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ABSTRACT

Mechanisms whereby metal cations are toxic to plant roots remain largely unknown.
Aluminum, for example, has been recognised as rhizotoxic for about 100 years but there is no
consensus on its mode of action. We contend that the primary mechanism of rhizotoxicity of
many metal cations is non-specific and that the magnitude of toxic effects is positively related to
the strength with which they bind to hard ligands — especially carboxylate ligands of the cell wall
pectic matrix. Specifically, we propose that metal cations have a common toxic mechanism
through inhibiting the controlled relaxation of the cell wall as required for elongation. Metal
cations, such as AI** and Hg?* (amongst others), which bind strongly to hard ligands, are toxic at
relatively low concentrations because they bind strongly to the walls of cells in the rhizodermis
and outer cortex of the root elongation zone with little movement into the inner tissues. In
contrast, metal cations, such as Ca?*, Na*, Mn?*, and Zn?*, which bind weakly to hard ligands
bind only weakly to the cell wall and move farther into the root cylinder. Only at high
concentrations is their weak binding sufficient to inhibit the relaxation of the cell wall. Finally,
different mechanisms would explain why certain metal cations (for example, TI*, Ag*, Cs*, and
Cu?*) are sometimes more toxic than expected through binding to hard ligands. The data
presented here demonstrate the importance of ‘strength of binding to hard ligands’ in influencing

a range of important physiological processes within roots through non-specific mechanisms.

Keywords: binding; mechanism of toxicity; metals; root growth; symptoms.
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INTRODUCTION

Ten elements, absorbed as cations, are essential for plant growth (Ca, Co, Cu, Fe, K, Mg,
Mn, Na, Ni, and Zn) [1], but root growth is reduced due to toxicity when these and other, non-
essential, cations are present at elevated concentrations. Despite the importance of rhizotoxicity,
much remains to be learned regarding the mechanisms by which metal cations exert their toxic
effects. For example, it remains unclear how soluble Al reduces root growth despite research on
Al toxicity in acidic soils for > 100 years [2]. Aluminum has been reported to cause interference
with DNA synthesis and mitosis [3], disrupt the function of the Golgi apparatus [4], interfere with
signal transduction from the root cap [5], damage membrane integrity [6], disrupt cell expansion
[7], and cause cell rupturing [8, 9]. Despite decades of concerted research, controversy remains as
to the primary mechanism by which Al exerts its toxic effect and reduces root growth. This

applies to many other metals also.

In pharmacology, quantitative structure-activity relationship (QSAR) models are used to
predict the potency of compounds on the basis of their physicochemical properties.
Environmental toxicologists have since adopted this approach to predict the toxicity of
contaminants by using quantitative ion character-activity relationships (QICARSs). For example,
the QICAR model was used by Li et al. [10] to study metal toxicity in the freshwater ostracod,
Cypris subglobosa Sowerby, relating the toxicity of metals to the physicochemical properties of
the ions, such as atomic number, oxidation state, Pauling ionic radius, electronegativity, covalent
index, and log of the first hydrolysis constant. Similarly, Wolterbeek and Verburg [11] related the
toxic effects of cations to a range of physicochemical properties across a wide range of species

(many of which were animals), and found that the toxicity of an ion could be predicted using
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these general properties. However, there are surprisingly few studies using this approach in the

study of plant-ion interactions (see Kinraide and Yermiyahu [12] as an example of such a study).

Typically, the primary purpose of developing QICAR models is to predict the toxicity of
untested ions or of mixtures [10]. However, we have taken a slightly different approach in this
study. Firstly, our aim is not to develop a model per se to relate the physicochemical properties of
metal cations to their physiological effects, but rather, by examining whether such a relationship
exists, to infer the mechanistic underpinnings that dictate how toxic metal cations behave within
plant tissues. Secondly, we have not focussed narrowly on examining the concentrations of metal
cations that have an effect on growth (root elongation, mass, etc), but have considered a range of
observations relating to these toxic effects. Although focussing on plants, we have generally not
included data from studies on hyperaccumulators due to large differences in the behaviour of
metals within these plant species. Finally, although H* is not a metal cation, we refer to it

accordingly for simplicity and brevity.

PHYSICOCHEMICAL PROPERTIES
‘Strength of binding to hard ligands’ is important
Any QICAR-based approach needs to consider what physicochemical property best
explains the effect of cations in relation to the physiological characteristic of interest. We have
focused on the ‘strength of binding to hard ligands’, just one of numerous properties that could be
considered. Wolterbeek and Verburg [11], for example, used electrochemical potential, ionization
potential, electronegativity, covalent index, hydrated radius, and the log of the first hydrolysis

constant (amongst others). We have chosen to focus on ‘strength of binding to hard ligands’
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because (i) this property provides a superior relationship with other physicochemical properties
(including strength of binding to soft ligands) [12, 13], (ii) it is related to other physicochemical
properties which also give good relationships (see below), and (iii) the strength with which metal
cations bind to hard ligands provides a coherent mechanistic understanding of various, otherwise

apparently disparate, observations.

Following on the work of Kinraide and Yermiyahu [12], Kinraide [14] proposed a
normalized hard ligand scale (HLScale) from the strength of cation binding to 13 hard ligands,
including oxalate, citrate, hydroxide, carbonate, and others. In this process, the binding strengths
between metal cations and ligands were normalized so that for the HLScale a value of 0.0
represents the mean binding strength among the 64 cations considered whilst values of -1.0 and
1.0 represent values one standard deviation below or above the mean, respectively. Thus the
HLScale values of —1.88 for Cs*, —0.09 for Cu?*, and 1.99 for Zr** indicate very weak binding of

Cs*, an approximately average binding of Cu?*, and very strong binding of Zr** to hard ligands.

Although we have used primarily ‘strength of binding to hard ligands’ in our analyses, the
possibility cannot be excluded that the observations described hereafter could also be explained
using other physicochemical properties. In certain regards, the exact physicochemical property to
which the effects of metal cations are related is not of the highest importance. For example,
‘binding strength to hard ligands’ (HLScale) is closely correlated with both ‘log of the first
hydrolysis constant’ (R? = 0.950, excluding H*) and ‘hydrated radius’ (R? = 0.765) when
calculated using the physicochemical properties of the 50 cations listed by Kinraide and

Yermiyahu [12]. It is not unexpected that the log of its first hydrolysis constant is closely
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correlated to the strength with which a cation binds to hard ligands. However, some
physicochemical properties are not closely related, and differentiation among the effects of the
various physicochemical properties is indeed important. For example, a linear regression between
strength of binding to hard ligands and strength of binding to soft ligands yields an R? value of
only 0.203. Therefore, an understanding of the nature of these observed correlations may

elucidate the effects that metal cations may have in plants.

Ligands in plant tissues

In reference to ligands, the terms ‘hard’ and ‘soft’ were originally defined by Pearson
[15]. Soft ligands have high polarizability, low electronegativity, large radii, empty orbitals of
low energy, and are easily oxidisable, whilst hard ligands have the opposite properties [16].
Therefore, in biological systems, hard ligands often include oxygen or nitrogen (such as R-COQO-,

R-PO4, R-NH>, or R2-NH) whilst soft ligands often include sulfur (such as R-S™ or R2-S).

There are numerous ligands in plant root tissues to which metal cations could potentially
bind [17-19]. For example, compounds with R-COOQO" functional groups (hard ligands) are
important in the cell wall, specifically the galacturonic acid residues of the pectic matrix which
provides the majority of the cell wall’s cation binding capacity [20]. R-COO™ functional groups
occur in the vacuole, which contains organic ligands such as citrate or malate, in plant hormones
(such as in auxin [IAA]), in proteins (including most enzymes), and in transport proteins. The R-
PO, functional groups (hard ligands) are important at plasma membrane (PM) surfaces
(phosphatidic acid), for transport across membranes (ATPases), in phytic acid, and as R-OPO20-

R in DNA and RNA. The R-NH: functional groups (hard ligands) are important in proteins. In
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contrast to the hard ligands, the N-sites on the nucleobases A, C, G, T, or U of DNA and RNA
are intermediate ligands to which metal cations could bind. Similarly, R-S™ functional groups
(soft ligands) are important in the vacuole (cysteine-containing compounds, such as

metallothionein or glutathione).

RELATIONSHIPS BETWEEN CATION PHYSICOCHEMICAL PROPERTIES AND THEIR
TOXIC EFFECTS IN PLANTS
1. Rhizotoxicity is related to the strength of binding to hard ligands

Most published studies have examined the toxicities of only a few metals at most, but a
limited number of investigations have compared the toxicities of a large number of cations to
plant roots. Interpretation of these multi-element studies, however, is often difficult due to
deficiencies in experimental technique. As a specific instance of this general problem, Wheeler et
al. [21] examined the rhizotoxicities of eight metals (Al, Cu, Fe, Ga, La, Mn, Sc, and Zn) in
wheat (Triticum aestivum L.). The concentrations of several metals far exceeded their solubility,
with measured concentrations of some metals at the end of the experiment < 50 % of the nominal
values. Thus, valid comparisons among metal effects are not possible since growth was related to
nominal rather than measured concentrations. Similarly, Wong and Bradshaw [22] compared the
rhizotoxicity of Al, Cd, Cu, Fe(Il), Hg, Mn, Ni, Pb, and Zn in ryegrass (Lolium perenne L.), with
solutions adjusted to pH 7.0. At this pH, hydrolysis and precipitation would ensure that
concentrations of many metals in solution would be substantially lower than the nominal values,

again invalidating comparisons among metal toxicities.
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After discarding studies we considered flawed, there remained only a limited number of
studies with data that warrant consideration. Kinraide and Yermiyahu [12] examined the
relationship between the physicochemical properties of 19 metal cations and their rhizotoxicity in
wheat. A reanalysis of their data using the HLScale (as defined by Kinraide [14]) shows that
cations become increasingly toxic as the strength of binding to hard ligands increases (Fig. 1A).
Kinraide and Yermiyahu [12] suggested that the binding strength of cations sets a “lower limit”
for toxicity. These authors proposed that a metal cation will be at least as toxic as the strength
with which it binds to hard ligands — this being a ‘common’ mechanism whereby metal cations
exert toxic effects proportional to their binding strength (i.e. a non-specific mechanism). This is
in contrast to ‘specific’ toxicity, where the mechanism of toxicity would vary and there would not
be a single factor that would determine the toxic effects of any given metal cation. Kinraide and
Yermiyahu [12] found that additional mechanisms may sometimes increase the toxicity above
this ‘lower limit’, with three metal cations, TI*, Ag*, and Cu?*, substantially more toxic than
predicted based upon their strength of binding to hard ligands (Fig. 1A). Presumably this
‘additional’ toxicity results from other mechanisms, such as strong binding to soft ligands or

interference with the metabolism of essential ions.

In another study, Kopittke et al. [13] examined the elongation of cowpea (Vigna
unguiculata (L.) Walp.) roots, and related the toxic effects of 26 metal cations to a range of their
physicochemical properties (including Pauling electronegativity, standard electrode potential,
covalent index, and binding to hard ligands). It was found that rhizotoxicity increased as the
strength of binding to hard ligands increased, i.e., the concentration required to cause a 50%

reduction in root elongation rate (EC50) decreased (Table 1, Fig. 1B). This further suggests that
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the binding of metal cations to hard ligands is an important non-specific mechanism of toxicity.
Again, however, three notable exceptions to this rule were observed — TI*, Ag*, and Cs* appeared
to be substantially more toxic than expected based upon the strength of their binding to hard
ligands (c.f. TI*, Ag*, and Cu?* as found in wheat roots by Kinraide and Yermiyahu [12]) (Fig. 1

and Table 1).

We reanalysed the data reported in a meta-analysis by Kopittke et al. [23] who examined
the toxicity of eight metal cations using data from 119 studies conducted in solution culture.
Using a Weibull-type equation, a highly significant relationship (R? = 0.703) was found between
the median concentrations reported to be toxic and the strength with which the metal cations bind
to hard ligands (Fig. 1C). Toxicity was also plotted against Pauling electronegativity (R? =
0.663), log of the first hydrolysis constant (R? = 0.612), the standard electrode potential (R? =
0.603), strength of binding to soft ligands (R? = 0.438), hydrated radius (R? = 0.422), and
ionization potential (R? = 0.059) (data not presented). Given the close inter-correlations between
some of these variables, it is not surprising that several of the physicochemical properties had
similar R? values when examining these eight metal cations. For example, the strength of binding
to hard ligands is closely related to the log of the first hydrolysis constant (R? = 0.966). (Note that
the metal cations previously found to be ‘exceptions’, Ag*, Cs*, Cu?*, and TI*, were not included
in the study of Kopittke et al. [23]). These data, obtained across a wide range of species and
across a large range of experimental conditions, indicate that the toxicities of these eight metal

cations are related to their physicochemical properties.
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213 Statistical associations provide some insight, but this question remains: What is the

214  underlying mechanism by which metal cations cause this non-specific reduction in root growth?
215  Various hypotheses are worthy of investigation. For instance, the strength of binding to hard
216  ligands may influence the speciation (and hence toxicity) of metal cations through binding to
217  DNA, lipids, etc. Alternatively, the strength of binding to hard ligands may influence the

218  formation of reactive oxygen species.

219

220 2. Metal distribution and speciation are related to the strength of binding to hard ligands

221 Given that at least some mechanisms of toxicity appear to be non-specific (Table 1), it
222  might be assumed that the level of toxicity is perhaps a function of the degree with which any
223 given metal cation interacts with ligands at the ‘site’ of toxicity. Therefore, we investigated the
224  distribution of metals within root tissues to determine if there is a pattern relating toxicity to
225  interactions with particular sites. Indeed, cowpea data show (Fig. 2) that Cu (HLScale -0.09) is
226  located almost entirely in the rhizodermis and outer cortex while Zn (HLScale -0.41) moves
227  farther into the root cylinder. Lombi et al. [24] found that Zn and Ni (HLScale -0.41) behave
228  similarly in moving into the root cylinder.

229

230 To examine this further, the distribution of five metals (Cu, Hg, Mn, Ni, and Zn), with
231  HLScale values ranging from 0.86 for Hg to -0.41 for Zn (Table 1), were investigated in fresh
232  hydrated roots of cowpea using in situ synchrotron-based pu-XRF [25]. The results of that study
233  showed rhizodermal concentrations of these cations to be positively correlated with the HLScale
234 (Fig. 3). The concentrations of Hg (250 pg g 1) and Cu (160 pg g) in the rhizodermis were ca. 2

235  to 4 times higher than those of Mn, Ni, or Zn (63 to 88 pug g*) even though bulk solution
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concentrations were ca. 4 to 150 times lower [i.e. Cu (1.5 pM), Hg (1.0 uM), Mn (150 puM), Ni
(5.0 uM), Zn (40.0 uM)] (Fig. 3). Thus, the data suggest that the strong binding of Hg and Cu
resulted in the accumulation of these metals in the rhizodermis. Furthermore, and in accordance
with expectations, Wang et al. [25] reported that the concentration of Hg and Cu in the
rhizodermis (i.e. 250 and 160 ug g*) was 6.8 and 3.6 times higher than in the cortex (i.e. 36 and
44 ug g1, respectively. In contrast, concentrations of Mn, Ni, and Zn in the rhizodermis tended

to be lower than those in the inner tissues.

Many studies that examined the radial distribution of metals have only examined a single
metal. This limits direct comparison among cations under constant experimental conditions.
However, Marienfeld and Stelzer [26] studied roots of oat (Avena sativa L.) and found that even
after exposure to Al (HLScale of 0.67) for 10 d, concentrations of Al were substantially higher in
the rhizodermis (ca. 10 mM) than in the cortex (ca. 4 mM), endodermis (ca. 2 mM), and stele (ca.
1 mM) (see also Lazof et al. [27]). Similarly, examining the radial distribution of Al in roots of
Zea mays L. and Vicia faba L., Marienfeld et al. [28] found that concentrations were ca. 4- to 30-
fold higher in the rhizodermis and outer cortex than in the inner cortex after exposure to 50 uM
Al for 3 h, the magnitude of the difference being greater for the dicot than the monocot. It was
concluded that “the inhibition of the elongation of inner cortex cells must be mediated indirectly
by Al injury to the outer cortical cells”. However, Kinraide et al. [29] used haematoxylin staining
in wheat roots and found that whilst Al accumulated predominately in the rhizodermis of cv.
Atlas (Al-tolerant), it accumulated predominately in the cortex of cv. Scout (Al-sensitive).

Clearly, some differences exist among genotypes, and the difficulty of obtaining accurate
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quantitative data regarding the spatial distribution of Al in roots has hindered progress in this

regard.

In contrast to the general findings with Al, other studies have found that the decrease in
concentration from rhizodermis to inner tissues for metal cations that bind only weakly to hard
ligands is not as pronounced or is not present at all. For example, Claus et al. [30] found that the
apoplastic concentration of Zn (HLScale -0.41) in the inner root tissues of Arabidopsis thaliana
was similar to that in the rhizodermis. Under some scenarios, apoplastic Zn was slightly higher in
the rhizodermis but in others slightly lower; symplastic Zn was higher in the inner tissues than in
the rhizodermis. Similarly, Terzano et al. [31] found that the highest concentration of Zn in soil-
grown roots of Eruca vesicaria L. was at the endodermis and inner cortex. Seregin et al. [32]
found that the concentration of Ni (HLScale of -0.41) was qualitatively higher in the inner cortex
than in the rhizodermis and outer cortex. An exception seems to be the concentration of Cd
(HLScale of -0.48), which is generally highest in the rhizodermis and decreases gradually
through the cortex [33, 34]. However, the magnitude of this accumulation in the rhizodermis is

less than that reported for metals such as Al.

Overall, therefore, published information indicates that the extent to which metal cations
move into the root cylinder is influenced by the strength with which they bind to hard ligands.
Specifically, metal cations that bind strongly to hard ligands accumulate predominately in the
rhizodermis and outer cortex, whilst those that bind weakly to hard ligands move farther into the

root cylinder.
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Besides differences in radial movement, differences exist also among metal cations in
their subcellular distribution: those that bind strongly to hard ligands bind predominantly to sites
within the cell wall. Taylor et al. [35] used a highly sensitive 2°Al technique to study Al taken up
by single cells of Chara corallina. Exposure to 50 uM Al resulted in < 0.5 % of the total Al in
the protoplasm. Similarly, Rangel et al. [36] reported that ca. 80 % of the Al in roots of
Phaseolus vulgaris exposed to 20 uM Al for 4 to 24 h was bound to the cell wall. Wang and
Greger [37] reported that 80% of the Hg (HLScale 0.86) was associated with the root cell walls
of Salix spp., and Nishizono et al. [38] reported that 70% to 90% of the Cu (HLScale -0.09) in
roots of Athyrium yokoscense was located in the cell wall. It is noteworthy that the majority of the
Cu was bound to polygalacturonic acid within the rhizodermis and outer cortex of hydrated

cowpea roots after 24 h exposure [39].

Movement into the protoplasm appears to be more important for metal cations that bind
less strongly to hard ligands. The dominant forms of Zn (HLScale -0.41) within roots of Eruca
vesicaria L. were Zn phytate and Zn citrate (i.e. presumably within the protoplasm) [31], whilst
ca. 60-85% of the Zn was present as Zn phytate in roots of cowpea [39]. Furthermore, > 80 % of
the Mn (HLScale of -0.62) was associated with citrate in roots of cowpea [40] and Cd (HLScale

of -0.48) was found to be bound entirely to thiol groups in roots of maize (Zea mays L.) [41].

In summary, therefore, the strength of binding to hard ligands influences both the cellular
and subcellular location of metals as well as the dominant chemical species within the root.
Furthermore, the inter- and intra-cellular distribution of ligands with the highest affinity for

certain metal cations determines their distribution within tissues and cells. Of course, the



304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

16

dominant ion-ligand species of a metal is not necessarily the metal species that exerts the greatest

physiological effect within the root — caution is needed in this regard.

3. Development of toxicity symptoms is related to the strength of binding to hard ligands

If the strength with which a metal cation binds to hard ligands influences its (i) toxicity,
(ii) radial movement through the root cylinder, and (iii) speciation, then it might be assumed that
binding strength would also be associated with common toxicity symptoms. Indeed, toxicity
symptoms in roots (caused by excess levels of cations) may provide insights into the mechanisms

by which metal cations exert their toxic effects.

Metal cations have been reported to have a range of visible toxic effects on plant roots
and be involved in the kinetics of symptom development. In this study, we are particularly
interested in similarities in symptoms and those that form after only short periods of exposure. In
a relatively early study, Clarkson (1965) examined the effects on cell division and root elongation
of Al, Ga, In, and La in roots of onion (Allium cepa L.) and stated that that the “results were
similar in every respect”. We initially noted that Al and La cause ruptures in the rhizodermis and
outer cortex in roots of mungbean. We noted also that Cu causes ruptures in roots of Rhodes
grass (Chloris gayana Kunth.), cowpea, Sabi grass (Urochloa mosambicensis Hack.), and
camphor (Cinnamomum camphora (L.) J. Presl.). As summarised by Kopittke et al. [9] and
Osawa et al. [42], these ruptures (sometimes referred to as “cracks”) are common in Al-exposed
roots of pea (Pisum sativum L.), maize, camphor, soybean (Glycine max L.), cowpea, Lotus

corniculatus, and ahipa (Pachyrhizus ahipa (Wedd.) Parodi.).
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Using cowpea as a model species, we previously investigated these ruptures in detail and
found that 10 metal cations (Ag*, AI**, Cu?*, La®", Ga3*, Gd**, Hg?*, In®*, Ru®*, and Sc®*) cause
the formation of markedly similar ruptures, whilst 16 metal cations (Ba?*, Ca?*, Cd?*, Co?*, Cs*,
H*, K*, Li*, Mg?", Mn?*, Na*, Ni?*, Pb?*, Sr?*, TI*, and Zn?*) did not [9, 43, 44] (Fig. 4).
Rupturing appears to be related to the strength of binding to hard ligands (Table 1, Fig. 1B, and
Fig. 4), except in the case of Ag™ and H* (as will be discussed later). In some instances, the
ruptures were sufficiently severe that almost 50 % of the root diameter had torn apart — this surely

causing an almost complete loss of root function (Fig. 4).

The ruptures often form within 2 h of exposure [43]; typically they form initially 2-5 mm
from the apex (i.e. within the elongation zone of the root) (Fig. 4, also see Kopittke et al. [9]);
and they are apparently caused by the tearing and separation of the outer cellular layers whilst the
inner tissues continue to elongate [9, 42]. As concluded by Marienfeld et al. [28], we are unable
to suggest any alternative process that would produce the formation of these ruptures. So why is
the elongation of the outer cells inhibited whilst the inner cells continue to elongate? Cell
elongation results from the controlled relaxation of the cell wall with internal turgor providing the
driving force for expansion [45]. Cell wall acidification is necessary for cells to expand in
response to the action of auxin [46], an effect confined, initially at least, to cells in the elongation
zone [47, 48]. It is in this zone that Al has the opposite effect, decreasing root growth [48]. We
conclude that the strong binding of metal cations to the rhizodermis inhibits the controlled

loosening of the walls of these cells as required for root growth.
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4. The generation of reactive oxygen species is related to the strength of binding to hard ligands
and the standard electrode potential

It has been suggested that reactive oxygen species (ROS) may be involved in various
stresses, including those caused by excess metals. Interestingly, Kinraide and Yermiyahu [12],
who reanalysed the data of Kawano et al. [49] with tobacco (Nicotiana tabacum L.) suspension-
culture cells, found that the cation-induced generation of the superoxide anion (O2*") was highly
correlated to the strength of binding to hard ligands. Similarly, Kinraide et al. [50] found that pro-
oxidant activity is closely related to the standard electrode potential (E°) of 25 cations.
Interestingly, however, all metals, whether biologically redox-active (such as Mn, Fe, Co, Ni, or
Cu) or non-active (such as Na or Ca), induced oxidative stress that was closely correlated with E°
— apparently redox-active metals did not cause oxidative stress by generating ROSs through
Fenton-type reactions (i.e. redox cycling). Therefore, the data of Kinraide et al. [50] suggest that
metal cations induce oxidative stress through a separate underlying mechanism, and that this
mechanism is itself related to E° or the strength of binding to hard ligands [12, 50]. It is also
important to note the metal cation concentrations required to induce measureable increases in
pro-oxidant activity are often substantially higher than those required to induce toxic effects as
explained by Kinraide et al. [50] and references therein. It would therefore seem possible that
oxidative stress may result after non-oxidative intoxication by other mechanisms as suggested by

Yamamoto et al. [8] with respect to Al.

A HYPOTHESIS
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We propose a hypothesis for further investigation based upon the preceding discussion
related to the various observations outlined above. However, we are also aware that there are
some observations that do not fit with this hypothesis, as detailed in the next section, so further
work is clearly required. It is proposed that the binding of metal cations to hard ligands is an
important, non-specific mechanism that dictates, at least to some extent, the effects that metal
cations have on plant roots. We suggest that the effects of metal cations on plant roots occur
along a continuum (Fig. 1) with the magnitude of their effects dictated by the strength with which
they bind to hard ligands. This hypothesis is illustrated below with separate explanations of (i) a
metal cation that binds strongly to hard ligands and (ii) a metal cation that binds only weakly to
hard ligands. However, different mechanisms would be required to explain why some metal
cations (TI*, Ag*, Cs*, and Cu?*) are sometimes more toxic than expected by the strength of their

binding to hard ligands.

Firstly, consider metal cations which bind strongly to hard ligands. (1) These metal
cations accumulate predominately in the cell wall by binding to hard ligands, especially the
carboxyl groups of polygalacturonic acid in the pectic matrix of primary cell walls [39] which
accounts for ca. 70-90 % of the charge in root cell walls [51]. (2) Because of this strong binding
to the cell walls, these metal cations accumulate primarily in the rhizodermis and outer cortex of
the root apex and elongation zone (Fig. 3). (3) This strong binding of metal cations to the cell
wall exerts a toxic effect on root growth at relatively low levels (Fig. 1). (4) The toxic effect of
these metal cations is caused directly by an inhibition of the controlled relaxation of the cell wall
as required for cell elongation [45]. (5) Finally, this inhibition of cell wall relaxation (primarily in

the rhizodermis of the elongation zone and in the outer cortex where the binding of the metals is



393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

20

the highest) causes, and is evidenced by, the rupturing and tearing of these cells due to the

continued elongation of the inner cells in a range of plant species (Fig. 4).

In contrast, metal cations that bind only weakly to hard ligands (1) bind only weakly to
the cell wall carboxyl groups, (2) inhibit cell wall relaxation only at high concentration (typically
> 100 pM), (3) do not cause ruptures to form (due to their weaker binding), and (4) move into
the root cylinder. Nevertheless, metal cations whether binding strongly or weakly to hard ligands

fall, on a continuum related to the HLScale (Fig. 1).

In emphasising the potential importance of ‘strength of binding to hard ligands’, it must
be noted that a similar proposal was made by Kinraide and Yermiyahu [12] when studying the
rhizotoxicity of 19 metal cations in wheat (see earlier discussion). These observations (and the
resultant hypotheses) are interesting because they suggest that many metal cations are toxic, not
due to interference with transport channels, but due to binding to lower-affinity functional
groups. In this regard, it would be interesting to determine whether this relationship between
HLScale and toxicity exists in other organisms also. Notably, Stockdale et al. [52] and Iwasaki et
al. [53] proposed that the accumulation and toxicity of metals in aquatic macro-invertebrates is
related to their binding to non-specific ligand sites, and that these ligand sites could largely be

represented as oxygen-containing ligands (i.e. hard ligands).

What is the mechanism by which the strong binding of cations reduces root elongation and

causes rupturing, and why is the cell wall important?
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We suggest that the importance of binding to the pectic matrix in the cell wall (i.e. as the
‘hard ligand’ to which cation binding causes toxicity) is because (i) the effects of cation-binding
on the cell wall have been shown in vivo, in isolated cell walls, and in pectate gels, and (ii) the
high pectin concentration in primary cell walls close to the apex accounts for most of the root’s
cation binding capacity [20]. For example, the binding of AI**, Cu?*, or La* to pectin gels
decreases their hydration and increases their strength relative to Ca-saturated gels [54-56].
Similarly, metal cations that bind strongly to hard ligands inhibit cell-wall autolysis (i.e.
modification of the cell wall as required for elongation) in isolated cell wall material and decrease

the enzymatic degradability of pectate gels [57].

The exact mechanism by which the strong binding of metal cations to hard ligands
inhibits cell wall loosening and causes toxicity is not known precisely and requires further
investigation, but there are several possibilities. Decreased cell wall loosening and the formation
of the ruptures may occur directly through increased crosslinking of the pectic matrix. It is
difficult, however, to envisage how a relatively weak gel could overcome the high turgor within
cells [58]. Alternatively, changes to pectic gel structure, especially hydration, may decrease
enzyme mobility and access to substrates [56]. Several possibilities exist in this regard, including
(1) a restriction in the movement of expansin, thereby limiting controlled relaxation of the cell
wall, (2) a decrease in auxin transport along with decreased cell wall acidification, and (3)
decreased enzymatic attack on the pectin backbone [57]. Expansins allow controlled slippage of
the load-bearing cellulose and xyloglucan fibres, recent evidence [59] showing that pectin is
bound to xyloglucan thereby masking its binding with the LM15 molecular probe. The basipetal

transport of auxin through the rhizodermal and outer cortical cells plays an important role in cell
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elongation [19, 60]. Interestingly, several studies have recently indicated that auxin may be
involved in the expression of Al toxicity [61-63]. Other mechanistic pathways, both direct and

indirect, are possible also.

It is possible that the ‘hard ligand’ to which cation-binding causes toxicity is not actually
the polygalacturonic acid in the cell wall as we have hypothesised. For example, perhaps the
strong binding of cations to the R-PO4 functional groups (hard ligands) of the PM causes
toxicity. Indeed, Ishikawa et al. [6] suggested that an alteration of PM permeability is an
important effect of Al toxicity. Similarly, the plant contains a large number of other hard ligands,
and it is possible that the binding of metal cations to these other ligands may induce toxic effects.
Regardless, any hypotheses regarding the mechanisms by which cation-binding induces toxic

effects should be able to explain the observations outlined earlier.

It should also be noted that our suggestion that trace metals exert their toxic effects in cell

walls is not new, particularly for Al, with substantial information available in this regard [7, 64].

EXCEPTIONS AND SPECIAL CASES

Many observations provide evidence regarding a common behaviour of metal cations in
plant roots that is based on the general relationship between the HLScale and rhizotoxicity. We
are also aware that there are a number of exceptions that do not conform to this hypothesis.
Further studies are needed, therefore, to understand the reasons for the anomalies. Whilst these

exceptions do not preclude the validity of the hypothesis, it is essential that we consider them.
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Exception 1: Some cations have an unexpectedly high rhizotoxicity

The minimum toxicity of metal cations appears to be related to the strength with which
they bind to hard ligands as first suggested by Kinraide and Yermiyahu [12]. Some cations such
as Cs*, TI*, Ag", and Cu?* sometimes appear to be toxic by additional mechanisms which
increase their toxicity substantially (Table 1 and Fig. 1). Several possible mechanisms may
explain why these metal cations are toxic at a concentration lower than expected based upon their
HLScale. For example, Ag* binds strongly to soft ligands; indeed, few cations bind more strongly
to soft ligands than does Ag* [14]. So it is possible that Ag is highly toxic because it binds to a
soft ligand and thereby interferes with a metabolic process. Similarly, Cs* interferes with K*
metabolism by binding to K-binding sites on essential proteins (interestingly, small additions of
K* alleviate greatly the toxicity of Cs*) [65]. Thus, for metal cations such as Ag* Cs*, TI*, Cu?*,
toxicity is not necessarily always dictated by the strength with which they bind to hard ligands, as

is the case for most metal cations (Table 1 and Fig. 1), but can be dictated by other effects.

Exception 2: Silver unexpectedly causes roots of cowpea to rupture

Interestingly, Ag® is an exception in another (although presumably related) manner: it
causes rupturing of cowpea roots even though it binds only weakly to hard ligands [44] but
strongly to soft ligands. Many cations of environmental interest that bind weakly to hard ligands
also bind weakly to soft ligands [14]. Blamey et al. [44] suggested that it is possible that Ag*
binds strongly to soft ligands within the cell wall (including sulfhydryl groups, olefins, or
aromatic groups [66]) or with the (hard) carboxyl groups of IAA. Both possibilities would
interfere with cell wall loosening, thereby causing ruptures. In bacteria, Ag toxicity results in a

detachment of the plasma membrane from the cell wall and a decrease in protein synthesis [67].
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Indeed, Smith et al. [68] suggested that Ag* inhibits ripening in tomato (Solanum lycopersicum)
by inhibiting biosynthesis of polygalacturonase which is required for pectin breakdown and

physical access of cell wall loosening enzymes to the cell wall.

Exception 3: Differences among plants in other physiological responses

Wheeler et al. [21] found that an Al-tolerant line of wheat was no more tolerant to
toxicities of Cu, Sc, La, Ga, Zn, Fe, or Mn than was an Al-sensitive line, suggesting that at least
some of the toxic effects of Al differ from the effects of other metals. Interestingly, however,
these authors also stated that it is possible that “some of the toxic effects ... may be similar to the
toxic effects of Al”. In a similar manner, although excess Al is known to elicit the efflux of
organic ligands (such as malate), other metal cations that bind strongly to hard ligands do not
have the same effect [69]. It is also noted that there are substantial differences in recovery when
roots are transferred to toxicant-free solutions after being exposed to comparable doses measured

in terms of their reduction of root elongation [70].

Interestingly, Sivaguru and Horst [71] and Kollmeier et al. [63] reported that Al applied to
the distal transition zone inhibited growth of maize roots but that Al applied to the elongation
zone had “no effect on root elongation”. This observation is not in accordance with the proposed
hypothesis where Al applied to the elongation zone would inhibit the loosening and elongation of
these cells. Interestingly, Ryan et al. [72] reported that application of Al to the tip of maize roots
inhibited growth more than did the application of Al to the elongation zone, although application
to the elongation zone did reduce growth somewhat and caused “visual damage to the epidermal

and cortical tissues”. Clearly, further research is required in this regard. Finally, it has been
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reported in wheat that the addition of Al causes swelling of epidermal cells [73]. According to

our hypothesis and observations, we do not understand why these cells swell.

Exception 4: Are H* and Ca?* special cases?

It is noteworthy that H™ has a high HLScale value (0.19) but does not cause roots of
cowpea to rupture (Table 1 and Fig. 1B). A possible reason for this anomaly is that H* differs
from all the metal cations that bind strongly to hard ligands because it is monovalent rather than
divalent or trivalent (Table 1). Indeed, H" is unique amongst monovalent cations because its
HLScale value is much greater than those of other monovalent cations (Table 1). This may result
primarily from its small ionic radius (0.0012 nm) compared to other monovalent cations with
0.167 nm for Cs*, 0.102 nm for Na*, and 0.138 nm for K* [12]. Furthermore, acidification of the
cell wall is necessary for cell-elongation [58] through the action of auxin [19]; expansins have an
acid pH optimum also [45]. Indeed, acid solutions rapidly increase the rate of root elongation [47,

48].

We suggest that Ca is a special case also because a continuous supply of Ca is required
for roots to grow [74], being essential for cell wall and plasma membrane integrity. Calcium is
required at low concentration in the absence of other cations but at high concentration in their
presence, since ion competition can cause a net decrease in Ca binding. Importantly, Ca®* is the
major cross-linking cation of the pectic component of the cell wall [20], and the binding of Ca?*
to the cell wall plays an important role in regulating cell elongation [75]. Cell wall tension is

regulated by Ca?" and H*, the former by limiting and the latter by promoting cell wall relaxation.
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It is likely that the physicochemical properties of Ca?* and H* in their roles in the pectic
matrix may explain their effects on cell expansion and root elongation. Pectin, with a pKa of ca.
3.4, is soluble in water but both Ca?* and an increase in pH to > ca. 5 are required for gel
formation [76]. As a monovalent cation with HLScale value = 0.19, H* readily displaces Ca?*
(HLScale = -0.89) from the pectic gel. This H*-displacement of Ca?* was shown by Ryan et al.
[77] with intact Chara cells and isolated cell walls as the bulk solution was decreased from pH
7.0 t0 4.6 (an increase in H* activity from 0.1 to 40 uM). Interestingly, a similar magnitude of
Ca?* efflux occurred upon the addition of K* to the bathing solution, but at much higher
concentration (0.2 to 10 mM K) as would be expected with the K HLScale value = -1.75. Finally,
decreasing solution pH to < 3.5 results in flaccid roots as would be expected on displacement of

sufficient Ca?* to denature the pectic gel and destroy cell wall integrity.

CONCLUSIONS

We have examined the physiological effects of metal cations and related them to their
physicochemical properties, specifically their HLScale values [14]. The associated relationship
with the HLScale included (i) the extent of cation binding to the cell wall, (ii) movement into the
root cylinder, (iii) rhizotoxicity, and (iv) the development of toxicity symptoms. We have
suggested a hypothesis that accounts for these observations; specifically, that the binding of metal
cations to hard ligands is an important, non-specific mechanism that dictates, at least to some
extent, their rhizotoxic effects. Metal cations that bind strongly to hard ligands (1) accumulate
primarily in the rhizodermis and outer cortex of cells in the elongation zone, (2) bind
predominately to the pectic matrix in the cell wall, (3) exert a toxic effect on root growth at low

concentrations, and (4) cause toxicity directly by inhibiting the controlled relaxation of the cell
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wall as required for cell elongation. In contrast, metal cations that bind only weakly to hard
ligands (1) bind weakly to the cell wall, (2) inhibit relaxation of the cell wall only at high
concentrations (typically > 100 uM), (3) do not cause ruptures to form (due to their weaker

binding), and (4) move into the root cylinder.

It would appear that the toxicity of most metal cations conforms to this general rule, but
several exceptions or special cases have been identified. Firstly, some cations are unexpectedly
toxic, perhaps through binding strongly to soft ligands. If these soft ligands were essential to
metabolism, then toxicity would occur. Being a cation which binds weakly with hard ligands,
Ag" is an exception since it causes ruptures to rhizodermal and outer cells of the elongation zone.
Secondly, cowpea roots are able to recover from the toxic effects of some metal cations which
bind strongly to hard ligands (Al, Ga, and Ru) but not of others (Cu, Gd, In, La, and Sc),
indicating some differences in their mechanism of toxicity [70]. Thirdly, organic acid secretion
occurs upon exposure to AI**, but not upon exposure to other cations that bind strongly to hard
ligands [69]. Finally, we regard H* and Ca?* to be special cases through their interplay in the

integrity of the cell wall and plasma membrane.

Finally, we have focussed on the ‘strength of binding to hard ligands’, but do not
necessarily exclude the possibility that another, perhaps related, ionic property is actually
responsible for the commonalities observed. Similarly, we have suggested that polygalacturonic
acid in the cell wall is the hard ligand for which this binding is important because of its location
in primary cell walls. These observations have allowed us to suggest a mechanism to describe the

observed physiological effects of metal cations at toxic levels. There are, however, numerous
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other hard ligands in plant tissues to which binding could be important. Regardless, the evidence
remains that many important effects of metal cations appear to be non-specific and related to their

physicochemical properties.

ACKNOWLEDGEMENTS

Peter Kopittke is the recipient of an Australian Research Council (ARC) Future
Fellowship (FT120100277), P Wang is the recipient of an ARC Discovery Early Career
Researcher Award (DE130100943), and E Lombi is the recipient of an ARC Future Fellowship

(FT100100337).

REFERENCES
1. Marschner H. 1995. Mineral Nutrition of Higher Plants. Academic Press, London, UK.

2. Veitch FP. 1904. Comparison of methods for the estimation of soil acidity. J Am Chem

Soc 26: 637-662.

3. Liu DH, Jiang WS, Li DS. 1993. Effects of aluminum ion on root growth, cell division,

and nucleoli of garlic (Allium sativum L.). Environ Pollut 82: 295-299.

4. Bennet RJ, Breen CM, Bandu V. 1985. Aluminum toxicity and regeneration of the root
cap - Preliminary evidence for a Golgi-apparatus derived morphogen in the primary root

of Zea mays. S Afr J Bot 51: 363-370.



596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

10.

11.

29

Bennet RJ, Breen CM. 1993. Aluminium toxicity: Towards an understanding of how
plants react to the physical environment. In Randall PJ, Delhaize E, Richards RA, Munns
R, eds, Genetic Aspects of Plant Mineral Nutrition. Kluwer Academic Publishers,

Dordrecht, pp 103-116.

Ishikawa S, Wagatsuma T, Takano T, Tawaraya K, Oomata K. 2001. The plasma
membrane intactness of root-tip cells is a primary factor for Al-tolerance in cultivars of

five species. Soil Sci Plant Nutr 47: 489-501.

Horst WJ, Wang Y, Eticha D. 2010. The role of the root apoplast in aluminium-induced
inhibition of root elongation and in aluminium resistance of plants: A review. Ann Bot:

10.1093/aob/mcq1053.

Yamamoto Y, Kobayashi Y, Matsumoto H. 2001. Lipid peroxidation is an early symptom
triggered by aluminum, but not the primary cause of elongation inhibition in pea roots.

Plant Physiol 125: 199-208.

Kopittke PM, Blamey FPC, Menzies NW. 2008. Toxicities of soluble Al, Cu, and La

include ruptures to rhizodermal and root cortical cells of cowpea. Plant Soil 303: 217-227.

Li Y, Li XL, Du XY, Wang M, Xin J, Hu Y, Wang Y. 2012. Using the QICAR model to
correlate metal ion characteristics with toxicity order numbers. Hum Ecol Risk Assess 18:

1255-1270.

Wolterbeek HT, Verburg TG. 2001. Predicting metal toxicity revisited: general properties

vs. specific effects. Sci Total Environ 279: 87-115.



30

616 12 Kinraide TB, Yermiyahu U. 2007. A scale of metal ion binding strengths correlating with
617 ionic charge, Pauling electronegativity, toxicity, and other physiological effects. J Inorg

618 Biochem 101: 1201-1213.

619 13. Kopittke PM, Blamey FPC, McKenna BA, Wang P, Menzies NW. 2011. Toxicity of
620 metals to roots of cowpea in relation to their binding strength. Environ Toxicol Chem 30:

621 1827-1833.

622 14, Kinraide TB. 2009. Improved scales for metal ion softness and toxicity. Environ Toxicol

623 Chem 28: 525-533.
624  15. Pearson RG. 1963. Hard and soft acids and bases. J Am Chem Soc 85: 3533-35309.
625 16. House J. 2013. Inorganic Chemistry. Elsevier, Oxford, UK.

626 17.  Callahan DL, Baker AJM, Kolev SD, Wedd AG. 2006. Metal ion ligands in

627 hyperaccumulating plants. J Biol Inorg Chem 11: 2-12.
628 18. Dabrowiak JC. 2009. Metals in Medicine. John Wiley and Sons.
629 19.  Taiz L, Zeiger E. 2006. Plant Physiology. Sinauer Associates, Inc., Massachusetts, USA.

630 20.  Brett CT, Waldron K. 1996. Physiology and Biochemistry of Plant Cell Walls. Chapman

631 & Hall, London.

632 21.  Wheeler DM, Power IL, Edmeades DC. 1993. Effect of various metal ions on growth of

633 two wheat lines known to differ in aluminium tolerance. Plant Soil 155-156: 489-492.

634 22. Wong MH, Bradshaw AD. 1982. A comparison of the toxicity of heavy metals, using root

635 elongation of rye grass, Lolium perenne. New Phytol 91: 255-261.



636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

23.

24.

25.

26.

217.

28.

29.

31

Kopittke PM, Blamey FPC, Asher CJ, Menzies NW. 2010. Trace metal phytotoxicity in

solution culture: A review. J Exp Bot 61: 945-954.

Lombi E, de Jonge MD, Donner E, Kopittke PM, Howard DL, Kirkham R, Ryan CG,
Paterson D. 2011. Fast x-ray fluorescence microtomography of hydrated biological

samples. PLoS ONE 6: e20626. doi:20610.21371/journal.pone.0020626

Wang P, Menzies NW, Lombi E, McKenna BA, de Jonge MD, Donner E, Blamey FPC,
Ryan CG, Paterson DJ, Howard DL, James SA, Kopittke PM. 2013. Quantitative
determination of metal and metalloid spatial distribution in hydrated and fresh roots of
cowpea using synchrotron-based X-ray fluorescence microscopy. Sci Total Environ 463-

464: 131-130.

Marienfeld S, Stelzer R. 1993. X-ray microanalyses in roots of Al-treated Avena sativa

plants. J Plant Physiol 141: 569-573.

Lazof DB, Goldsmith JG, Rufty TW, Linton RW. 1996. The early entry of Al into cells of
intact soybean roots (a comparison of three developmental root regions using secondary

ion mass spectrometry imaging). Plant Physiol 112: 1289-1300.

Marienfeld S, Schmohl N, Klein M, Schroder WH, Kuhn AJ, Horst WJ. 2000.
Localisation of aluminium in root tips of Zea mays and Vicia faba. J Plant Physiol 156:

666-671.

Kinraide TB, Parker DR, Zobel RW. 2005. Organic acid secretion as a mechanism of
aluminium resistance: a model incorporating the root cortex, epidermis, and the external

unstirred layer. J Exp Bot 56: 1853-1865.



657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

30.

31.

32.

33.

34.

35.

36.

32

Claus J, Bohmann A, Chavarria-Krauser A. 2013. Zinc uptake and radial transport in
roots of Arabidopsis thaliana: a modelling approach to understand accumulation. Ann Bot

112: 369-380.

Terzano R, Al Chami Z, Vekemans B, Janssens K, Miano T, Ruggiero P. 2008. Zinc
distribution and speciation within rocket plants (Eruca vesicaria L. Cavalieri) grown on a
polluted soil amended with compost as determined by XRF microtomography and micro-

XANES. J Agric Food Chem 56: 3222-3231.

Seregin 1V, Kozhevnikova AD, Kazyumina EM, Ivanov VB. 2003. Nickel toxicity and

distribution in maize roots. Russ J Plant Physl+ 50: 711-717.

Lux A, Martinka M, Vaculik M, White PJ. 2011. Root responses to cadmium in the

rhizosphere: a review. J Exp Bot 62: 21-37.

Vazquez S, Fernandez-Pascual M, Sanchez-Pardo B, Carpena RO, Zornoza P. 2007.
Subcellular compartmentalisation of cadmium in white lupins determined by energy-

dispersive X-ray microanalysis. J Plant Physiol 164: 1235-1238.

Taylor GJ, McDonald-Stephens JL, Hunter DB, Bertsch PM, Elmore D, Rengel Z, Reid
RJ. 2000. Direct measurement of aluminum uptake and distribution in single cells of

Chara corallina. Plant Physiol 123: 987-996.

Rangel AF, Rao IM, Horst WJ. 2009. Intracellular distribution and binding state of
aluminum in root apices of two common bean (Phaseolus vulgaris) genotypes in relation

to Al toxicity. Physiol Plant 135: 162-173.



677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

37.

38.

39.

40.

41.

42.

43.

33

Wang Y, Greger M. 2004. Clonal differences in mercury tolerance, accumulation, and

distribution in willow. J Environ Qual 33: 1779-1785.

Nishizono H, Ichikawa H, Suziki S, Ishii F. 1987. The role of the root cell wall in the

heavy metal tolerance of Athyrium yokoscense. Plant Soil 101: 15-20.

Kopittke PM, Menzies NW, de Jonge MD, McKenna BA, Donner E, Webb RI, Paterson
DJ, Howard DL, Ryan CG, Glover CJ, Scheckel KG, Lombi E. 2011. In situ distribution
and speciation of toxic Cu, Ni and Zn in hydrated roots of cowpea. Plant Physiol 156:

663-673.

Kopittke PM, Lombi E, McKenna BA, Wang P, Donner E, Webb RI, Blamey FPC, de
Jonge MD, Paterson D, Howard DL, Menzies NW. 2013. Distribution and speciation of
Mn in hydrated roots of cowpea at levels inhibiting root growth. Physiol Plant 147: 453-

464.

Castillo-Michel HA, Hernandez N, Martinez-Martinez A, Parsons JG, Peralta-Videa JR,
Gardea-Torresdey JL. 2009. Coordination and speciation of cadmium in corn seedlings

and its effects on macro- and micronutrients uptake. Plant Physiol Bioch 47: 608-614.

Osawa H, Endo I, Hara Y, Matsushima Y, Tange T. 2011. Transient proliferation of
proanthocyanidin-accumulating cells on the epidermal apex contributes to highly

aluminum-resistant root elongation in camphor tree. Plant Physiol 155: 433-446.

Kopittke PM, McKenna BA, Blamey FPC, Wehr JB, Menzies NW. 2009. Metal-induced
cell rupture in elongating roots is associated with metal ion binding strengths. Plant Soil

322: 303-315.



698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

44,

45.

46.

47.

48.

49.

50.

51.

52.

34

Blamey FPC, Kopittke PM, Wehr JB, Kinraide TB, Menzies NW. 2010. Rhizotoxic

effects of silver in cowpea seedlings. Environ Toxicol Chem 29: 2072-2078.
Cosgrove DJ. 2005. Growth of the plant cell wall. Nat Rev Mol Cell Biol 6: 850-861.

Rayle D, Cleland R. 1970. Enhancement of wall loosening and elongation by acid

solutions. Plant Physiol 46: 250-&.

Winch S, Pritchard J. 1999. Acid-induced wall loosening is confined to the accelerating

region of the root growing zone. J Exp Bot 50: 1481-1487.

Blamey FPC, Nishizawa NK, Yoshimura E. 2004. Timing, magnitude, and location of

initial soluble aluminium injuries to mungbean roots. Soil Sci Plant Nutr 50: 67-76.

Kawano T, Kawano N, Muto S, Lapeyrie F. 2001. Cation-induced superoxide generation
in tobacco cell suspension culture is dependent on ion valence. Plant Cell Environ 24:

1235-1241.

Kinraide TB, Poschenrieder C, Kopittke PM. 2011. The standard electrode potential (E°®)
predicts the prooxidant activity and the acute toxicity of metal ions. J Inorg Biochem 105:

1438-1445.

Haynes RJ. 1980. lon exchange properties of roots and ionic interactions within the root

apoplasm: their role in ion accumulation by plants. Bot Rev 46: 75-99.

Stockdale A, Tipping E, Lofts S, Ormerod SJ, Clements WH, Blust R. 2010. Toxicity of
proton—metal mixtures in the field: Linking stream macroinvertebrate species diversity to

chemical speciation and bioavailability. Aquat Toxicol 100: 112-1109.



718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

53.

54.

55.

56.

57.

58.

59.

35

Iwasaki Y, Cadmus P, Clements WH. 2013. Comparison of different predictors of
exposure for modeling impacts of metal mixtures on macroinvertebrates in stream

microcosms. Aquat Toxicol 132-133: 151-156.

McKenna BA, Nicholson TM, Wehr JB, Menzies NW. 2010. Effects of Ca, Cu, Al and
La on pectin gel strength: implications for plant cell walls. Carbohydr Res 345: 1174-

1179.

Dronnet VM, Renard C, Axelos MAV, Thibault JF. 1996. Characterisation and selectivity
of divalent metal ions binding by citrus and sugar beet pectins. Carbohydr Polym 30: 253-

263.

MacDougall AJ, Ring SG. 2003. The hydration behaviour of pectin networks and plant
cell walls. In Voragen F, H. S, Visser R, eds, Advances in Pectin and Pectinase Research.

Kluwer Academic Publishers, Dordrecht, pp 123-135.

Wehr JB, Menzies NW, C. Blamey FP. 2004. Inhibition of cell-wall autolysis and pectin

degradation by cations. Plant Physiol Bioch 42: 485-492.

Carpita NC, Gibeaut DM. 1993. Structural models of primary cell walls in flowering
plants: consistency of molecular structure with the physical properties of the walls during

growth. The Plant Journal 3: 1-30.

Marcus S, Verhertbruggen Y, Herve C, Ordaz-Ortiz J, Farkas V, Pedersen H, Willats W,
Knox JP. 2008. Pectic homogalacturonan masks abundant sets of xyloglucan epitopes in

plant cell walls. BMC Plant Biol 8: 60.



738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

60.

61.

62.

63.

64.

65.

66.

36

Michniewicz M, Brewer PB, Jiii F. 2007. Polar auxin transport and asymmetric auxin
distribution: August 21, 2007. The Arabidopsis Book. American Society of Plant

Biologists. doi:10.1199/tab.0108, http://www.aspb.org/publications/arabidopsis/,

Rockville, MD.

Sun P, Tian Q-Y, Chen J, Zhang W-H. 2010. Aluminium-induced inhibition of root

elongation in Arabidopsis is mediated by ethylene and auxin. J Exp Bot 61: 347-356.

Elobeid M, Polle A. 2012. Interference of heavy metal toxicity with auxin physiology. In
Gupta DK, Sandalio LM, eds, Metal Toxicity in Plants: Perception, Signaling and

Remediation. Springer Berlin Heidelberg, pp 249-259.

Kollmeier M, Felle HH, Horst WJ. 2000. Genotypical differences in aluminum resistance
of maize are expressed in the distal part of the transition zone. Is reduced basipetal auxin

flow involved in inhibition of root elongation by aluminum? Plant Physiol 122: 945-956.

Blamey FPC. 2001. The role of the root cell wall in aluminum toxicity. In Ae N, Arihara
J, Okada K, Srinivasan A, eds, Plant Nutrient Acquisition - New Perspectives. Springer-

Verlag, Tokyo, pp 201-227.

Hampton CR, Bowen HC, Broadley MR, Hammond JP, Mead A, Payne KA, Pritchard J,

White PJ. 2004. Cesium toxicity in Arabidopsis. Plant Physiol 136: 3824-3837.

Ke HYD, Anderson WL, Moncrief RM, Rayson GD, Jackson PJ. 1994. Luminescence
studies of metal ion-binding sites on Datura innoxia biomaterial. Environ Sci Technol 28:

586-591.


http://www.aspb.org/publications/arabidopsis/

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

a

67.

68.

69.

70.

71.

72.

73.

74.

75.

37

Feng QL, Wu J, Chen GQ, Cui FZ, Kim TN, Kim JO. 2000. A mechanistic study of the
antibacterial effect of silver ions on Escherichia coli and Staphylococcus aureus. J

Biomed Mater Res 52: 662-668.

Smith R, Seymour GB, Tucker GA. 1989. Inhibition of cell wall degradation by silver(l)

ions during ripening of tomato fruit. J Plant Physiol 134: 514-516.

Delhaize E, Ryan PR, Hebb DM, Yamamoto Y, Sasaki T, Matsumoto H. 2004.
Engineering high-level aluminum tolerance in barley with the ALMT1 gene. Proc Natl

Acad Sci U S A 101: 15249-15254.

Blamey FPC, Kopittke PM, Wehr JB, Menzies NW. 2011. Recovery of cowpea seedling

roots from exposure to toxic concentrations of trace metals. Plant Soil 341: 423-436.

Sivaguru M, Horst WJ. 1998. The distal part of the transition zone is the most aluminum-

sensitive apical root zone of maize. Plant Physiol 116: 155-163.

Ryan PR, Ditomaso JM, Kochian LV. 1993. Aluminium toxicity in roots: An

investigation of spatial sensitivity and the role of the root cap. J Exp Bot 44: 437-446.

Kinraide TB. 1988. Proton extrusion by wheat roots exhibiting severe aluminum toxicity

symptoms. Plant Physiol 88: 418-423.

del Amor FM, Marcelis LFM. 2003. Regulation of nutrient uptake, water uptake and

growth under calcium starvation and recovery. J Hortic Sci Biotechnol 78: 343-349.

Cleland RE, Rayle DL. 1977. Reevaluation of the effect of calcium ions on auxin-induced

elongation. Plant Physiol 60: 709-712.



778

779

780

781

782

783

76.

77.

38

Stael S, Wurzinger B, Mair A, Mehlmer N, Vothknecht UC, Teige M. 2012. Plant

organellar calcium signalling: An emerging field. J Exp Bot 63: 1525-1542.

Ryan PR, Newman IA, Arif I. 1992. Rapid calcium exchange for protons and potassium

in cell walls of Chara. Plant Cell Environ 15: 675-683.



Table 1. The effects of 26 metal cations on plant root growth, sorted by the strength with which they bind to
hard ligands (HLScale), where a value of 0 is the mean and +1 / -1 are one standard deviation above or below
the mean. Note that as HLScale values decrease (strength of binding to hard ligands decreases), the following
trends are generally evident: (i) toxicity decreases, and (ii) the likelihood that cowpea roots will rupture

decreases. Four exceptions (Ag*, Cs*, H", and TI") are shaded in grey and are discussed in the main text.

Cation | HLScale! | ECso (UM)?> | Ruptures®
Ru%* 1.44 1.2 Yes
Sc3t 0.88 1.8 Yes
Hg?* 0.86 0.59 Yes
Ga®t 0.81 0.92 Yes
In®* 0.69 0.59 Yes
AlF* 0.67 22 Yes
Gd®* 0.28 1.7 Yes

H* 0.19 49 No
La%* 0.18 2.2 Yes
cu® -0.09 0.29 Yes
Pb?* -0.20 2.7 No
Ni%* -0.41 0.85 No
Zn** -0.41 16 No
Cd* -0.48 1.8 No
Co® -0.48 2.4 No
Mn?2* -0.62 720 No
Mg?* -0.88 14000 No
Ca? -0.89 48000 No
Sre* -1.01 1900 No
Ba?* -1.13 1700 No
Ag* -1.28 0.024 | Yes

TI* -1.50 0.007 No

Li* -1.57 6400 No
Na* -1.71 58000 No

K* -1.75 98000 No
Cs* -1.88 1.9 No

L HLScale: The strength with which cations bind to hard ligands, defined by Kinraide [14].

2 ECso: The concentration (M) of cations in the bulk solution reducing root elongation by 50 %, taken from
Kopittke et al. [13] for roots of cowpea.

3 Ruptures: Indicates whether or not the cation at elevated concentration causes roots of cowpea to rupture (the
separation and tearing of the rhizodermis and outer cortex), as reported by Blamey et al. [70], Kopittke et al. [9],
and Kopittke et al. [43].



FIGURE LEGENDS

Fig. 1. (A) Concentrations of 19 metal cations at the outer surface of the plasma membrane that reduce
elongation of wheat roots by 50 % (ECso,pm) plotted against the strength with which they bind to hard ligands
(HLScale, Kinraide [14]). Three metal cations (TI*, Ag*, and Cu?*) are excluded from the regression analysis —
these cations are substantially more toxic than predicted from their strength of binding to hard ligands. Data are
taken from Kinraide and Yermiyahu [12]. (B) Measured concentrations of 26 toxic cations in the bulk solution
causing a 50 % reduction in the elongation of cowpea roots (ECsop). The dotted vertical line represents an
arbitrary HLScale value of -0.15 which separates cations binding strongly to hard ligands causing ruptures and
cations binding weakly not causing ruptures (Ag* and H* are the only exceptions). Three cations (TI*, Ag*, and
Cu?") are excluded from the regression. Error bars are shown although are often smaller than the symbols. Data
from Kopittke et al. [13], Blamey et al. [44], and Kopittke et al. [43]. (C) Relationship between HLScale values
and concentrations of eight cations in the bulk solution that have been found to induce toxic effects in solution
culture. The points are the median toxic concentration with the 25th percentile shown using error bars (the 75th
percentile is not shown to maintain clarity). Data are reanalysed from Kopittke et al. [23] who collected data

from 119 individual studies published between 1975 and 2009 for a wide range of plant species.

Fig. 2. Distribution of Cu and Zn in roots of cowpea examined using synchrotron-based X-ray fluorescence
microscopy (1-XRF). Data were collected as described by Kopittke et al. [39]. Seedlings were grown for 24 h in
solutions containing 1.5 uM Cu or 50 uM Zn. Brighter colours correspond to higher concentrations, but

concentrations cannot be compared between the two images. The white bars are equal to 1 mm.

Fig. 3. The concentrations of five metals in the rhizodermis of cowpea using synchrotron-based X-ray
fluorescence microscopy [25] plotted against the strength with which the metal cation binds to hard ligands

(HLScale) [14]. Plants were grown in solutions containing toxic levels of cations (uM): 1.0 Hg, 1.5 Cu, 5.0 Ni,



40 Zn, or 150 Mn. Given that the concentrations in the bulk solutions varied from 1.0 to 150 uM, in (A) the

concentrations of metals in the rhizodermis (ug g*) are divided by their concentrations in the bulk solution

(UM).

Fig. 4. Scanning electron micrographs showing ruptures in roots of cowpea exposed to 40 uM Al, 2.4 uM Hg,
13 uM In, or 13 uM Ru for the times indicated. Data were collected as described by Kopittke et al. [9] and
Kopittke et al. [43]. Note that for Ru (24 h), the root tip is almost entirely broken off — this was generally
observed in severely ruptured roots which became very delicate and even the aeration bubbles rising through the

nutrient solution had sufficient energy to break off the tip at the rupture.
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