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Abstract

In plants, Cd causes perturbation of root metahkgtaind is known to interfere with the metal
translocation to the shoot. The most significafctfis the strongly reduced transport of Fe.
Fe accumulation in roots under Cd stress revedladitt is not the Fe acquisition but the Fe
loading to xylem elements that is blocked by Cd,ciwhcan be a result of competition
between Fe and Cd for the transporters. Howeveanimal cells as well as in plant stomata

guard cells, Cd was shown to move through Ca channe

To clarify whether the perturbation of metal trasition/xylem loading caused by Cd show
any regularity, translocation ability was testedtbg determination of the metal content in
leaves of hydroponically cultured (¥ Hoagland rerttisolution, Fe source: 1M Fe''-
citrate) poplar plants grown for three weeks withwathout 10 uM Cd(NG:s), treatment.
Metals could be classified into two groups accagdio the behavior of their translocation
under Cd treatment: alkaline earth metals (exceg}, Mn and Mn were influenced similarly
to Ca, but other transition metals (together wilkala metals and Al) behaved like the Fe.
Based on the translocation pattern, Cd seems tibitintine transport of Ca-like metals
competitively, but a different type of inhibitios exerted on the transition metal transport,
with which Cd can share a common translocation esyst The strongly decreased
translocation of chelator-dependent transition metay indicate Cd related disturbances in

signalling pathways and gene expression of xyl@msfporters or chelators.
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1. Introduction

1.1 Metal translocation of plants

The metal content of shoot tissues depends onptakel and translocation ability of
root and vascular tissues. The transport mechaniemessential alkali and alkaline earth
metals (sodium, potassium, magnesium and calcias)time ability to discriminate between
divalent or monovalent, larger or smaller catiomich is essential to translocate them
differentially. Calcium transport routes, howevean hardly separate strontium and calcium
[1] pointing out that this finely balanced systesronly evolved to take discrimination among
essential cations. Some of the metals, as potasarenmobile in the phloem, but most of
them, like calcium, seem to be only mobile in tlygern. Essential transition metals also have
dedicated transporters and specialized transpatesan which not only the uptake, but the
xylem loading, and the assembly of metal-complexasrongly controlled [2, 3]. Some of the
non-essential metal ions are also taken up byrdmesporters of essential transition metals,
and translocated as organic complexes [2, 4]. Eurtbre, it is well known that changes in
the availability of nutrient ions cause perturbasion the accumulation of others. Particularly,
essential transition metals and some non-essgmti@stly transition) metals influence the
translocation of each other [5]. For example, C,Q¥, Cu and Al are known to interact with
Fe translocation [6, B]. Several non-essential and trace metals arehtoargknown to be
taken up and translocated by such systems whichirum@ved in essential macro- or
micronutrient metal transport. Among others**Ss known to be transported together with
cd* [9] and RB with K* [10]. B&* which have similar ionic radius to*Kwas shown to
intefere with K metabolism, but competes with #11]. Nevertheless, BAmoves mostly
in the apoplastAmong transition metal ions, Feis known to be taken up and transported by
transporters (ZIP and Nramp family transportersjctvtare also involved in M and zZf*

transport [12] but even €fris thought to be transported together with F&' Bind AP* were



shown to compete for chelators with®F¢6, 13] but probably use different transporters.
Other transitional metals, like Ti, Sc and Co whask hardly translocated to the shoot were
also shown to affect the essential transition messsport to shoot [14Understanding of the
ways and control of transition metal uptake andadi@cation is very important particularly

because some of them can be highly toxic when aclaienin the cells [15].

1.2 Impact of cadmium on metal translocation

Cadmium is a non-essential and highly toxic heawtamfor all organisms. When
translocated to the shoot, it causes strong oxielastress and the inhibition of plant
metabolism including photosynthesis by direct amdirect mechanisms [16, 17]. The most
important indirect effect of Cd is the perturbatioh metal uptake and translocation. It is
known to interfere, among others, with the Zn, e, Cu and Ca translocation to shoot in
plants [18]. Cd itself is often thought to be thamdted using either Ca [19] or Fe [20]
translocation routes. In animal cells as well aplktomata guard cells, Cd was shown to
move through Ca channels/transporters [19, 21]. ¢d@n one of the most important causes
of Cd toxicity is that it induces strong Fe defraig in the shoot [22]. The Fe transport system
is also known to carry other divalent transition taheions, but also Cd [12]. The
translocation of iron from root to shoot througHexg elements needs citrate as chelator. In
the presence of Cd, the expression of xylem citiraesporter FRD3 is down-regulated [3].
Though Cd inhibited the Fe reductase in sugar [®#8jt Fe accumulation in poplar roots
under Cd stress revealed that it is not the Feisitign but the translocation that is blocked
by Cd [22]. The competition between Fe and Cd eeifbr the xylem transporters nor the
chelators cannot be excluded. Cu translocatiotssknown to decrease under Cd stress [24].
In the root, there are specific transporters for[€2] but there is a competition between Cu

and other heavy metals for the chelators as Cuusss nicotianamin as organic chelator in



the xylem sap [26]. Therefore, there is not agregmanether Cd is transported from the root
to the shoot using a translocation system involagda, Fe or other essential metals.

The goal of the present study is to clarify if #hés any regularity in the Cd induced
perturbation of the accumulation of different metal the leaves in order to shed more light

on Cd translocation pathways.

2. Materials and methods

2.1 Plant material

Experiments were performed on micropropagated poffepulus jacquemontiana
var. glauca (Haines) Kimura, 1982, cv. Kopeczkii) plants, grownclimate chamber [14/10
hours light (120 pE ths')/dark periods, 24/22°C and 70/75% relative hury]dit quarter-
strength Hoagland nutrient solution: 1.25 mM CagNO1.25 mM KNQ, 0.5 mM MgSQ,
0.25 mM KHPQO;, 0.08uM CuSQ, 4.6 uM MnCly, 0.19uM ZnSQy, 0.12 uM NazMoOs,,
11.56uM H3BOs, and 10uM Fe'" —citrate as Fe source. All chemicals were lab-graues
(Reanal, Hungary). To prepare nutrient solutionpnieed water was used, G<4.0 uS. The
nutrient solution was refreshed on every secondtdayeep the element concentrations at
constant level. From their four-leaf stage, plamése further grown under control conditions
(Ctrl) or treated by the addition of 1M Cd(NGs), for three weeks (Cd-plants). Second

leaves, emerged during the treatment were usesldorent determination.

2.2 Determination of element concentration

Leaves were harvested during the second and treeksvof treatment: three times a
week from Cd-plants, and once a week from Ctrl {glaDried (one week at 60°C) leaves

were digested by HNOfor 30 min at 60°C and then in,8, for 90 min at 120°C. After



filtration by MN 640W paper ion contents were meaasdlby ICP-MS (Inductively Connected
Plasma Mass Spectrometer, Thermo-Fisher, USA) faroelements and by ICP-OES
(Inductively Connected Plasma Optical Emission 8peteter, Perkin-Elmer, USA) for
macroelements. The concentration of aluminium, umayi calcium, cadmium, chromium,
copper, iron, potassium, lithium, magnesium, maergan sodium, nickel, scandium,
strontium, titanium and zinc were measured in ti@@es. The elements not present in the
nutrient solution but detectable in samples ardazuomants arised from the de-ionized water

or laboratory chemicals.

2.3 Statistical analysis

Metal concentrations were measured in two bioldgiepetitions from two leaves on
every second day between tHeahd 2% days of treatment. Unpaired t-tests, ANOVAs, and
linear regressions were performed by Microsoft €affiExcel 2007 and InStat v. 3.00
(GraphPad Software Inc.). The term ‘significantljffetent’ means that the similarity of

samples is less than P=0.05.

3. Results

3.1 Leaf development

The dry weight of Ctrl leaves were higher than thad Cd-plants’ leaves, the
difference was significant at P<0.001 under the eexpental period. Leaf element
concentration measurements were performed aftemweed treatment when the surface area
growth of second leaves had terminated [18]. Dutirggsecond and third week of treatment,

there was only about 10% increase in the dry weagfhboth Cd-plants’ and Ctrl second



leaves. The slopes of the increase did not diftgriscantly in Cd-plants’ and Ctrl leaves (not

shown). Therefore, we normalized the element castenthe dry weight of the leaves.

3.2 Metal content of the dezionized water and thieient solution.

Despite the deionization process, the deionizedewfB<4.0 uS) still contained
remarkable amount of metals (Table 1A). There wa$ measurable Cd, Sc and Ti
contamination, while the concentrations of the pthensition metals were more or less equal
in the deionized water. The concentration of sosseetial metals, like Cu and Mo was close
to the theoretical metal concentrations of theiantrsolution, whereas the concentration of
Na and Zn exceeded the amount of Na and Zn givetmenquarter-strength Hoagland’s
solution. The amount of non-essential metals, AkeBa, Cr, Li, and Sr was comparable to
those of essential transition metals (Cu, Mn, Mo).

Lab chemicals were also contained some trace noetalamination as the metal
concentrations has increased compared to the timreoncentrations and has changed
compared to dezionized water (Table 1B). However,doncentration of Sc and Ti remained

under the detection limit of ICP-MS in the nutrieselution.



Table 1: Metal concentrations (UM) in the deziodineater (A) and in the nutrient solution

(B).

A B
Al 3.3610.13 3.65+1.11
Ba 0.28+0.02 0.29+0.03
Ca 17.01+1.25 1458.95+30.07
Cd nd 0.19+0.01
Cr 0.10+0.01 0.13+0.01
Cu 0.07+0.01 0.13+0.01
Fe 0.87+0.10 10.07+0.26
K 4.75+1.50 1686.21+20.95
Li 0.22+0.00 0.42+0.01
Mg 5.55+0.50 569.63+4.86
Mn 0.04+0.00 5.14+0.04
Na 27.40+£10.57 33.62+0.89
Ni 0.04+0.00 0.0510.01
Sc nd nd
Sr 0.04+0.00 0.70£0.01
Ti nd nd
Zn 0.56+0.02 0.57+0.02

3.3 Metal concentrations in second leaves

Despite the largest translocation rates occurrathgluhe leaf developmental phase,
both Ctrl and Cd-plants had taken up and transtacateasureable amount (>0.1 ppm) of
essential and non-essential elements to their $edugng the time of treatment (between the
7™ and 2% days). Concerning the macronutrients, the conatatr of K and Ca showed
tendentious increase in Ctrl leaves (Table 2) durihe time of treatment, while Mg
concentration did not change significantly. The camtration of most microelements also
showed some increase in Ctrl leaves. Contaminaiegnents behaved similarly to essential
metals, the concentration of Al, Ba, Li, Sr showé&dwever, only tendentious but not
significant increase. Ctrl plants contained onlgnaall amount of Cd (1.16+0429 g* DW)

the concentration of which did not change undettithe of treatment significantly.



Under Cd treatment, a relatively large amount ofW@ag translocated to the Cd-plants’
second leaves emerged during the treatment. Seagrold leaves contained considerable
amount of Cd (268.0+17.8g g* DW) and there was a continuous, nearly lineardase
during the next two weeks of treatment (21 daysledes contained 373.0+28.18 g* DW
Cd). Cd treatment caused significant decrease iraf@hK, but not in Mg concentration,
compared to Ctrl. However, both metals showed as®eunder further treatment (Table 2).
Concerning the microelements, the accummulatioReotvas inhibited drastically in the first
week as a result of Cd treatment. Further treatrapnthere was no significant change in Fe
concentration. The concentration of Mn and Cu distreased in the first period of treatment,
but whereas there were not any further tendentahaiges in the Cu concentration, the
concentration of Mn showed some increase. In csehtta other microelements, the
concentration of Zn exceeded that of Ctrl leavesnduthe treatment. Similarly to K, Na
concentration decreased significantly in the fisstek of Cad treatment compared to the
control, but the further treatment did not causg significant change. Concerning the non-
essential elements, Cd treatment decreased cooshlyuthe translocation of all measured
elements, Al, Ba, Cr, Li, Ni, Sc, Sr and Ti, conmgzhrto the Ctrl. However, the level of
decrease in translocation was specific for eacmete. At the end of the Cd treatment, the
concentration of Al, Cr, Li and Sc reached the Istwaalue (<50%) compared to Ctrl leaves,

while the concentration of Ba, Ni, Sr and Ti was3®@%o of the Ctrl.



Table 2: Metal concentrations of 7 and 21 days @idtreated and 7 days old Ctrl leaves

given as the percentage of the concentration @fa% old control leaves (100%). The data of

the 21 days old contol leaves are given in absolaliges (g metal YDW).

7" day 21°% day

Ctrl Cd-treated Ctrl Cd-treated

(%) (%) (ug metal g * DW) (%)
Al 83.5+22.5 29.1+3.2 121.00+27.19 29.7+4.7
Ba 92.7+11.4 45.6+1.5 316.00+35.99 61.4+4.9
Ca 79.0+1.6 70.3+1.8 9683.00+153.98 82.2+1.5
Cr 53.8+3.9 36.0+3.7 2.27+0.03 49.345.3
Cu 74.319.4 52.0+1.7 12.70+2.49 54.5+4.6
Fe 65.0+5.2 27.8+1.7 149.00+11.43 29.4+4.1
K 88.9+10.8 77.5+4.1 44126.0045947.71 83.8+1.4
Li 89.6+7.3 38.9+7.2 0.46+0.19 40.2+0.9
Mg 93.949.1 114.1+6.4 2036.00+108.93 125.1+4.0
Mn 74.449.3 69.2+5.4 95.00+8.84 87.0+1.6
Na 76.018.3 52.0+1.3 903.00+21.15 57.0+12.0
Ni 54.443.1 60.4+10.3 1.04+0.10 64.2+41.0
Sc 77.3+x11.4 57.5+0.6 0.21+0.02 55.1+2.0
Sr 86.0+12.6 65.6+2.7 27.90+3.50 76.3+0.5
Ti 71.1+7.5 64.9+2.4 0.37+£0.04 81.2+25.4
Zn 63.8145.6 117.9+7.5 49.20+2.82 142.3+1.9

Therefore, three significantly different groups wefound according to the
concentration growth (Fig. 1). Alkali and transitionetals (except K, Mn and Zn) showed
significantly lower increase in concentration (<50%Ctrl total metal concentration in three-
week old leaves) than Sr, Ca, K, Mn and 2%(0% of total metal concentration). The
concentration increase of Ba and Mg even exceduetevel of Ctrl. The similarities within

the groups were significantly higher than betweerugs.
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Figure 1: Cd treatment induced changes in the loaeagson of metals to the leaves between
the 7" and 2% day of treatment. Changes were normalized to theximmal metal
concentrations in the 21 day old Ctrl leaves (3able 2). Differences were analyzed by t-test
(ns: non significant, *: P<0.1, **: P<0.05, ***: Bx01). Three groups of metals were
established based upon the Cd treatment to Cte mattranslocation percentage. The
differences are significant (P<0.05) between threugs but not within the groups (ANOVA

with Tukey-Kramer post test).

3.4 The influence of Cd on metal translocation

During two weeks, 28.15+5.69% of the final Cd comtgranslocated to the second
leaf, whereas the concentration of Cd in contraVés remained stable. For testing the effect
of Cd on the translocation of metals, relative (P4naximal) metal concentrations of leaves
were plotted as codomains set against changeslativee Cd concentration as domains
(IMe]tre—[Cd]ire). Linear regressions were performed on the plétsvluch slopes were

analyzed (Fig. 2). Based on these slopes, thréereiift groups of metals were found. In the



first group, which contained all the studied alkaid transition metals (except of Mn and Zn),
the slopes of plots remained below 0.5. Howeves,dbncentration of Al, Li and Sc hardly
increased (or even decreased). In the second groofaining the alkaline earth metals
together with Zn and Mn, the slopes of the correhatvere over 0.5. In the case of Ba (third
group), the slope approached 1.0 The variabilitglopes in a group remained much lower
than between groups, which means that the grogpsisantly differed from each other. The

variability was higher in the first group compatedhe second one.
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Figure 2: Correlation of metal translocation to &stummulation shown by the slopes of the
plots of [Me] as the function of [Cd]. Three groupsuld be established based on the
retardation in translocation caused by Cd treatnmieme differences are significant (P<0.05)

between the groups but not within the groups (ANOMith Tukey-Kramer post test).



4. Discussion

Essential and non-essential elements are knowmteécact with each other in the root-
to-shoot translocation [27, 28]. Cd is known to smlre deficiency in the shoot, but it also
affects the calcium metabolism [19]. The translmratind metabolism of other macro- and
micronutrients, like K, Zn, Mn and Cu were alsowhdeing disturbed [16]. As Cd induced
considerable changes in the concentration of nedrlgssential and non-essential metals in
leaves (Fig. 1), the different changes in tranglooaof the different groups of metals may
also indicate how Cd is translocated in plantsaddition, some pieces of information about

the mode of interactions of Cd with metal transtmzacan be obtained.

4.1 Changes in the metal translocation
In spite of the low concentration of non-essentr@tals in the nutrient solution
originated from both the deionized water and lakenaicals, plants accumulated them

effectively in their leaves.

4.1.1 Transition metals

Under Cad treatment, the Fe transport was strorgdyiced, there was only little
increase in leaf Fe content of Cad plants afterbibginning of treatment. Cd is known to
interfere with Fe uptake to the root cells, as un@& treatment the apoplastic Fe
concentration is increasing. The expression of IR¥ds shown to be enhanced in the
presence of Cd [29]. However, the loading of Feheoxylem elements and its translocation to
shoot tissues is strongly dependent on the presehcérate in the xylem sap. Under Cd
treatment, the citrate transporter FRD3 is knowhdaown-regulated [3]. The stagnating leaf
Fe concentration supports the theory that Fe aclatesuin roots and not transported to shoot

when the plants is exposed to Cd [22], becausec®das regulator on the expression of the



genes involved in root-to-shoot Fe translocatiord 8 reported to interact with Ca-
signalization pathway [21] and also to Zn-fingeipéedent regulation pathways [30]. The
interaction of Cd to signalization pathways canabeeason for the phenomena of changed
expression of some transporters, but also supgieettheory of Ca-like behaviour of Cd. The
metals known to be transported more or less theesmay as Fe (Cu, Al, Cr, Ni) forming
citrate or nicotianamine complexes, show a veryilaimconcentration change profile,
indicating that Cd affects their translocation $arly to Fe. However, the translocation
profile of Zn and Mn differed from that of othemfsition metals. Mn is known to form
organic or phosphate chelates in the xylem sap, [&hjle Zn forms Zn-nicotianamine
complexes in the symplast but not in the xylem @8} suggesting that both Zn and Mn
translocation must be less affected by Cd. Cd asae the shoot Zn content but the elevated
translocation activity seems to be restricted oldaf development phase as after that period
the translocation of Zn does not differ from otheetals. The moderate retardation of leaf Mn
accummulation indicates that Mn translocation/Mmptexation are less affected by Cd as
the translocation of Mn basically differs from thadtFe and Cu [25, 33]. The translocation
profile of Ti and Sc indicates that both of thenowd be translocated to the shoot using one

of the pathways involved in chelator-dependentsiteon metal translocation [34].

4.1.2 Alkali metals
Changes in the translocation profile of alkali netander Cad treatment were similar
to that of the transition metals. However, alkatals are transported in plants as free ions.
Their transporters are specific, i.e they can disoate between Na and K. Li may be
transported together with Na as it is predictedhgyrate of retardation under Cd treatment.
Concerning the effect of Cd on the translocatiomal&hli metals, some general effect
should occur. As a divalent cation, Cd can not tre@sporters/channels dedicated for

monovalent cations, therefore the effect of Cd lalametal translocation should also be a



kind of non-competitive inhibition. Ca is also knowo interact with K uptake of plants [35,
36]. The similar effect of Cd on potassium uptakd &ranslocation also indicates the analogy

between Cd and Ca in plants.

4.1.3 Alkaline earth and earth metals

The Cd treatment also disturbed the translocatialkaline earth metals - except Mg
- to the leaves. The accumulation was, howevenifgzgntly less affected than that of most
transition metals. Mg is taken up and translocétaah the root to shoot separately from other
alkaline earth metals. However, Sr and Ba interfeith Ca transport [9]. Among alkaline
earth metals, the translocation of Ba was the dffested under Cad treatment. Unlike other
alkaline earth metals Ba was shown to move in gophkast only, not entering in the symplast
[37], which could be a reason why Cd affected tletfnlocation much less than Ca and Sr.
Mg is also not effected by Cd indicating that Mansporters can discriminate between*Mg
and Cd" easily. Sris known to be transported togetheh @i in both plants and animals [1].
The middle strength retardation in the translocatmf Ca and Sr compared to most
transitional and alkali metals indicates that imstlbase a competitive-like inhibition of
translocation is more likely than a non-competitioee. Cd is known to interfere with
membrane transport of Ca not only in animal c&ls] out also in stomatal guard cells [19]
referring to the disturbance of some Ca-dependgnaliing processes. In animal cells, Cd is
known to interfere with the activation of some sigtransduction pathways based on the Ca-
like features of Cd [38] as Cd can bind to someb{aling sites. A large amount of Cd in
plants does not enter to the symplast but remaitisa cell wall. Cd was shown to replace Ca
in the cell wall structure on Ca-binding sites [3Bhese data seems to support the theory that
Cd and Ca share a common translocation system.

The earth metal Al showed strongly decreased waatibn under Cd treatment which

makes it similar to some of the transition metdlse translocation profile of Al shows close



relationship to those of Fe, Ni and Cu. Al is knowrinteract with Fe transport by competing
for citrate as chelator [6], or even for transptelherefore the similarities in Fe and Al
translocation also support the theory of indiretfea of Cd on their translocation by

inhibiting the accummulation of citrate in the xylesap.

4.2 Conclusion
Based on the translocation profiles, two groupmetfals could be identified in which

Cd affects the translocation of metals either ke-br Ca-like ways. In the Ca-like group of
metals, a competitive type of inhibition of transdtion occurs, possibly at the level of the
function of transporters, which seems to suppaettheory that Cd and Ca share a common
translocation system. In the second group, whiafitatos most of the alkali and transition
(except Zn and Mn) metals together with Al, thelmion of translocation is non-competitive
type. The strongly decreased translocation of ¢hetdependent transition metals may
indicate Cd related disturbances in signalling walys and gene expression of xylem

transporters or chelators.

Acknowledgement
This work was supported by the grant NN-74045 (O} KRrigitta Basa also acknowledges
the financial support of the European Union andBheopean Social Fund (TAMOP 4.2.1./B-

09/1/KMR-2010-0003).

References



[1] U. Kanter, A. Hauser, B. Michalke, S. Draxf.R. Schaffner, Caesium and strontium
accumulation in shoots dArabidopsis thaliana: genetic and physiological aspecisExp.

Bot. 61 (2010) 3995-40009.

[2] J.L. Burkhead, K.A. Gogolin Reynolds, S. E. Abdhany, C. M. Cohu, M. Pilon,

Copper homeostasislew Phytol. 182 (2009) 799-816.

[3] H. Yamaguchi, H. Fukuoka, T. Arao, A. Ohyama,Nunome, K. Miyatake, S. Negoro,
Gene expression analysis in cadmium-stressed robta low cadmium-accumulating

solanaceous planplanum torvum. J. Exp. Bo. 61 (2010) 423-437.

[4] J.-F.Briat, C. Curie, F. Gaymard, Iron utilimat and metabolism in plant§urr. Op.

Plant Biol. 10 (2007) 276—282.

[5] M. Pilon, C.M. Cohu, K. Ravet, S.E. Abdel-Ghaffy Gaymard, Essential transition metal

homeostasis in plant€urr. Op. Plant Biol. 12 (2009) 347-357.

[6] J.F. Ma, S. Hiradate, Form of aluminium for al¢ and translocation in buckwheet

(Fagopyrum esculentum Moench),Planta 211 (2000) 355-360.

[7] B.K. Dube, K. Tewari, J. Chatterjee, C. Chgtder Excess chromium alters uptake and

translocation of certain nutrients in citrull@hemosph. 53 (2003) 1147-1153.



[8] D. Douchkov, C. Gryczka, U.W. Stephan, R. Hell, Baumlein, Ectopic expression of
nicotianamine synthase genes results in improved accumulation and increased nickel

tolerance in transgenic tobac&bant Cell Environ. 28 (2005) 365-374.

[9] I.V. Seregin, A.D. Kozhevnikova, Strontium tsgort, distribution, and toxic effects on

maize seedling growtlRuss. J. Plant Physiol. 51(2004) 215-221.

[10] M. Beniloch, I. Moreno, A. Rodriguez-Navarrdwo modes of rubidium uptake in

sunflower plantsPlant Physiol. 90 (1989) 939-942.

[11] M. Llugany, C. Poschenrieder, J. Barceld, Asseent of barium toxicity in bush beans

Arch. Environ. Contam. Toxicol. 39 (2000) 440-444.

[12] Y.O. Korshunova, D. Eide, W.G. Clark, M.L. Guet, H.B. Pakrasi, The IRT1 protein
from Arabidopsis thaliana is a metal transporter with a broad substrate raPigat Mol. Biol.

40 (1999) 37-44.

[13] M.J. Haydon, C.S. Cobbett, Transporters oénids for essential metal ions in plants,

New Phytol. 174(2007) 499-506.

[14] I. Shtangeeva, S. Ayrault, J. Jain, Scandiupadcumulation and its effect on uptake of
macro- and trace elements during initial phaseglant growth,Soil Sci. Plant Nutr. 50

(2004) 877-883.



[15] M. Valko, H. Morris, M.T.D. Cronin, Metals, xicity and oxidative stres€urr. Med.

Chem. 12 (2005) 1161-1208.

[16] L. Sanita di Toppi, R. Gabbrielli, Responsece@mium in higher plant&nviron. Exp.

Bot. 41 (1999) 105-130

[17] M.C. Romero-Puertas, M. Rodriguez-Serrano, Edrpas, M. Gomez, M.A. del Rio,
L.M. Sandalio, Cadmium-induced subcellular accutimaof O,> and HO. in pea leaves,

Plant Cell Environ. 27 (2004) 1122-1134.

[18] A. Solti, L. Gaspar, |. Mészaros, Z. Szigetil évai, E. Sarvari, Impact of iron supply on
the kinetics of recovery of photosynthesis in Qesded poplarRopulus glauca), Ann. Bot.

102 (2008) 771-782.

[19] L. Perfus-Barbeoch, N. Leonhardt, A. Vavassdlir Forestier, Heavy metal toxicity:
cadmium permeates through calcium channels andridssthe plant water statiRlant J. 32

(2002) 539-548.

[20] G. Vert, N. Grotz, F. Dédaldéchamp, F. Gaymaid.. Guerinot, J.-F. Briat, C. Curie,
IRT1, an Arabidopsis transporter essential for inptake from the soil and for plant growth,

Plant Cell 14 (2002) 1223-1233.

[21] P.M. Verbost, G. Flik, P.K.T. Pang, R.A.C. lkycS.E. Wendelaar-Bonga, Cadmium

inhibition of the erythrocyte Gapump J. Biol. Chem. 264 (1989) 5613-5615



[22] F. Fodor, L. Gaspéar, F. Morales, Y. Gogorceha,J. Lucena, E. Cseh, K. Kropfl, J.
Abadia, E. Sarvari, Effects of two iron sourcesimm and cadmium allocation in poplar

(Populus alba) plants exposed to cadmiuifr.ee Physiol. 25 (2004) 1173-1180.

[23] E. Alcantara, F.J. Romera, M. Carfiete, M.D LdeGuardia, Effects of heavy metals on
both induction and function of root Fe(lll) redustain Fe-deficient cucumbeCicumis

sativus L.) plants.J. Exp. Bot. 45 (1994) 1893-1898

[24] R.B. Clark, Cadmium effects on influx and tsaort of mineral nutrients in plant species,

J. Plant Nutr. 19 (1996) 643 — 656.

[25] I. Yruela, Copper in plant&raz. J. Plant Physiol. 17 (2005) 145-146.

[26] A. Pich, G. Scholz, Translocation of coppedanther micronutrients in tomato plants

(Lycopersicon esculentum Mill.): nicotianamine-stimulated copper transportthe xylem,J.

Exp. Bot. 47 (1996) 41-47.

[27] P. Das, S. Samantaray, G.R. Rout, Studiesasimam toxicity in plants: A review,

Environ. Poll. 98 (1997) 29-36.

[28] A.K. Shanker, C. Cervantes, H. Loza-TaveraA®udainayagam, Chromium toxicity in

plants,Environ. Internat. 31 (2005) 739- 753.



[29] H. Hodoshima, Y. Enomoto, K. Shoji, H. Shimaé#a Goto, T. Yoshihara, Differential
regulation of cadmium-inducible expression of ideficiency-responsive genes in tobacco

and barleyPhysiol. Plant. 129 (2007) 622-634.

[30] R.K. Kothinti, A.B. Blodgett, D.H. Petering,.M. Tabatabai, Cadmium down-regulation
of kidney Sp1 binding to mouse SGLT1 and SGLT2 gpremoters: Possible reaction of

cadmium with the zinc finger domain of S@bxicol. Appl. Pharmacol. 244 (2010) 254-262.

[31] T. Dwic, A Polle, Transport and detoxification of mangs@ and copper in plan&,az

J. Plant Physiol. 17 (2005) 103-112.

[32] A. Ghandilyan, D. Vreugdenhil, M.G.M. Aartstdgress in the genetic understanding of

plant iron and zinc nutritiorRhysiol. Plant. 126 (2006) 407—-417.

[33] T.P. Durrett, W. Gassmann, E.E. Rogers, Th®F&rediated efflux of citrate into the
root vasculature is necessary for efficient iramnsiocationpPlant Physiol. 144 (2007) 197-

205.

[34] P. Cigler, J. Olejnickova, M.Hruby, L. Csefaly J. Peterka, S. Kuzel, Interactions
between iron and titanium metabolism in spinach:ciorophyll fluorescence study in

hydropony.J. Plant Physiol. (2010), doi:10.1016/}.jplph.2010.06.021

[35] O.E. Elzam, T.K. Hodges, Calcium inhibition pbtassium absorption in corn roots,

Plant Physiol. 42 (1967) 1483-1488.



[36] D. Gluhi, M. Petek, D. PerSuri S. Sljunski, Relationship between plant and soil

potassium on calcareous vineyard sdlle.. Res. Comm. 36 (2008) 451-454.

[37] P.J. White, The pathways of calcium movemerthe xylemJ. Exp. Bot. 52 (2001) 891-

899.

[38] D. Beyersmann, S. Hechtenberg, Cadmium, gegelation, and cellular signalling in

mammalian cellsToxicol. Appl. Pharm. 144 (1997) 247-261.

[39] E.A. Webster, G.M. Gadd, Cadmium replacesiaaicin the cell wall ofUlva lactuca,

BioMetals 9 (1996) 241-244.



