hegelund J.N., Persson D.P., Mills R.F., Yang Z., Husted S., Andersen J.P.,
Buch-Pedersen M.J., Schjoerring J.K., Williams L.E. and Palmgren M.G. 2010. A combined zinc/cadmium sensor and
zinc/cadmium export regulator in a heavy metal pump. Journal of Biological Chemistry 285, 31243-31252.

Bal N., Mintz E., Guillain F. and Catty P. 2001. A possible regulatory role for the metal-binding domain of CadA, the Listeria
monocytogenes Cd>*-ATPase. FEBS Letters 506, 249-252.

Barcel6 J. and Poschenrieder C. 1990. Plant water relations as affected by heavy metal stress: a review. Journal of Plant Nutrition

13, 1-37.

Barrow N.J. 1993. Mechanisms of reaction of zinc with soil and soil components. In: Robson A.D., ed., Zinc in soils and plants.

Dordrecht, the Netherlands: Kluwer Academic Publishers, pp 15-31.

Bashir K., Ishimaru Y. and Nishizawa N.K. 2012. Molecular mechanisms of zinc uptake and translocation in rice. Plant Soil 361,

189-201.

Basta N.T. and Tabatabai M.A. 1992. Effect of cropping systems on adsorption of metals by soils. III. Competitive adsorption.
Soil Science 153, 331-337.

Baxter I, Tchieu J., Sussman M.R., Boutry M., Palmgren M.G., Gribskov M., Harper J.F. and Axelsen K.B. 2003. Genomic
comparison of P-type ATPase ion pumps in Arabidopsis and rice. Plant Physiology 132, 618-628.

Becher M., Talke ILN., Krall L. and Krimer U. 2004. Cross-species microarray transcript profiling reveals high constitutive

expression of metal homeostasis genes in shoots of the zinc hyperaccumulator Arabidepsis halleri. Plant Journal 37, 251-268.
Bednarek S.Y. and Raikhel N.V. 1992. Intracellular trafficking of secretory proteins. Plant Molecular Biology 20, 133-150.

Bell M.J., McLaughlin M.J., Wright G.C. and Cruickshank A. 1997. Inter- and intra-specific variation in accumulation of

cadmium by peanut, soybean and navybean. Australian Journal of Agriculture and Resource Econonics 48, 1151-60.

Bennett M.K. and Scheller R.H. 1993. The molecular machinery for secretion is conserved from yeast to neurons. Proceedings of

the National Academy of Sciences of the United States of America 90, 2559-2563.
Berg J.M. and Shi Y.G. 1996. The galvanization of biology: A growing appreciation for the roles of zinc. Science 271, 1081-1085.

Berkelaar E. and Hale B.A. 2003. Accumulation of cadmium by durum wheat roots: bases for citrate-mediated exceptions to the

free ion model. Environmental Toxicology and Chemistry 22, 1155-1161.
Bernard A. 2004. Renal dysfunction induced by cadmium: biomarkers of critical effects. Biometals 17, 519-23.
Bernard A. 2008. Cadmium and its adverse effects on human health. Indian Journal of Medical Resources 128, 557-564.

Bernard A. and Lauwerys R. 1986. Effects of cadmium exposure in humans. In: Foulkes E.C., ed., Handbook of experimental

pharmacology. Berlin: Springer-Verlag, pp. 135-77.

Bert V., Meerts P., Saumitou-Laprade P., Salis P., Gruber W. and Verbruggen N. 2003. Genetic basis of Cd tolerance and
Hyperaccumulation in Arabidopsis halleri. Plant soil 249, 9-18.

Bhattacharyya M.H. 2009. Cadmium osteotoxicity in experimental animals: mechanisms and relationship to human exposures.

Toxicology and Applied Pharmacology 238, 258-265.

86



Binder B.M., Rodriguez F.I. and Bleecker A.B. 2010. The copper transporter RANT1 is essential for biogenesis of ethylene
receptors in Arabidopsis. Journal of Biological Chemistry 285, 37263-37270.

Black R.E., Allen L.H., Bhutta Z.A., Caulfield L.E., de Onis M., Ezzati M., Mathers C. and Rivera J. for the Maternal and Child
Undernutrition Study Group 2008. Maternal and Child Undernutrition 1 - Maternal and child undernutrition: global and

regional exposures and health consequences. Lancet 371, 243-260.

Blaudez D., Kohler A., Martin F.; Sanders D. and Chalot M. 2003. Poplar metal tolerance protein 1 (MTP1) confers zinc

tolerance and is an oligomeric vacuolar zinc transporter with an essential leucine zipper motif. Plant Cell 15, 2911-2928.

Bolan N.S., Adriano D.C., Mani P.A. and Duraisamy A. 2003. Immobilization and phytoavailability of cadmium in variable
charge soils. II. Effect of lime addition. Plant Soil 251, 187-198.

Botstein D. and Fink G.R. 1988. Yeast: an experimental organism for modern biology. Science 240, 1439-1443.

Bouis H. 1996. Enrichment of food staples through plant breeding: a new strategy for fighting micronutrient malnutrition.

Nutrition Reviews 54, 131-137.

Bouis H.E. 2000. Enrichment of food staples through plant breeding: a new strategy for fighting micronutrient malnutrition.

Nutrition 16, 701-704.

Boutigny S., Sautron E., Finazzi G., Rivasseau C., Frelet-Barrand A., Pilon M., Rolland N. and Seigneurin-Berny D. 2014.
HMAT1 and PAA1, two chloroplast-envelope Pig-ATPases, play distinct roles in chloroplast copper homeostasis. Journal of
Experimental Botany 65, 1529-1540.

Broadley M.R., White P.J., Hammond J.P., Zelko 1. and Lux A. 2007. Zinc in plants. New Phytologist 173, 677-702.

Bull P.C. and Cox D.V. 1994. Wilson disease and Menkes disease: new handles on heavy-metal transport. Trends in Genetics 10,
246-252.

Bull P.C., Thomas G.R., Rommens J.M., Forbes J.R. and Cox D.W. 1993. The Wilson disease gene is a putative copper
transporting P-type ATPase similar to the Menkes gene. Nazure Genetics 5, 327-337.

Caballero B. 2002. Global patterns of child health: the role of nutrition. Awnnals of Nutrition and Metabolism 46 (suppl. 1), 3-7.

Cailliatte R., Schikora A., Briat J.F., Mari S. and Curie C. 2010. High-Affinity Manganese Uptake by the Metal Transporter
NRAMP1 Is Essential for Arabidopsis Growth in Low Manganese Conditions. The Plant Cell 22, 904-917.

Cakmak 1. 2002. Plant nutrition research: priorities to meet human needs for food in sustainable ways. Plant and Soil 247, 3-24.
Cakmak I. 2008. Enrichment of cereal grains with zinc: agronomic or genetic biofortification? Plant Soil 302, 1-17.

Cakmak I., Gulit KUY., Marschner H. and Graham R.D. 1994. Effect of zinc and iron deficiency on phytosiderophore release in
wheat genotypes differing in zinc efficiency. Journal of Plant Nutrition 17, 1-17.

Cakmak I., Kalayci M., Ekiz H., Braun H.J. and Yilmaz A. 1999. Zinc deficiency as a practical problem in plant and human
nutrition in Turkey: a NATO-science for stability project. Field Crops Research 60, 175-88.

Cakmak, I. 2000. Role of zinc in protecting plant cells from reactive oxygen species. New Phytologist 146, 185-205.

Cataldo C. D., Garland T. R. and Wildung, R. E. 1983. Cadmium uptake, kinetics in intact soybean plants. Plant Physiology 73,
844-848.

87



Cattani 1., Romani M. and Boccelli R. 2008. Effect of cultivation practices on cadmium concentration in rice grain. Agronomy for

Sustainable Development 28, 265-271.

Chaney R.L. 1993. Zinc phytotoxicity. In: Robson A.D., ed., Zinc in soils and plants. Dordrecht, the Netherlands: Kluwer
Academic Publishers, pp 135-150.

Chao D.Y,, Silva A., Baxter 1., Huang Y.S., Nordborg M., Danku J., Lahner B., Yakubova E. and Salt D.E. 2012. Genome-wide
association studies identify heavy metal ATPase3 as the primaty determinant of natural variation in leaf cadmium in

Arabidopsis thaliana. PLoS Geneties 8, ¢1002923.

Choudhary M., Bailey L.D., Grant C.A. and Leisle, D. 1995. Effect of Zn on the concentration of Cd and Zn in plant tissue of

two durum wheat lines. Canadian Journal of Plant Science 75, 445-448.

Christensen T.H. 1987. Cadmium soil sorption at low concentrations.VI. A model for zinc competition. Water Air and Soil

Pollution 34, 305-314.

Cigan A.M. and Donahue T.F. 1987. Sequence and structural features associated with translational initiator regions in yeast — a

review. Gene 59, 1-18.

Clarke .M., Leisle D. and Kopytko G.L. 1997. Inheritance of cadmium concentration in five durum wheat crosses. Crop Science

37, 1722-1726.
Clemens S. 2001. Molecular mechanism of plant metal tolerance and homeostasis. Planta 212, 475-486.

Clemens S. 2006. Toxic metal accumulation, responses to exposure and mechanisms of tolerance in plants. Biochimie 88, 1707-

1719.

Clemens S., Antosiewicz D.M., Ward J.M., Schachtman D.P. and Schroeder J.I. 1998. The plant cDNA LCT1 mediates the
uptake of calcium and cadmium in yeast. Proceedings of the National Academy of Sciences of the United States of America 95, 12043-
12048.

Clemens S., Kim E.J., Neumann D. and Schroeder J.I. 1999. Tolerance to toxic metals by a gene family of phytochelatin

synthases from plants and yeast. The EMBO Journal 18, 3325-3333.

Cobbett C. and Goldsbrough P. 2002. Phytochelatins and metallothioneins: roles in heavy metal detoxification and homeostasis.

Annnal Review of Plant Biology 53, 159-182.

CODEX STAN 193-1995 2009. Codex general standard for contaminants and toxins in foods and feed,
http:/ /www.fao.otg/ fileadmin/user_upload/agns/pdf/CXS_193e.pdf.

Cohen C.K,, Fox T.C., Garvin D.F. and Kochian L..V. 1998. The role of iron-deficiency stress responses in stimulating heavy-
metal transport in plants. Plant Physiology 116, 1063-1072.

Colangelo E.P. and Guerinot M.L. 2006. Put the metal to the petal: metal uptake and transport throughout plants. Current
Opinion in Plant Biology 9, 322-330.

Coleman J.E. 1998. Zinc enzymes. Current Opinion in Chemical Biology 2, 222-234.

COMMISSION REGULATION (EC) No 629/2008 2008. Amending Regulation (EC) No 1881/2006 setting maximum levels
for certain  contaminants in  foodstuffs.  Official  Jouwrnal — of  the  Ewrgpean  Union L 173/6-9,

http://faolex.fao.org/docs/pdf/eur80339.pdf.

88



Connolly E.L., Fett J.P. and Guerinot M.L. 2002. Expression of the IRT1 metal transporter is controlled by metals at the levels

of transcript and protein accumulation. Plant Cel/ 14, 1347-1357.

Cosio C., Martinoia E. and Keller C. 2004. Hyperaccumulation of cadmium and zinc in Thlaspi caerulescens and Arabidopsis halleri

at the leaf cellular level. Plant Physiology 134, 716-725.

Costa G. and Morel J.L.. 1993. Cadmium uptake by Lupinus albus (L.): cadmium excretion, a possible mechanism of cadmium

tolerance. Journal of Plant Nutrition 16, 1921-1929.

Costa G. and Morel J.L. 1994. Efficiency of H*-ATPase activity on cadmium uptake by four cultivars of lettuce. Journal of Plant
Nutrition 17, 627-637.

Curie C., Alonso J.M., Le Jean M., Ecker J.R. and Briat J.F. 2000. Involvement of NRAMP1 from Arabidopsis thaliana in iron
transpott. Biochemical Journal 347, 749-755.

Curie C,, Cassin G., Couch D., Divol F., Higuchi K., Le Jean M., Misson J., Schikora A., Czernic P. and Mari S. 2009. Metal

movement within the plant: contribution of nicotianamine and yellow stripe 1-like transporters. Annals of Botany 103, 1-11.

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

DalCorso G., Farinati S., Maistri S. and Furini A. 2008. How plants cope with cadmium: staking all on metabolism and gene

expression. Journal of Integrative Plant Biology 50, 1268-1280.

Deng F., Yamaji N., Xia J. and Ma F. 2013. A member of the heavy metal P-type ATPase OsHMAS5 is involved in xylem
loading of copper in rice. Plant Physiology 163, 1353-1362.

Desbrosses-Fonrouge A.G., Voigt K., Schréder A., Arrivault S., Thomine S. and Krdmer U. 2005. Arabidopsis thaliana MTP1 is a
Zn transporter in the vacuolar membrane which mediates Zn detoxification and drives leaf Zn accumulation. FEBS Letters

579, 4165-4174.

DiDonato M., Narindrasorasak S., Forbes J.R., Cox D.W. and Sarkar B. 1997. Expression, purification, and metal binding
properties of the N-terminal domain from the Wilson disease putative copper-transporting ATPase (ATP7B). Journal of
Biological Chemistry 272, 33279-33282.

Donahue T.F. and Cigan A.M. 1988. Genetic selection for mutations that reduce or abolish ribosomal recognition of the HIS4

translational initiator region. Molecular and Cellular Biology 8, 2955-2963.

Duréekova K., Huttové J., Mistrik 1., Ollé M. and Tamés L. 2007. Cadmium induces premature xylogenesis in barley roots. Plant
and Soil 290, 61-68.

Eide D. 1998. The molecular biology of metal ion transport in Saccharonyces cerevisiae. Annnal Review of Nutrition 18, 441-69.

Eide D., Broderius M., Fett J. and Guerinot M.L. 1996. A novel iron-regulated metal transporter from plants identified by

functional expression in yeast. Proceedings of the National Academy of Sciences of the United States of America 93, 5624-5628.

Eren E. and Argiello J.M. 2004. Arabidopsis HMA2, a divalent heavy metal-transporting Prs-type ATPase, is involved in
cytoplasmic Zn?* homeostasis. Plant Physiology 136, 3712-3723.

Eren E., Gonzilez-Guerrero M., Kaufman B.M. and Argiello J.M. 2007. Novel Zn?>" coordination by the regulatory N-
terminus metal binding domain of Arabidopsis thaliana Zn**-ATPase HMAZ2. Biochemistry 46, 7754-7764.

89



Eren E., Kennedy D.C., Maroney M.]. and Arguello J.M. 2006. A novel regulatory metal binding domain is present in the C-
terminus of Arabidopsis Zn?*-ATPase HMAZ2. Journal of Biological Chemistry 281, 33881 - 33891.

European Food Safety Authority (EFSA) 2011. Comparison of the approaches taken by EFSA and JECFA to establish a
HBGYV for cadmium. Eurgpean Food Safety Authority Journal 9, 20006.

European Food Safety Authority (EFSA) 2012. Cadmium dietary exposure in the European population. Ewuropean Food Safety
Authority Journal 10, 2551.

European Food Safety Authority (EFSA) Panel on Contaminants in the Food Chain (CONTAM) 2011. Statement on tolerable
weekly intake for cadmium. European Food Safety Authority Journal 9, 1975.

Fairweather-Tait S. and Hurrell R.F. 1996. Bioavailability of minerals and trace elements. Nutrition Research Reviews 9, 295-324.

Fan B. and Rosen B.P. 2002. Biochemical characterization of CopA, the Escherichia coli Cu(l)- translocating P-type ATPase.
Journal of Biological Chemistry 2777, 46987-46992.

Food and Agticulture Organization/Wotld Health Organization (FAO/WHO) 2010. Evaluation of Certain Food Additives and
Contaminants (Seventy-third Report of the Joint FAO/WHO Expert Committee on Food Additives). WHO Technical Report
Series 960, http:/ /whqlibdoc.who.int/trs/ WHO_TRS_960_eng.pdf.

Forno D.A., Yoshida S. and Asher C.J. 1975. Zinc deficiency in rice: I. Soil factors associated with the deficiency. Plant and Soil
42, 537-550.

French CJ., Dickinson N.M. and Putwain P.D. 2006. Woody biomass phytoremediation of contaminated brownfield land.
Environmental Pollution 141, 387-395.

Frommer W.B. and Ninnemann O. 1995. Heterologous expression of genes in bacterial, fungal, animal, and plant cells. Annual

Review of Plant Physiology and Plant Molecular Biology 46, 419-444.

Fujimaki S., Suzui N., Ishioka N.S., Kawachi N., Ito S., Chino M. and Nakamura S. 2010. Tracing cadmium from culture to
spikelet: noninvasive imaging and quantitative characterization of absorption, transport, and accumulation of cadmium in an

intact rice plant. Plant Physiology 152, 1796-1806.

Galgiani J.N. and Stevens D.A. 1976. Antimicrobial susceptibility testing of yeasts: a turbidimetric technique independent of

inoculum size. Antimicrobial Agents and Chemotherapy 10, 721-726.

Galgiani J.N. and Stevens D.A. 1978. Turbidimetric studies of growth inhibition of yeasts with three drugs: inquity into
inoculum-dependent susceptibility testing, time of onset of drug effect, and implications for current and newer methods.

Antimicrobial Agents and Chemotherapy 13, 249-254.

Gallego S.M., Benavides M.P. and Tomaro M.L. 1996. Effect of heavy metal ion excess on sunflower leaves: evidence for

involvement of oxidative stress. Plant Science 121, 151-159.

Garcia-Garcia J.D., Girard L., Hernandez G., Saavedra E., Pardo J.P., Rodriguez-Zavala ].S., Encalada R., Reyes-Pricto A,
Mendoza-Cézatl D.G. and Moreno-Sanchez R. 2014. Zn-bis-glutathionate is the best co-substrate of the monomeric

phytochelatin synthase from the photosynthetic heavy metal-hyperaccumulator Euglena gracilis. Metallomics 6, 604-616.
Gibson, R.S. 1994. Zinc nutrition in developing countries. Nutrition Research Reviews 7, 151-173.

Gietz D, St. Jean A., Woods R.A. and Schiestl R.H. 1992. Improved method for high efficiency transformation of intact yeast
cells. Nucleic Acids Research 20, 1425.

90



Goff S.A., Ricke D., Lan T.H., Presting G., Wang R., Dunn M., Glazebrook J., Sessions A., Oeller P., Varma H. e a/. 2002. A
draft sequence of the rice genome (Oryza sativa L. ssp. japonica). Science 296, 92-100.

Goffeau A. 1998. The inventory of all ion and drug ATPases encoded by the yeast genome. Acta Physiologica Scandinavica 643, 297

Gong, J-M., Lee D.A. and Schroeder ].I. 2003. Long-distance root-to-shoot transport of phytochelatins and cadmium in

Arabidopsis. Proceedings of the National Academy of Sciences USA 100, 10118-10123.

Graham R.D. and Rengel Z. 1993. Genotypic variation in Zn uptake and utilization by plants. In: Robson A.D., ed., Zinc in
soils and plants. Dordrecht, the Netherlands: Kluwer Academic Publishers, pp 107-114.

Graham R.D. and Welch R.M. 1996. Breeding for staple-food crops with high micronutrient density: working Papers on

Agricultural Strategies for Micronutrients, No.3. Washington DC: International Food Policy Institute.

Graham R.D., Welch R M. and Bouis H.E. 2001. Addressing micronutrient malnutrition through enhancing the nutritional

quality of staple foods: principles, perspectives and knowledge gaps. Advances in Agronomy 70, T7-142.

Graham R.D., Welch R.M., Saunders D.A., Ortiz-Monasterio 1., Bouis H.E., Bonierbale M., de Haan S., Burgos G., Thicle G.,
Liria R., Meisner C.A., Beebe S.E., Potts M.]., Kadian M., Hobbs P.R., Gupta R.K. and Twomlow S. 2007. Nutritious

subsistence food systems. Advances in Agronomy 92, 1-74.

Grill E., Thumann J., Winnacker E.L. and Zenk M. 1988. Induction of heavy-metal binding phytochelatins by inoculation of
cell cultures in standard media. Plant Cell Reports 7, 375-378.

Grill E., Winnacker E.L. and Zenk M.H. 1987. Phytochelatins, a class of heavy-metal-binding peptides from plants, are
functionally analogous to metallothioneins. Proceedings of the National Acadeny of Science of the United States of America 84, 439-
443.

Grant C.A. and Bailey L.D. 1998. Nitrogen, phosphorus and zinc management effects on grain yield and cadmium

concentration in two cultivars of durum wheat. Canadian Journal of Plant Science 78, 63-70.

Grant C.A., Bailey L.D., McLaughlin M.J. and Singh B.R. 1999. Management factors which influence cadmium concentration in
crops. In: McLaughlin M.J. and Singh B.R., eds., Cadmium in soils and plants. Developments in plant and soil sciences.

Dordrecht, the Netherlands: Kluwer Academic Publishers, pp 151-198.

Grant C.A., Clartke J.M., Duguid S. and Chaney R.L. 2008. Selection and breeding of plant cultivars to minimize cadmium

accumulation. Sczence of the Total Environment 390, 301-310.

Gravot A., Lieutaud A., Verret F., Auroy P., Vavasseur A. and Richaud P. 2004. AtHMA3, a plant Pig-ATPase, functions as a
Cd/Pb transpotter in yeast. FEBS Letters 561, 22-28.

Gregorio G.B. 2002. Progress for breeding for trace minerals in staple crops. Journal of Nutrition 132, 500S-2S.

Grill E., Loffler S., Winnacker E.-L.. and Zenk M.H. 1989. Phytochelatins, the heavy-metal-binding peptides of plants, are
synthesized from glutathione by a specific y-glutamylcysteine dipeptidyl transpeptidase (phytochelatin synthase). Proceedings of
the National Acadeny of Sciences of the United States of America 86, 6838-6842.

Grotz N. and Guerinot M.L. 2006. Molecular aspects of Cu, Fe and Zn homeostasis in plants. Biochimica et Biophysica Acta-
Molecular Cell Research 1763, 595-608.

Grotz N., Fox T., Connolly E., Park W., Guerinot M.L. and Fide D. 1998. Identification of a family of zinc transporter genes
from Arabidopsis that respond to zinc deficiency. Proceedings of the National Academy of Sciences of USA 95, 7220-7224.

91



Guerinot M.L. 2000. The ZIP family of metal transporters. Biochimica Et Biophysica Acta-Molecular Cell Research 1465, 190-198.
Gupta U.C,, Wu K. and Liang S. 2008. Micronutrients in soils, crops, and livestock. Earth Science Frontiers 15, 110-125.

Gustin J.L., Loureiro M.E., Kim D., Na G., Tikhonova M. and Salt D.E. 2009. MTP1-dependent Zn sequestration into shoot

vacuoles suggests dual roles in Zn tolerance and accumulation in Zn-hyperaccumulating plants. Plant Journal 57, 1116-1127.

Hacisalihoglu G. and Kochian L.V. 2003. How do some plants tolerate low levels of soil zinc? Mechanisms of zinc efficiency in

crop plants. New Phytologist 159, 341-350.

Hacisalihoglu G., Hart J.J. and Kochian L.V. 2001. High- and low-affinity zinc transport systems and their possible role in zinc
efficiency in bread wheat. Plant Physiology 125, 456-463.

Hall J.I.. 2002. Cellular mechanisms for heavy metal detoxification and tolerance. Journal of Experimental Botany 53, 1-11.
Hall J.L.. and Williams L.E. 2003. Transition metal transporters in plants. Journal of Experimental Botany 54, 2601-2613.

Hamilton R., Watanabe C.K. and de Boer H.A. 1987. Compilation and comparison of the sequence context around the AUG

startcodons in Saccharomyces cerevisiae mRNAs. Nucleic Acids Research 15, 3581-3593.

Han F., Shan X, Zhang S., Wen B. and Owens G. 2006. Enhanced cadmium accumulation in maize roots: the impact of

organic acids. Plant and Soil 289, 355-368.

Hanikenne M., Talke IN., Haydon M.]., Lanz C., Nolte A., Motte P., Kroymann J., Weigel D. and Krimer U. 2008. Evolution
of metal hyperaccumulation required ¢s-regulatory changes and triplication of HM.A4. Nature 453, 391-395.

Hart J.J., Norvell W.A., Welch R.M., Sullivan L.A. and Kochian L.V. 1998. Characterization of zinc uptake, binding, and

translocation in intact seedlings of bread and durum wheat cultivars. Plant Physiology 118, 219-226.

Hart J.J., Ross M.W., Wendell A.N., Clarke J.M. and Kochian L.V. 2005. Zinc effects on cadmium accumulation and

partitioning in near-isogenic lines of durum wheat that differ in grain cadmium concentration. New Phytologist 167, 391-401.

Hart J.J., Welch RM., Norvell W.A. and L.V. Kochian L.V. 2006. Characterization of cadmium uptake, translocation and

storage in near-isogenic lines of durum wheat that differ in grain cadmium concentration. New Phytologist 172, 261-271.

Hart J.J., Welch R.M., Norvell W.A. and Kochian L.V. 2002. Transport interactions between cadmium and zinc in roots of

bread and durum wheat seedlings. Physiologia Plantarum 116, 73-78.

Haydon M.J. and Cobbett C.S. 2007. A novel major facilitator superfamily protein at the tonoplast influences zinc tolerance and

accumulation in Arabidopsis. Plant Physiology 143, 1705-1719.
Hell R. and Stephan U.W. 2003. Iron uptake, trafficking and homeostasis in plants. Planta 216, 541-551.

Hinnen A., Hicks J.B. and Fink G.R. 1978. Transformation of yeast. Proceedings of the National Academy of Sciences of the United States
of America 75, 1929-1933.

Hirayama T., Kieber J.J., Hirayama N., Kogan M., Guzman P., Nourizadeh S., Alonso J.M., Dailey W.P., Dancis A. and Ecker
J-R. 1999. RESPONSIVE-TO-ANTAGONIST1, a Menkes/Wilson disease-related copper transpottet, is required for
ethylene signaling in Arabidopsis. Cell 97, 383-393.

Hoffland E., Wei C. and Wissuwa M. 2006. Organic anion exudation by lowland rice (Oryza sativa 1.) at zinc and phosphorus
deficiency. Plant and Soil 283, 155-162.

92



Holm P.E., Rootzén H., Borggaard O.K., Moberg J.P. and Christensen T. 2003. Correlation of cadmium distribution

coefficients to soil characteristics. Journal of Environmental Qnality 32, 138-145.

Holmgren G.G.S., Meyer M.W., Chaney R.L. and Daniels R.B. 1993. Cadmium, lead, zinc, copper, and nickel in agricultural
soils of the United States of America. Journal of Environmental Quality 22, 335-348.

Hotz C. and Brown K.H. 2004. Assessment of the risk of zinc deficiency in populations and options for its control. Food and

Nutrition Bulletin 25, 94-204.

Hu P, Yin Y.-G., Ishikawa S., Suzui N., Kawachi N., Fujimaki S., Igura M., Yuan C., Huang J., Li Z., Makino T., Luo Y.,
Christie P. and Wu L. 2013. Nitrate facilitates cadmium uptake, transport and accumulation in the hyperaccumulator Sedumn

Plumbizincicola. Environmental Science and Pollution Research 20, 6306-6316.

Hussain D., Haydon M.J., Wang Y., Wong E., Sherson S.M., Young J., Camakaris J., Harper J.F. and Cobbett C.S. 2004. P-type

ATPase heavy metal transporters with roles in essential zinc homeostasis in Arabidopsis. Plant Cell 16, 1327-1339.

Ishii S., Suzui N, Ito S., Ishioka N.S., Kawachi N., Ohtake N., Ohyama T. and Fujimaki S. 2009. Real-time imaging of nitrogen

fixation in an intact soybean plant with nodules using *N-labeled nitrogen gas. Soi/ Science and Plant Nutrition 55, 660-666.

Ishikawa S., Abe T., Kuramata M., Yamaguchi M., Ando T., Yamamoto T. and Yano M. 2010. A major quantitative trait locus
for increasing cadmium-specific concentration in rice grain is located on the short arm of chromosome 7. Journal of

Experimental Botany 61, 923-934.

Ishikawa S., Ishimaru Y., Igura M., Kuramata M., Abe T., Senoura T., Hase Y., Arao T., Nishizawa N.K. and Nakanishi H.
2012. Ton-beam irradiation, gene identification, and marker-assisted breeding in the development of low-cadmium rice.

Proceedings of the National Academy of Sciences of the United States of America 109, 19166-19171.

Ishikawa S., Suzui N, Ito-Tanabata S., Ishii S., Igura M., Abe T., Kuramata M., Kawachi N. and Fujimaki S. 2011. Real-time
imaging and analysis of differences in cadmium dynamics in rice cultivars (Oryza sativa) using positron-emitting '97Cd tracer.

BMC Plant Biology 11, 172-183.
Ishimaru Y., Bashir K. and Nishizawa N.K. 2011. Zn uptake and translocation in rice plants. Rice 4, 21-27.

Ishimaru Y., Suzuki M., Kobayashi T., Takahashi M., Nakanishi H., Mori S. and Nishizawa N.K. 2005. OsZIP4, a novel zinc-
regulated zinc transporter in rice. Journal of Experimental Botany 56, 3207-3214.

Ishimaru Y., Suzuki M., Tsukamoto T., Suzuki K., Nakazono M., Kobayashi T., Wada Y., Watanabe S., Matsuhashi S.,
Takahashi M., Nakanishi H., Mori S. and Nishizawa N.K. 2006. Rice plants take up iron as an Fe*>*—phytosiderophore and
as Fe?*. Plant Journal 45, 335-346.

Ishimaru Y., Takahashi R., Bashir K., Shimo H., Senoura T., Sugimoto K., Ono K., Yano M., Ishikawa S., Arao T., Nakanishi
H. and Nishizawa N.K. 2012. Characterizing the role of rice NRAMP5 in Manganese, Iron and Cadmium Transport.
Stcientific Reports 2, 286-293.

Ishioka N.S., Matsuoka H., Watanabe S., Osa A., Koizumi M., Kume T., Matsuhashi S., Fujimura T., Tsuji A., Uchida H. and
Sekine T. 1999. Production of positron emitters and application of their labeled compounds to plant studies. Journal of

Radioanalytical and Nuclear Chemistry 239, 417-421.

Jarup L., Berglund M., Elinder C.G., Nordberg G. and Vahter M. 1998. Health effects of cadmium exposure - a review of the

literature and a risk estimate. Scandinavian Journal of Work, Environment and Health 24 (suppl), 1-52.

93



Jensen P.Y., Bonander N., Moller L.B. and Farver O. 1999. Cooperative binding of copper(l) to the metal binding domains in
Menkes disease protein. Biochimica et Biophysica Acta 1434, 103-113.

Kamizono A., Nishizawa M., Teranishi Y., Murata K. and Kimura A. 1989. Identification of a gene conferring resistance to zinc

and cadmium ions in the yeast Saccharomyces cerevisiae. Molecular and General Geneties 219, 161-167.
Kaplan J.H. 2002. Biochemistry of Na,K-ATPase. Annual Review of Biochemistry 71, 511-535.

Kawachi N., Fujimaki S., Ishii S., Suzui N., Ishioka N.S. and Matsuhashi S. 2006a. A new method for parametric imaging of
photosynthesis with C-11 carbon dioxide and Positron Emitting Tracer Imaging System (PETIS). Nuclear Science Symposinm
Conference Record IEEE 3, 1519-1522.

Kawachi N., Fujimaki S., Sakamoto K., Ishioka N.S., Matsuhashi S. and Sekimoto H. 2008. Analysis of NOj interception of the
parasitic angiosperm Orobanche spp. using a positron-emitting tracer imaging system and NOs: A new method for the

visualization and quantitative analysis of the NOs interception ratio. Soi/ Science and Plant Nutrition 54, 408-416.

Kawachi N., Kikuchi K., Suzui N., Ishii S., Fujimaki S., Ishioka N.S. and Watabe H. 2011a. Imaging of carbon-11-labeled

carbon dioxide and positron emission tomogtaphy. IEEE Transactions On Nuclear Science 58, 395-399.

Kawachi N., Sakamoto K., Ishii S., Fujimaki S., Suzui N., Ishioka N.S. and Matsuhashi S. 2006b. Kinetic analysis of carbon-11-
labeled carbon dioxide for studying photosynthesis in a leaf using positron emitting tracer imaging system. IEEE Transactions

on Nuclear Science 53, 2991-2997.

Kawachi N., Suzui N, Ishii S., Ito S., Ishioka N.S., Yamazaki H., Hatano-Iwasaki A., Kikuchi K., Fujimaki S., and Watabe H.
2011b. Real-time whole-plant imaging of 'C translocation using positron-emitting tracer imaging system. Nuclear Instruments

and Methods in Physics Research A 648, S317-8320.

Kawada T. and Suzuki S. 1998. A review and the cadmium content of rice, daily cadmium intake and accumulation in the

kidneys. Journal of Occupational Health 40, 264-269.

Kessler A. and Brand M.D. 1995. The mechanism of the stimulation of state 4 respiration by cadmium in potato tuber (Solanum

tuberosum) mitochondria. Plant Physiology and Biochemistry 33, 519-528.

Kim Y.-Y., Choi H., Segami S., Cho H.-T., Martinoia E., Maeshima M. and Lee Y. 2009. AtHMA1 contributes to the
detoxification of excess Zn(II) in Arabidopsis. The Plant Journal 58, 737-753.

Kirkby E.A. and Rémheld V. 2004. Micronutrients in plant physiology: functions, uptake and mobility. Proceedings - International
Fertiliser Society 543, 1-52.

Kirkham M.B. 2006. Cadmium in plants on polluted soils: Effects of soil factors, hyperaccumulation, and amendments.

Geoderma 137, 19-32.

Kiyomiya S., Nakanishi H., Uchida H., Nishiyama S., Tsukada H., Ishioka N.S., Watanabe S., Osa A., Mizuniwa C., Ito T,
Matsuhashi S., Hashimoto S., Sekine T., Tsuji A. and Mori S. 2001a. Light activates H2!3O flow in rice: Detailed monitoring
using a positron-emitting tracer imaging system (PETIS). Physiologia Plantarum 113, 359-367.

Kiyomiya S., Nakanishi H., Uchida H., Tsuji A., Nishiyama S., Futatsubashi M., Tsukada H., Ishioka N.S., Watanabe S., Ito T,
Mizuniwa C., Osa A., Matsuhashi S., Hashimoto S., Sekine T. and Mori S. 2001b. Real time visualization of 3N-

translocation in rice under different environmental conditions using positron emitting tracer imaging system. Plant Physiology

125, 1743-1753.

94



Kobae Y., Uemura T., Sato M.H., Ohnishi M., Mimura T., Nakagawa T. and Maeshima M. 2004. Zinc transporter of Arabidopsis
thaliana AtMTP1 is localized to vacuolar membranes and implicated in zinc homeostasis. Plant and Cell Physiology 45, 1749-
1758.

Kobayashi E., Okubo Y., Suwazono Y., Kido T. and Nogawa K. 2002. Dose-response relationship between total cadmium
intake calculated from cadmium concentration in rice collected from each household of farmers and renal dysfunction in

inhabitants of the Jinzu River basin, Japan. Journal of Applied Toxicology 22, 431-436.

Kobayashi E., Suwazono Y., Dochi M., Honda R. and Kido T. 2009. Influence of consumption of cadmium-polluted rice or
Jinzu River water on occutrence of renal tubular dysfunction and/or Itai-itai disease. Biological Trace Element Research 127,

257-268.

Kobayashi Y., Kuroda K., Kimura K., Southron-Francis J.L., Furuzawa A., Kimura K., Tuchi S., Kobayashi M., Taylor G.J. and
Koyama H. 2008. Amino acid polymorphisms in strictly conserved domains of a P-type ATPase HMAD5 are involved in the
mechanism of copper tolerance variation in Arabidopsis. Plant Physiology 148, 969-980.

Korshunova Y.O., Eide D., Clatk W.G., Guerinot M.L. and Pakrasi H.B. 1999. The IRT1 protein from Arabidopsis thaliana is a

metal transporter with a broad substrate range. Plant Molecular Biology 40, 37-44.
Krimer U. 2005. MTP1 mops up excess zinc in Arabidopsis cells. Trends in Plant Science 10, 313-315.
Krimer U., Talke I.N. and Hanikenne M. 2007. Transition metal transport. FEBS Letters 581, 2263-2272.

Krupa Z., Oquist G. and Huner N.P.A. 1993. The effects of cadmium on photosynthesis of Phaseolus vulgaris - a fluorescence
analysis. Physiologia Plantarum 88, 626-630.

Kuhlbrandt W. 2004. Biology, structure and mechanism of P-type ATPases. Nature Reviews Molecular Cell Biology 5, 282-295.

Lan H.-X., Wang Z.-F., Wang Q.-H., Wang M.-M., Bao Y.-M., Huang J. and Zhang H.-S. 2013. Characterization of a vacuolar
zinc transporter OZT1 in rice (Oryza sativa 1..). Molecular Biology Reports 40, 1201-1210.

Lasat M.M., Baker A.J.M. and Kochian L.V. 1996. Physiological characterization of root Zn?* absorption and translocation to

shoots in Zn hyperaccumulator and nonaccumulator species of Thlaspi. Plant Physiology 112, 1715-1722.

Lasat M.M., Pence N.S., Garvin D.F., Ebbs S.D. and Kochian L.V. 2000. Molecular physiology of zinc transport in the Zn
hyperaccumulator Thlaspi caernlescens. Journal of Experimental Botany 51, 71-79.

Lee S., Kim Y.-Y,, Lee Y. and An G. 2007. Rice Pip-Type Heavy-Metal ATPase, OsHMADY, is a metal efflux protein. Plant
Physiology 145, 831-842.

Li J.-Y,, Liu J., Dong D., Jia X., McCouch S.R. and Kochian L.V. 2014. Natural variation undetlies alterations in Nramp
aluminum transporter (NRAT1) expression and function that play a key role in rice aluminum tolerance. Proceedings of the

National Academy of Sciences of the United States of America 11, 6503-6508.

Liu J., Dutta S.J., Stemmler A.]. and Mitra B. 2006. Metal-binding affinity of the transmembrane site in ZntA: implications for

metal selectivity. Biochemistry 45, 763-772.

Liu J., Qian M., Cai G., Yang J. and Zhu Q. 2007. Uptake and translocation of Cd in different rice cultivars and the relation
with Cd accumulation in rice grain. Journal of Hazardous Material 143, 443-447.

Liu J., Stemmler A.J., Fatima J. and Mitra B. 2005. Metal-binding characteristics of the amino terminal domain of ZntA: binding

of lead is different compared to cadmium and zinc. Biochemistry 44, 5159-5167.

95



Lombi E., Tearall K.I.., Howarth J.R., Zhao F.J., Hawkesford M.]. and McGrath S.P. 2002. Influence of iron status on cadmium
and zinc uptake by different ecotypes of the hyperaccumulator Thlaspi caernlescens. Plant Physiology 128, 1359-1367.

Lunackové L., Sottnikova A., Masarovi¢ova E., Lux A. and Stresko V. 2003. Comparison of cadmium effect on willow and

poplar in response to different cultivation conditions. Biologia Plantarum 47, 403-411.

Lutsenko S. and Kaplan J.H. 1995. Organization of P-type ATPases: significance of structural diversity. Biogeochemistry. 34,
15607-15613.

Lutsenko S. and Petris M.J. 2003. Function and regulation of the mammalian copper-transporting ATPases: insights from

biochemical and cell biological approaches. Journal of Membrane Biology 191, 1-12.

Lutsenko S., Petrukhin K., Cooper M.]., Gilliam C.T. and Kaplan J.H. 1997. N-terminal domains of human copper-transporting
adenosine triphosphatases (the Wilson’s and Menkes disease proteins) bind copper selectively 7z vivo and in vitro with

stoichiometry of one copper per metal-binding repeat. Journal of Biological Chemistry 272, 18939-18944.

Lutsenko S., Tsivkovskii R. and Walker J.M. 2003. Functional properties of the human copper transporting ATPase ATP7B
(the Wilson’s disease protein) and regulation by metallochaperone Atox1. Annals of the New York Academy of Sciences 986, 204-
211.

MacDiarmid C.W., Gaither L.A. and Eide D. 2000. Zinc transporters that regulate vacuolar zinc storage in Saccharomyces cerevisiae.

The EMBO Journal 19, 2845-2855.

MacLennan D.H., Rice W.J. and Green N.M. 1997. The mechanism of Ca?* transport by sarco(endo)plasmic reticulum Ca?*-
ATPases. Journal of Biological Chemistry 272, 28815-28818.

Makino T., Takano H., Kamiya T, Itou T., Sekiya N., Inahara M. and Sakurai Y. 2008. Restoration of cadmium-contaminated
paddy soils by washing with ferric chloride: Cd extraction mechanism and bench-scale verification. Chemosphere 70, 1035-

1043.

Maksimovi¢ 1., Kastori R., Krsti¢ L. and Lukovi¢ J. 2007. Steady presence of cadmium and nickel affects root anatomy,

accumulation and distribution of essential ions in maize seedlings. Biologia Plantarnm 51, 589-592.
Maksymiec W. 2007. Signaling responses in plants to heavy metal stress. Acta Physiologiae Plantarum 29, 177-187.

Mana-Capelli S., Mandal A.K. and Argtiello J.M. 2003. Archaeoglobus fulgidus CopB is a thermophilic Cu?*-ATPase. Functional
role of its Histidine-rich N-terminal metal binding domain. Journal of Biological Chemistry 278, 40534-40541.

Mandal A.K. and Argiiello J.M. 2003. Functional roles of metal binding domains of the Archaeoglobus fulgidus Cu* ATPase CopA.
Biochemistry 42, 11040-11047.

Mandal A K., Cheung W.D. and Argiello J.M. 2002. Chatactetization of a thermophilic P-type Ag*/Cu*-ATPase from the
extremophile Archaegglobus fulgidus. Journal of Biological Chemistry 2777, 7201-7208.

Mandal AK,, Yang Y., Kertesz T.M. and Argiello J.M. 2004. Identification of the transmembrane metal binding site in Cu-
transporting Pis-type ATPases. Journal of Biological Chemistry 279, 54802-54807.

Marschner H. 1995. Mineral nutrition of higher plants. Academic, London.

Martell E. and Smith R. 2004. NIST Critical Stability Constants of Metal Complexes. National Institute of Standards and
Technology (NIST) Standard Reference Database 46.

96



Martinoia E., Maeshima M. and Neuhaus H.E. 2007. Vacuolar transporters and their essential role in plant metabolism. Journal

of Experimental Botany 58, 83-102.

Maser P., Thomine S., Schroeder J.I., Ward J.M., Hirschi K., Sze H., Talke ILN., Amtmann A., Maathuis F.J.M., Sanders D.,
Harper J.F., Tchieu J., Gribskov M., Persans M.W., Salt D.E., Kim S.A and Guerinot M.L. 2001. Phylogenetic relationships
within cation transporter families of Arabidopsis. Plant Physiology 126, 1646-1667.

Matsuhashi S., Fujimaki S., Kawachi N., Sakamoto K., Ishioka N.S. and Kume T. 2005. Quantitative modeling of
photoassimilate flow in an intact plant using the Positron Emitting Tracer Imaging System (PETIS). Soi/ Science and Plant

Nutrition 51, 417-424.

Maxted A.P., Black C.R., West H.M., Crout N.M.J., McGrath S.P. and Young S.D. 2007. Phytoremediation of cadmium and
zinc by Salix from soil historically amended with sewage sludge. Plant and Soil 290, 157-172.

McGrath S.P., Lombi E., Gray C.W., Caille N., Dunham S.]. and Zhao F.J. 20006. Field evaluation of Cd and Zn phytoextraction
potential by the hyperaccumulators Thiaspi caerulescens and Arabidopsis halleri. Environmental Pollution 141, 115-125.

McLaughlin M.J. and Singh B.R. 1999. Cadmium in soils and plants - A global perspective. In: McLaughlin M.]. and Singh B.R.,
eds., Cadmium in soils and plants. Development in plant and soil sciences. Dordrecht, the Netherlands: Kluwer Academic

Publishers, pp 1-9.

Mendoza-Cézatl D.G, Jobe T.O., Hauser F. and Schroeder J.I. 2011. Long-distance transport, vacuolar sequestration, tolerance,

and transcriptional responses induced by cadmium and arsenic. Current Opinion in Plant Biology 14, 554-562.

Mendoza-Cézatl D.G., Butko E., Springer F., Torpey J.W., Komives E.A., Kehr J. and Schroeder J.I. 2008. Identification of
high levels of phytochelatins, glutathione and cadmium in the phloem sap of Brassica napus. A role for thiol-peptides in the

long-distance transport of cadmium and the effect of cadmium on iron translocation. The Plant Journal 54, 249-259.

Mills R.F., Francini A., Ferreira da Rocha P.S., Baccarini P.J., Aylett M., Krijger G.C. and Williams L.E. 2005. The plant Pip-
type ATPase AtHMA4 transports Zn and Cd and plays a role in detoxification of transition metals supplied at elevated

levels. FEBS Letters 579, 783-791.

Mills R.F., Krijger G.C., Baccarini P.]J., Hall J.L.. and Williams L.E. 2003. Functional expression of AtHMA4, a Pip-type ATPase
of the Zn/Co/Cd/Pb subclass. Plant Journal 35, 164-176.

Mills R.F., Peaston K.A., Runions J. and Williams L.E. 2012. HvHMAZ2, a P1s-ATPase from barley, is highly conserved among
cereals and functions in Zn and Cd transport. PLoS ONE 7, e42640.

Mills R.F., Valdes B., Duke M., Peaston K.A., Lahner B. and Salt D.E. 2010. Functional significance of AtHMA4 C-terminal
domain in planta. PLoS ONE 5, 13388,

Mitra B. and Sharma R. 2001. The cysteine-rich amino-terminal domain of ZntA, a Pb(II)/Zn(1I)/Cd(ID)-translocating ATPase

trom Escherichia coli, is not essential for its function. Biochemistry 40, 7694-7699.

Miyadate H., Adachi S., Hiraizumi A., Tezuka K., Nakazawa N., Kawamoto T, Katou K., Kodama I., Sakurai K., Takahashi H.,
Satoh-Nagasawa N., Watanabe A., Fujimura T. and Akagi H. 2011. OsHMA3, a Pp-type of ATPase affects root-to-shoot

cadmium translocation in rice by mediating efflux into vacuoles. New Phytologist 189, 190-199.

Moreau S., Thomson R.M., Kaiser B.N., Trevaskis B., Guerinot M.L., Udvardi M.K., Puppo A. and Day D.A. 2002. GmZIP1

encodes a symbiosis-specific zinc transporter in soybean. Journal of Biological Chemistry 2777, 4738-4746.

97



Morel M., Crouzet J., Gravot A., Auroy P., Leonhardt N., Vavasseur A. and Richaud P. 2009. AtHMA3, a Ps-ATPase allowing
Cd/Zn/Co/Pb vacuolar storage in Arabidopsis. Plant Physiology 149, 894-904.

Morteno 1., Norambuena L., Maturana D., Toro M., Vergara C., Orellana A., Zurita-Silva A. and Ordenes V.R. 2008. AtHMA1
is a thapsigargin-sensitive Ca?*/heavy metal pump. The Journal of Biological Chemistry 283, 9633-9641.

Mori S. and Nishizawa N. 1987. Methionine as a dominant precursor of phytosiderophores in Graminaceae plants. Plant and Cell

Physiology 28, 1081-1092.

Morishita T., Fumoto N., Yoshizawa T. and Kagawa K. 1987. Varietal differences in cadmium levels of rice grains of Japonica,

Indica, Javanica and hybrid varieties produced in the same plot of a field. Soi/ Science and Plant Nutrition 33, 629-637.

Mulligan C.N., Yong R.N. and Gibbs B.F. 2001. Remediation technologies for metal contaminated soils and ground water: an
evaluation. Engineering Geology 60, 193-207.

Murakami M., Ae N. and Ishikawa S. 2007. Phytoextraction of cadmium by rice (Oryza sativa 1.), soybean (Glycine max (L.)
Mert.), and maize (Zea mays L.). Environmental Pollution 145, 96-103.

Nakamura S., Suzui N., Nagasaka T., Komatsu F., Ishioka N.S., Ito-Tanabata S., Kawachi N., Rai H., Hattori H., Chino M. and
Fujimaki S. 2013. Application of glutathione to roots selectively inhibits cadmium transport from roots to shoots in oilseed

rape. Journal of Experimental Botany 64, 1073-1081.

Nakanishi H., Ogawa 1., Ishimaru Y., Mori S. and Nishizawa N. 2006. Iron deficiency enhances cadmium uptake and
translocation mediated by the Fe?* transporters OsIRT1 and OsIRT2 in rice. Soi/ Science and Plant Nutrition 52, 464-469.

Nelson N. 1999. Metal ion transporters and homeostasis. The EMBO Journal 18, 4361-4371.

Nishizono H., Kubota K., Suzuki S. and Ishii F. 1989. Accumulation of heavy metals in cell walls of Polygonum cuspidatum root
from metalliferous habitats. Plant and Cell Physiology 30, 595-598.

Nocito F.F., Lancilli C., Dendena B., Lucchini G. and Sacchi G.A. 2011. Cadmium retention in rice roots is influenced by

cadmium availability, chelation and translocation. Plant, Cell and Environment 34, 994-1008.

Nordberg G., Nogawa K., Nordberg M. and Friberg L. 2007. Cadmium. In: Nordberg G., Fowler B., Nordberg M. and Friberg,
L., eds., Handbook on toxicology of metals. New York: Academic Press, pp 65-78.

Nordberg G.F. 2009. Historical perspectives on cadmium toxicology. Toxicological Applied Pharmacology 238, 191-200.
Nriagu J.O. 1996. A history of global metal pollution. Science 272, 223-224.

Obata H., Inoue N. and Umebayashi M. 1996. Effect of cadmium on plasma membrane ATPase from plant roots differing in

tolerance to cadmium. Soi/ Science and Plant Nutrition 42, 361-366.

Odermatt A., Suter H., Krapf R. and Solioz M. 1993. Primary structure of two P-type ATPases involved in copper homeostasis
in Enterococcus birae. Journal of Biological Chenristry 268, 12775-12779.

Ohtake N., Sato T., Fujikake H., Sueyoshi K., OhyamaT., Ishioka N.S., Watanabe S., Osa A., Sekine T., Matsuhashi S., Ito T.,
Mizuniwa C., Kume T., Hashimoto S., Uchida H. and Tsuji A. 2001. Rapid N transport to pods and seeds in N-deficient
soybean plants. Journal of Experimental Botany 52, 277-283.

Okkeri J. and Haltia T. 1999. Expression and mutagenesis of ZntA, a zinc-transporting P-type ATPase from Escherichia coli.
Biochemistry 38, 14109-14116.

98



Olesen C., Picard M., Winther A.M.; Gyrup C., Morth J.P., Oxvig C., Moller J.V. and Nissen P. 2007. The structural basis of
calcium transport by the calcium pump. Nazure 450, 1036-1042.

Olesen C., Serensen T.L., Nielsen R.C., Moller ]J.V. and Nissen P. 2004. Dephosphorylation of the calcium pump coupled to

counterion occlusion. Sczence 306, 2251-2255.

Oliver D.O., Hannam R., Tiller K.G., Wilhelm N.S., Merry R.H. and Cozens G.D. 1994. The effects of zinc fertilization on

cadmium concentration in wheat grain. Journal of Environmental Quality 23, 705-711.

Olsen L.I. and Palmgren M.G. 2014. Many rivers to cross: the journey of zinc from soil to seed. Frontiers in Plant Science 5, 30.

doi: 10.3389/£pls.2014.00030.

Ortiz D.F., Kreppel L., Speiser D.M., Scheel G., McDonald G. and Ow D.W. 1992. Heavy-metal tolerance in the fission yeast
requires an ATP-binding cassette-type vacuolar membrane transporter. The EMBO Journal 11, 3491-3499.

Ortiz D.F., Ruscitti T., McCue K.F. and Ow D.W. 1995. Transport of metal-binding peptides by HMT1, a fission yeast ABC-
type vacuolar membrane protein. Journal of Biological Chemistry 270, 4721-4728.

Palmer C.M. and Guerinot M.L. 2009. Facing the challenges of Cu, Fe and Zn homeostasis in plants. Nature Chemical Biology 5,
333-340.

Palmgren M.G. and Christensen G. 1994. Functional comparisons between plant plasma membrane H-ATPase isoforms

expressed in yeast. Journal of Biological Chemistry 269, 3027-3033.

Palmgren M.G., Clemens S., Williams L.E., Krimer U., Borg S., Schjorring J.K. and Sanders D. 2008. Zinc biofortification of

cereals: problems and solutions. Trends in Plant Science 13, 464-473.

Papoyan A., Pineros M. and Kochian L.V. 2007. Plant Cd?* and Zn?* status effects on root and shoot heavy metal accumulation

in Thlaspi caernlescens. New Phytologist 175, 51-58.

Papoyan, A. and Kochian, L.V. 2004. Identification of Thlaspi caerulescens genes that may be involved in heavy metal
hyperaccumulation and tolerance. Characterization of a novel heavy metal transporting ATPase. Plant Physiology 136, 3814-

3823.

Pence N.S., Larsen P.B., Ebbs S.D., Letham D.L..D., Lasat M.M., Garvin D.F., Eide D. and Kochian L..V. 2000. The molecular
physiology of heavy metal transpott in the Zn/Cd hyperaccumulator Thlaspi cacrulescens. Proceedings of the National Academy of
Sciences of the United States of America 97, 4956-4960.

Phung L.T., Ajlani G. and Haselkorn R. 1994. P-type ATPase from the cyanobacterium Synechococcus 7942 related to the human
Menkes and Wilson disease gene products. Proceedings of the National Academy of Sciences of the United States of America 91, 9651-
9654.

Podar D., Scherer J., Noordally Z., Herzyk P., Nies D. and Sanders D. 2012. Metal selectivity determinants in a family of
transition metal transporters. Journal of Biological Chemistry 287, 3185-3196.

Prasad M.N.V. 1995. Cadmium toxicity and tolerance in vascular plants. Environmental and Experimental Botany 35, 525-545.

Ptashnyk M., Roose T, Jones D.L. and Kirk G.J.D. 2011. Enhanced zinc uptake by rice through phytosiderophore secretion: a
modelling study. Plant, Cell and Environment 34, 2038-2046.

Ramesh S.A., Shin R., Eide D.J. and Schachtman D.P. 2003. Differential metal selectivity and gene expression of two zinc
transporters from rice. Plant Physiology 133, 126-134.

99


http://dx.doi.org/10.3389/fpls.2014.00030

Rashid A. and Ryan J. 2004. Micronutrient constraints to crop production in soils with Mediterranean type characteristic: a

review. Journal of Plant Nutrition 27, 959-975.
Rauser W.E. 1987. Compartmental efflux analysis and removal of extracellular cadmium from roots. Plant Physiology 85, 62-65.
Rauser W.E. 1995. Phytochelatins and related peptides: structure, biosynthesis, and function. Plant Physiology 109, 1141-1149.

Rauser W.E. 2003. Phytochelatin-based complexes bind various amounts of cadmium in maize seedlings depending on the time

of exposure, the concentration of cadmium and the tissue. New Phytologist 158, 269-278.

Rauser W.E. and Meuwly P. 1995. Retention of cadmium in roots of maize seedlings. Role of complexation by phytochelatins

and related thiol peptides. Plant Physiology 109, 195-202.

Rea P.H., Vatamaniuk O.K. and Rigden D.J. 2004. Weeds, worms, and more: Papain’s long-lost cousin, phytochelatin synthase.
Plant Physiology 136, 2463-2474.

Regalla .M. and Lyons T.J. 2006. Zinc in yeast: mechanisms involved in homeostasis. In: Tamas M.]. and Martinoia E., eds.,
Molecular Biology of Metal Homeostasis and Detoxification - from Microbes to Man. Topics in Current Genetics, Berlin:

Springer-Verlag, 37-58.

Rensing C., Fan B., Sharma R., Mitra B. and Rosen B.P. 2000. CopA: an Escherichia coli Cu*-translocating P-type ATPase.
Proceedings of the National Academy of Sciences of the United States of America 97, 652-656.

Rensing C., Ghosh M. and Rosen B.P. 1999. Families of soft-metal-ion-transporting ATPases. Journal of Bacteriology 181, 5891-
5897.

Rensing C., Mitra B. and Rosen B.P. 1997. The gntA gene of Escherichia coli encodes a Zn(II)-translocating P-type ATPase.
Proceedings of the National Academy of Sciences of the United States of America 94, 14326-14331.

Robinson B.H., Schulin R., Nowack B., Roulier S., Menon M., Clothier B., Green S. and Mills, T. 2006. Phytoremediation for

the management of metal flux in contaminated sites. Forest Snow and Landscape Research 80, 221-234.
Romanos M.A., Scorer C.A. and Clare ].J. 1992. Foreign gene expression in yeast: a review. Yeast 8, 423-488.

Rosen B.P. 2002. Transport and detoxification systems for transition metals, heavy metals and metalloids in eukaryotic and

prokaryotic microbes. Comparative Biochemistry and Physiology Part A: Molecular & Integrative Physiology 133, 689-693.

Roth U., Von Roepenack-Lahaye E. and Clemens S. 2006. Proteome changes in Arabidopsis thaliana roots upon exposure to

Cd?*. Journal of Excperimental Botany 57, 4003-4013.

Ruel M. and Bouis H. 1998. Plant breeding: a long-term strategy for the control of zinc deficiency in vulnerable populations.

American Journal of Clinical Nutrition 68, 4885-4948S.

Rutherford J.C., Cavet J.S. and Robinson N.J. 1999. Cobalt-dependent transcriptional switching by a dual-effector MerR-like
protein regulates a cobalt-exporting variant CPx-type ATPase. Journal of Biological Chemistry 274, 25827-25832.

Salt D.E. and Wagner G.J. 1993. Cadmium transport across tonoplast of vesicles from oat roots: evidence for a Cd2*/H*

antiport activity. Journal of Biological Chemistry 268, 12297-12302.

Salt D.E., Prince R.C,, Pickering I.J. and Raskin I. 1995. Mechanisms of cadmium mobility and accumulation in Indian mustard.

Plant Physiology 109, 1427-1433.

Salt D.E., Smith R.D. and Raskin 1. 1998. Phytoremediation. Annual Review of Plant Physiology and Plant Molecular Biology 49, 643-
6068.

100



Sanita di Toppi L. and Gabbrielli R. 1999. Response to cadmium in higher plants. Environmental and Experimental Botany 41, 105-
130.

Sasaki A., Yamaji N., Yokosho K. and Ma J.F. 2012. Nramp5 Is a major transporter responsible for manganese and cadmium

uptake in rice. Plant Cel] 24, 2155-2167.

Satoh-Nagasawa N., Mori M., Nakazawa N., Kawamoto T., Nagato Y., Sakurai K., Takahashi H., Watanabe A. and Akagi H.
2012. Mutations in rice (Oryza sativa) heavy metal ATPase 2 (OsHMAZ2) restrict the translocation of zinc and cadmium. Plant

and Cell Physiology 53, 213-224.

Satoh-Nagasawa N., Mori M., Sakurai K., Takahashi H., Watanabe A. and Akagi H. 2013. Functional relationship heavy metal
P-type ATPases (OsHMA 2 and OsHMAD3) of rice (Oryza sativa) using RNAI. Plant Biotechnology 30, 511-515.

Sazinsky M.H., Mandal A.K., Argiiello J.M. and Rosenzweig A.C. 2006. Structure of the ATP Binding Domain from the
Archaeoglobus fulgidus Co*-ATPase. Journal of Biological Chemistry 281, 11161-11166.

Schachtman D.P., Kumar R., Schroeder J.I. and Marsh E.L. 1997. Molecular and functional characterization of a novel low-
affinity cation transporter (LCT1) in higher plants. Proceedings of the National Academy of Sciences of the United States of America 94,
11079-11084.

Schneider C.A., Rasband W.S. and Eliceiri K.W. 2012. NIH Image to Image]: 25 years of image analysis. Nature Methods 9, 671-
675.

Seigneurin-Berny D., Gravot A., Auroy P., Mazard C., Kraut A., Finazzi G., Grunwald D., Rappaport F., Vavasseur A., Joyard
J., Richaud P. and Rolland N. 2006. HMA1, a new Cu-ATPase of the chloroplast envelope, is essential for growth under
adverse light conditions. Journal of Biological Chemistry 281, 2882-2892.

Seregin 1.V. and Kozhevnikova A.D. 2008. Roles of root and shoot tissues in transport and accumulation of cadmium, lead,

nickel, and strontium. Russian Journal of Plant Physiology 55, 1-22.

Seregin 1.V., Shpigun L.K. and Ivanov V.B. 2004. Distribution and toxic effects of cadmium and lead on maize roots. Russian

Journal of Plant Physiology 51, 525-533.

Sharma R., Rensing C., Rosen B.P. and Mitra B. 2000. The ATP hydrolytic activity of purified ZntA, a Pb(Il)/Cd(I)/ Za(I)-
translocating ATPase from Escherichia coli. Journal of Biological Chemistry 2775, 3873-3878.

Shaul O., Hilgemann D.W., de-Almeida-Engler J., Van Montagu M., Inz¢é D. and Galili G. 1999. Cloning and characterization
of a novel Mg?*/H* exchanget. The EMBO Journal 18, 3973-3980.

Shikanai T., Miiller-Moulé P., Munekage Y., Niyogi K.K. and Pilon M. 2003. PAA1, a P-type ATPase of Arabidopsis, functions
in copper transport in chloroplasts. Plant Cell 15, 1333-1346.

Shojima S., Nishizawa N.K., Fushiya S., Nozoe S., Irifune T. and Mori S. 1990. Biosynthesis of phytosiderophores. Plant
Physiology 93, 1497-1503.

Siedlecka A. and Baszynsky T. 1993. Inhibition of electron flow around photosystem I in chloroplasts of cadmium-treated

maize plants is due to cadmium-induced iron deficiency. Physiologia Plantarum 87, 199-202.

Siedlecka A. and Krupa Z. 1996. Interaction between cadmium and iron and its effects on photosynthetic capacity of primary

leaves of Phaseolus vulgaris. Plant Physiology and Biochemistry 34, 833-841.

101



Solioz M. and Vulpe C. 1996. CPx-type ATPases: a class of P-type ATPases that pump heavy metals. Trends in Biochenzical Sciences
21, 237-241.

Song W.S., Choi K.S., Kim D.Y., Geisler M., Park ]., Vincenzetti V., Schellenberg M., Kim S.H., Lim Y.P., Noh E.W., Lee Y.
and Martinoia E. 2010. Arabidopsis PCR2 is a zinc exporter involved in both zinc extrusion and long-distance zinc transport.

Plant Cell 22, 2237-2252.

Song W.-Y., Mendoza-Cézatl D., Lee Y., Schroeder J.I., Ahn S.-N., Lee H.-S.; Wicker T. and Martinoia E. 2014. Phytochelatin-
metal(loid) transport into vacuoles shows different substrate preferences in batley and Arabidopsis. Plant, Cell and

Environment 37, 1192-1201.

Serensen T.L., Moller J.V. and Nissen P. 2004. Phosphoryl transfer and calcium ion occlusion in the calcium pump. Science 304,

1672-1675.

Southron J.L., Basu U. and Taylor G.J. 2004. Complementation of Saccharomyces cerevisiae ccc2 mutant by a putative Pig-ATPase

from Brassica napus supports a coppet-transporting function. FEBS Letters 566, 218-222.

Souza J.F. and Rauser W.E. 2003. Maize and radish sequester excess cadmium and zinc in different ways. Plant Science 165, 1009-

1022.
Stiles W. 1946. Trace elements in plants and animals. Cambridge University Press.

Suwa R., Fujimaki S., Suzui N., Kawachi N., Ishii S., Sakamoto K., Nguyen N.T., Saneoka H., Mohapatra P.K., Moghaieb R.E.,
Matsuhashi S. and Fujita K. 2008. Use of positron-emitting tracer imaging system for measutring the effect of salinity on

temporal and spatial distribution of C tracer and coupling between source and sink organs. Plant Science 175, 210-216.

Suzuki M., Bashir K., Inoue H., Takahashi M., Nakanishi H. and Nishizawa N.K. 2012. Accumulation of starch in Zn-deficient
rice. Rice 5, 9-16.

Suzuki M., Takahashi M., Tsukamoto T., Watanabe S., Matsuhashi S., Yazaki J., Kishimoto N., Kikuchi S., Nakanishi H., Mori
S. and Nishizawa N.K. 2006. Biosynthesis and secretion of mugineic acid family phytosiderophores in zinc-deficient barley.

Plant Journal 48, 85-97.

Suzuki M., Tsukamoto T., Inoue H., Watanabe S., Matsuhashi S., Takahashi M., Nakanishi H., Mori S. and Nishizawa N.K.

2008. Deoxymugineic acid increases Zn translocation in Zn-deficient rice plants. Plant Molecular Biology 66, 609-617.

Takagi S.I. 1976. Naturally occurring iron-chelating compounds in oat-and rice-root washings: 1. Activity measurement and

preliminary characterization. Soi/ Science and Plant Nutrition 22, 423-433.

Takahashi M., Terada Y., Nakai 1., Nakanishi H., Yoshimura E., Mori S. and Nishizawa N.K. 2003. Role of nicotianamine in the
intracellular delivery of metals and plant reproductive development. Plant Cel/ 15, 1263-1280.

Takahashi R., Ishimaru Y., Senoura T., Shimo H., Ishikawa S., Arao T., Nakanishi H. and Nishizawa N.K. 2011. The
OsNRAMP1 iron transporter is involved in Cd accumulation in rice. Journal of Experimental Botany 62, 4843-4850.

Takahashi R., Ishimaru Y., Shimo H., Ogo Y., Senoura T, Nishizawa N.K. and Nakanishi H. 2012. The OsHMA2 transporter

is involved in root-to-shoot translocation of Zn and Cd in rice. Plant, Cell and Environment 35, 1948-1957.

Tan J., Wang J., Chai T., Zhang Y., Feng S., Li Y., Zhao H., Liu H. and Chai X. 2013. Functional analyses of TaHMAZ2, a P1p-
type ATPase in wheat. Plant Biotechnology Journal 11, 420-431.

102



Tekli¢ T., Loncari¢ Z., Kovacevi¢ V. and Singh B.R. 2013. Metallic trace elements in cereal grain — a review: how much metal

do we eat? Food and Energy Security 2, 81-95.

Tennstedt P., Peisker D., Bottcher C., Trampczynska A. and Clemens S. 2009. Phytochelatin synthesis is essential for the

detoxification of excess zinc and contributes significantly to the accumulation of zinc. Plant Physiology 149, 938-948.

Thomine S., Wang R.C., Ward J.M., Crawford N.M. and Schroeder J.I. 2000. Cadmium and iron transport by members of a
plant metal transporter family in Arabidopsis with homology to Nramp genes. Proceedings of the National Academy of Sciences of
the United States of America 97, 4991-4996.

Tottey S., Rich P.R., Rondet S.A. and Robinson N.J. 2001. Two Menkes-type ATPases supply copper for photosynthesis in
Synechocystis PCC 6803. Journal of Biological Chemistry 276, 19999-20004.

Toyoshima C. and Inesi G. 2004. Structural basis of ion pumping by Ca?"-ATPase of the sarcoplasmic reticulum. Annnal Review

of Biochemistry 73, 269-292.

Toyoshima C. and Nomura H. 2002. Structural changes in the calcium pump accompanying the dissociation of calcium Nazure

418, 605-611.

Toyoshima C., Nomura H. and Tsuda T. 2004. Lumenal gating mechanism revealed in calcium pump crystal structures with

phosphate analogues. Nature 432, 361-368.

Traina S.J. 1999. The environmental chemistry of cadmium - An overview. In: McLaughlin M.]. and Singh B.R., ed., Cadmium
in soils and plants. Development in plant and soil sciences. Dordrecht, the Netherlands: Kluwer Academic Publishers, pp

11-38.

Tsivkovskii R., Eisses J.F., Kaplan J.H. and Lutsenko S. 2002. Functional properties of the copper-transporting ATPase ATP7B
(the Wilson’s disease protein) expressed in insect cells. Journal of Biological Chemistry 2777, 976-983.

Tsukamoto T., Nakanishi H., Kiyomiya S., Watanabe S., Matsuhashi S., Nishizawa N.K. and Mori S. 2006. >>Mn translocation in

batley monitored using a positron-emitting tracer imaging system. Soi/ Science and Plant Nutrition 52, 717-725.
Tudoreanu L. and Phillips C.J.C. 2004. Modeling cadmium uptake and accumulation in plants. Advances in Agronomy 84, 121-157.

Uchida H., Okamoto T., Ohmura T., Shimizu K., Satoh N., Koike T. and Yamashita T. 2004. A compact planar positron
imaging system. Nuclear Instruments and Methods in Physics Research A 516, 564-574.

Ueno D., Iwashita T., Zhao F.J. and Ma J.F. 2008. Characterization of Cd translocation and identification of the Cd form in
xylem sap of the Cd-hyperaccumulator Arabidopsis halleri. Plant and Cell Physiology 49, 540-548.

Ueno D., Kono 1., Yokosho K., Ando T., Yano M. and Ma J.F. 2009a. A major quantitative trait locus controlling cadmium

translocation in rice (Oryza sativa). New Phytologist 182, 644-653.

Ueno D., Koyama E., Kono 1., Ando T., Yano M. and Ma J.F. 2009b. Identification of a novel major quantitative trait locus

controlling distribution of Cd between roots and shoots in rice. Plant and Cell Physiology 50, 2223-2233.

Ueno D., Koyama E., Yamaji N. and Ma J.F. 2011. Physiological, genetic, and molecular characterization of a high-Cd-
accumulating rice cultivar, Jatjan. Journal of Experimental Botany 62, 2265-2272.

Ueno D., Yamaji N., Kono 1., Huang C.F.; Ando T., Yano M. and Ma |.F. 2010. Gene limiting cadmium accumulation in rice.
Proceedings of the National Academy of Sciences of the United States of America 107, 16500-16505.

103



United Nations Environment Programme (UNEP) 2008. Draft Final Review of Scientific Information on Cadmium,
http://www.chem.unep.ch/Pb_and_Cd/SR/Draft_final_reviews/Cd_Review/Final UNEP_Cadmium_review_Nov_2008.
pdf.

Uraguchi S., Mori S., Kuramata M., Kawasaki A., Arao T. and Ishikawa S. 2009. Root-to-shoot Cd translocation via the xylem is

the major process determining shoot and grain cadmium accumulation in rice. Journal of Experimental Botany 60, 2677-2688.

Vallee B.L. and Auld D.S. 1990. Zinc coordination, function, and structure of zinc enzymes and other proteins. Biochemistry 29,

5647-5659.
Van Assche F. and Clijsters H. 1990. Effects of metals on enzyme activity in plants. Plant, Cell and Environment 13, 195-206.

Verret F., Gravot A., Auroy P., Leonhardt N., David P., Nussaume L., Vavasseur A. and Richaud P. 2004. Overexpression of

AtHMA4 enhances root-to-shoot translocation of zinc and cadmium and plant metal tolerance. FEBS Letters 576, 306-31.

Verret F., Gravot A., Auroy P., Preveral S., Forestier C., Vavasseur A. and Richaud P. 2005. Heavy metal transport by AtHMA4
involves the N-terminal degenerated metal binding domain and the C-terminal His11 stretch. FEBS Lesters 579, 1515-1522.

Vert G., Briat J.F. and Curie C. 2001. Arabidopsis IRT2 gene encodes a root periphery iron transporter. Plant Journal 26, 181-
189.

Vert G., Grotz N., Dedaldechamp F., Gaymard F., Guerinot M.L., Briat ].F. and Curie C. 2002. IRT1, an Arabidopsis

transporter essential for iron uptake from the soil and for plant growth. Plant Cel/ 14, 1223-1233.

von Wirén N., Klair S., Bansal S., Briat J.-F., Khodr H., Shioiri T., Leigh R.A. and Hider R.C. 1999. Nicotianamine chelates
both Fe and Fell. Implications for metal transport in plants. Plant Physiology 119, 1107-1114.

Voskoboinik I., Brooks H., Smith S., Shen P. and Camakaris J. 1998. ATP-dependent copper transport by the Menkes protein

in membrane vesicles isolated from cultured Chinese hamster ovary cells. FEBS Letters 435, 178-182.

Voskoboinik 1., Strausak D., Greenough M., Brooks H., Petris M., Smith S., Mercer J.F. and Camakaris J. 1999. Functional
analysis of the N-terminal CXXC metal-binding motifs in the human Menkes copper-transporting P-type ATPase expressed

in cultured mammalian cells. Journal of Biological Chemistry 274, 22008-22012.

Vulpe C., Levinson B., Whitney S., Packman S. and Gitschier J. 1993. Isolation of a candidate gene for Menkes disease and

evidence that it encodes a copper-transporting ATPase. Nature Geneties 3, 7-13.

Wagner G.J. 1993. Accumulation of cadmium in crop plants and its consequences to human health. Advances in Agronomy 51,

173-212.

Walter A., Rémheld V., Marschner H. and Mori S. 1994. Is the release of phytosiderophores in zinc-deficient wheat plants a

response to impaired iron utilization? Physiologia Plantarum 92, 493-500.

Watanabe S., Tida Y., Suzui N., Katabuchi T., Ishii S., Kawachi N., Hanaoka H., Watanabe S., Matsuhashi S., Endo K. and
Ishioka N.S. 2009. Production of no-carrier-added ¢*Cu and applications to molecular imaging by PET and PETIS as a
biomedical tracer. Journal of Radioanalytical and Nuclear Chemistry 280, 199-205.

Watanabe S., Ishioka N.S., Osa A., Koizumi M., Sekine T, Kiyomiya S., Nakanishi H. and Mori S. 2001. Production of positron

emitters of metallic elements to study plant uptake and distribution. Radiochimica Acta 89, 853-858.

104


http://www.febsletters.org/article/S0014-5793%2898%2901059-X/abstract
http://www.febsletters.org/article/S0014-5793%2898%2901059-X/abstract

Weber M., Harada E., Vess C., Roepenack-Lahaye E. and Clemens S. 2004. Comparative microarray analysis of Arabidepsis
thaliana and Arabidepsis halleri roots identifies nicotianamine synthase, a ZIP transporter and other genes as potential metal

hyperaccumulation factors. Plant Journal 37, 269-281.

Wei S.H., Zhou Q.X., Wang X., Zhang K., Guo G. and Ma L.Q. 2005. A newly discovered Cd-hyperaccumulator Solanum
nigrum L. Chinese Science Bulletin 50, 33-38.

Welch R.M. and Graham R.D. 1999. A new paradigm for world agriculture: meeting human needs: productive, sustainable,

nutritious. Field Crops Research 60, 1-10.

Welch R.M. and Graham R.D. 2004. Breeding for micronutrients in staple food crops from a human nutrition perspective.

Journal of Excperimental Botany 55, 353-364.
Welch R.M. and Shuman L. 1995. Micronutrient nutrition of plants. Critical Reviews of Plant Science 14, 49-82.

Wessells K.R. and Brown K.H 2012. Estimating the Global Prevalence of Zinc Deficiency: Results Based on Zinc Availability
in National Food Supplies and the Prevalence of Stunting. PLoS ONE 7, e50568.

Wheal M. and Rengel Z. 1997. Chlorsulfuron reduces rates of zinc uptake by wheat seedlings from solution culture. Plant and
S0i/ 188, 309-317.

White P.J. 2001. The pathways of calcium movement to the xylem. Journal of Experimental Botany 52, 891-899.

White P.J. 2005. Studying calcium channels from the plasma membrane of plant root cells in planar lipid bilayers. In: Tien H.T.
and Ottova-Leitmannova A., eds., Advances in planar lipid bilayers and liposomes, Vol. 1. Amsterdam, The Netherlands:

Elsevier, pp 101-120.
White P.J. and Broadley M.R. 2003. Calcium in plants. Annals of Botany 92, 487-511.

White P.J., Whiting S.N., Baker A.J.M. and Broadley M.R. 2002. Does zinc move apoplastically to the xylem in roots of Thlaspi
caernlescens? New Phytologist 153, 201-207.

Widodo B.M.R., Rose T., Frei M., Pariasca-Tanaka J., Yoshihashi T., Thomson M., Hammond J.P., Aprile A., Close T.J., Ismail
AM. and Wissuwa M. 2010. Response to zinc deficiency of two rice lines with contrasting tolerance is determined by root

growth maintenance and organic acid exudation rates, and not by zinc-transporter activity. New Phyfologist 186, 400-414.

Williams L.E. and Mills R.F. 2005. Pip-ATPases - an ancient family of transition metal pumps with diverse functions in plants.

Trends in Plant Science 10, 491-502.

Wissuwa M., Ismail A.M. and Yanagihara S. 2006. Effects of zinc deficiency on rice growth and genetic factors contributing to

tolerance. Plant Physiology 142, 731-741.

Woeste K.E. and Kieber J.J. 2000. A strong loss-of-function mutation in RANT results in constitutive activation of the ethylene

response pathway as well as a rosette-lethal phenotype. Plant Cel/ 12, 443-455.

Wong C.K.E. and Cobbett C.S. 2009. HMA P-type ATPases are the major mechanism for root-to-shoot Cd translocation in
Arabidopsis thaliana. New Phytologist 181, 71-78.

Wong C.K.E., Jarvis R.S., Sherson A.M. and Cobbett C.S. 2009. Functional analysis of the heavy metal binding domains of the
Zn/Cd-transporting ATPase, HMA2, in Arabidopsis thaliana. New Phytologist 181, 79-88.

Yamaji N., Xia J., Mitani-Ueno N., Yokosho K. and Ma J.FF. 2013. Preferential delivery of zinc to developing tissues in rice is
mediated by P-type heavy metal ATPase OsHMAZ2. Plant Physiology 162, 927-939.

105



Yang W., Zhao F., Ding Z., Wang Y., Zhu Z. and Yang X. 2014. Variations of cadmium tolerance and accumulation among 39
Salix clones: implications for phytoextraction. Environmental Earth Science, DOL: 10.1007/$12665-014-3636-4.

Yoneyama T., Suzui N., Ishioka N.S. and Fujimaki S. 2011. A quick incorporation of N into the soluble high-molecular

compound in rice (Oryza sativa 1..) roots by application of ’N-labeled nitrate/nitrite. Soi/ Science and Plant Nutrition 57, 279-
282.

Yoshihata T., Suzui N., Ishii S., Kitazaki M., Yamazaki H., Kitazaki K., Kawachi N., Yong Yin Y.-G., Ito-Tanabata S., Hashida
S., Shoji K., Shimada H., Goto F. and Fujimaki S. 2014. A kinetic analysis of cadmium accumulation in a Cd hyper-

accumulator fern, Azhyrium yokoscense and tobacco plants. Plant, Cell and Environment 37, 1086-1096.

Yu J., Hu S., Wang J., Wong G.K,, Li S,, Liu B., Deng Y., Dai L., Zhou Y., Zhang X. e a/. 2002. A draft sequence of the rice
genome (Oryza sativa L. ssp. indica). Science 296, 79-92.

Yuan L., Yang S., Liu B., Zhang M. and Wu K. 2012. Molecular characterization of a rice metal tolerance protein, OsMTP1.
Plant Cell Reports 31, 67-79.

Zenk M.H. 1996. Heavy metal detoxification in higher plants - a review. Gene 179, 21-30.

Zhang C., Yin X., Gao K., Ge Y. and Cheng W. 2013. Non-protein thiols and glutathione S-transferase alleviate Cd stress and

reduce root-to-shoot translocation of Cd in rice. Journal of Plant Nutrition and Soil Science 176, 626-633.

Zhao F.J., Hamon R.E., Lombi E., McLaughlin M.]. and McGrath S.P. 2002. Characteristics of cadmium uptake in two

contrasting ecotypes of the hyperaccumulator Thlasp: caerulescens. Journal of Experimental Botany 53, 535-543.

Zhao F]J., Jiang R.F., Dunham S.J. and McGrath S.P. 2006. Cadmium uptake, translocation and tolerance in the
hyperaccumulator Arabidopsis halleri. New Phytologist 172, 646-654.

Zhao H. and Eide D. 1996. The ZRT?2 gene encodes the low affinity zinc transporter in Saccharomyces cerevisiae. Journal of Biological
Chemistry 271, 23203-23210.

Zhu D., Schwab A.B. and Banks MK. 1999. Heavy metal leaching from mine tailings as affected by plants. Journal of
Environmental Quality 28, 1727-1732.

106



ACKNOLEDGMENTS

107



108



