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ABSTRACT

The aim of the work was to identify the effects of elevated zinc or of cadmium on the dynamics
of previously introduced %Zn and 'Cd, considering especially the effects of high zinc supply on
199Cd and of cadmium on %Zn transport and redistribution in the whole plant. The translocation
of radiolabelled zinc (**Zn) and cadmium (***Cd) was compared in wheat (Triticum aestivum 1..)
and in bean (Phaseolus vulgaris L.) plants, considering the root-to-shoot transport and further
redistribution within the shoots. Visible symptoms of heavy metal toxicity were observed in both
plant species. Dry matter was reduced by increased Cd, but not by increased Zn. At day 12 (but
not before), the dry matter of bean roots and of trifoliate 1 was significantly lower in plants
subjected to increased Cd in the nutrient medium than in control plants, while other bean
organs were not significantly affected. In contrast, dry matter in wheat was significantly
lowered by increased Cd supply only in the youngest (4") leaf at day 3 (but not afterwards
and not in roots or other leaves). ®Zn was translocated more rapidly than 'Cd from roots
to the aerial parts in both species, but this transport was more efficient in wheat than in bean.
Strong accumulation in the roots was observed for *Cd. An increased Zn concentration in the
nutrient medium, but not Cd, negatively influenced the root-to-shoot transfer of ¢Zn in bean
plants. The redistribution of ®Zn from primary leaves to the youngest trifoliate leaves was also
negatively affected by an increased Zn supply. In wheat plants, an increased Zn concentration
in the nutrient medium also negatively influenced the root-to-shoot transfer of %Zn, as well
as the redistribution of this radionuclide from the oldest to the youngest leaves. Transport
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and distribution of zinc and cadmium differed clearly between bean and wheat, but effects
of increased zinc on cadmium transport and vice versa were less pronounced than expected.

Keywords: xylem, phloem, cereals, legumes, heavy metals, hydroponic culture, radioisotopes

INTRODUCTION

Intensive mining processes as well as industrial and agricultural pro-
gress the main reasons for high levels of heavy metals (HM) in agricultural
soils (Lim et al. 2013). Application of phosphate fertilizers, untreated waste-
water, contaminated sewage sludge and manure are the main sources of
cadmium pollution (Cd). Subsequent utilization of these contaminated soils
for crop production is a risk to human and animal health. Plant Cd accumu-
lation potential depends on various factors, such as Cd availability and
mobility in the soil and its subsequent uptake by the roots and translocation
via the xylem to the shoots (SARwAR et al. 2010). The presence of Cd may
result in various morphological and physiological changes, including growth
inhibition, leaf rolling, chlorosis and necrosis (BENABID, GHORAB 2013),
reduced stomatal conductance and lowered transpiration rate (SAIFULLAH
et al. 2014). Inhibition of photosynthesis (MaLCOVSKA et al. 2014, TuwMma,
SvoJANOVSKA 2015), imbalance of mineral nutrients (Gouia et al. 2000), induc-
tion of oxidative stress (MAaLCOVSKA et al. 2014), and modifications of gene
expression (HERBETTE et al. 2006) are other characteristic processes typical
for excess of Cd. Cd?" ions can also compete with other cations (e.g., Na*, Ca%
and Zn?*") for transmembrane carriers (TupDOREANU, PHILLIPS 2004).

Zinc (Zn) is an essential trace element, which has many biological func-
tions in plants and is a component of many proteins in plants. In excess,
however, it can become toxic (Tuma et al. 2008, Tuma, SvoJaNovska 2015),
with typical symptoms like chlorosis of young leaves or inhibition of photo-
synthesis (VAILLANT et al. 2005). The close relationship between Cd and Zn,
which results from similar geochemical and environmental properties, could
result in their interactions during the uptake, transport, accumulation, and
their functions in plants (MonamMMaD, MoHEMAN 2010). Generally, these inter-
actions are considered antagonistic. It is known that Zn can minimize accu-
mulation of Cd by plants (BENAKOVA et al. 2017). Nutrient dynamics, yield
and quality of harvested products are the main plant properties affected by
these interactions (SANAEIOSTOVAR et al. 2011). Based on the above considera-
tions, it can be hypothesized that an increased zinc supply affects cadmium
uptake and cadmium dynamics in plants, and vice versa an increased cadmi-
um supply influences zinc dynamics in crop plants.

Common bean (Phaseolus vulgaris L., Fabaceae) is one of the most
important food legumes of developing countries and in the Middle East
(Howrapar 2014). Wheat (Triticum aestivum L., Poaceae) belongs to the most
important economic crops worldwide, and is cultivated on a global scale.
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Cereal products are estimated to account for approximately 40% of alimentary
Cd in Europe (GREGER, LANDBERG 2008) with possible Cd translocation
to grains (Harris, TavLor 2013). It has been reported previously that the Cd
and Zn release to the shoots and the subsequent redistribution within
the shoots differ considerably between cereal (PAaGE, FELLER 2005) and legume
(Pack et al. 2006) species. Subcellular compartmentation (KUPPER et al. 2000,
Yanc et al. 2006), presence of heavy metal chelators (StoLT et al. 2003,
RicuAu et al. 2009, Hazama et al. 2015), loading into the xylem in roots
(M1vapATE et al. 2011) and phloem mobility (Pack, FELLER 2005, PAGE et al.
2006, Hazama et al. 2015) are key points for the relative mobilities of Cd and
Zn in various plant species.

Classical breeding programs as well as the production of transgenic
plants can lead to producing crop varieties (Arao, ISHIKAWA 2006, Li, ZHOU
2012) with high (e.g. for biofortification or soil remediation) or low
(e.g. for food and feed production on polluted soils) Cd and Zn content
(KramER, CHARDONNENS 2001, WELCH, GrRaHaM 2002). The physiological
processes leading to increased or decreased Cd and/or Zn levels are highly
relevant in this context on the species level as well as on the variety level.

The questions of Cd and Zn uptake and partitioning were addressed
during the past decades in several investigations on wheat (PAGE, FELLER
2005, Harris, TavLor 2013) and legumes (PaGE et al. 2006). Furthermore,
the influence of ammonium (CHENG et al. 2018) and of nitrate (WANG et al.
in press) on Cd/Zn interactions in wheat have been comprehensively
reviewed more recently. The focus of these publications was the translocation
and the distribution (including subcellular distribution) of Cd and Zn, and
the findings led to the conclusion that the chemical form of a nitrogen source
influences the interactions between these two heavy metals. However, little
1s known about the influence of changes in the nutrient medium (e.g. a dras-
tic increase in the Cd or Zn concentration in a medium) on the dynamics
of Cd and Zn previously present in the plants.

One cereal and one legume were used in the experiments reported here,
as these are among the major crop plants grown throughout the world.
The aim of this study was to compare the redistribution of Cd and Zn
in the whole plant of wheat (cereal) and dwarf bean (legume). Radionuclides
are often used as tools for detailed investigations of the distribution and
further redistribution of toxic elements in different biological systems
(PacE, FELLER 2005, PAGE et al. 2006, BENABID, GHORAB 2013). Therefore, radio-
isotopes of these two heavy metals, 1°Cd and %Zn, were chosen for sensitive
detection of their content in roots, the root-to-shoot translocation and further
redistribution within the shoots after a drastic increase of the Cd or Zn con-
centrations in a nutrient medium. Since Cd and Zn previously present in the
plants were radiolabelled and the additionally supplied heavy metals were
unlabelled, it became possible to selectively investigate the effects of the high
external concentrations on the dynamics of Cd and Zn previously present
in the plants.
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MATERIALS AND METHODS

Seeds of wheat (Triticum aestivum L. cv. Rubli) and bean (Phaseolus
vulgaris L. cv. Saxa) were germinated on wet tissue paper (14 days and 2 days,
respectively) in a plastic dish at 19 - 23°C and 14 h/10 h day/night cycle.
Beans were transferred after 2 days to wet coarse quartz sand, while wheat
plants remained on wet tissue paper. Afterwards, bean plants (12 days old)
and wheat plants (14 days old) were transferred to a standard nutrient solu-
tion containing 5.8 mmol dm® KH,PO,, 3 mmol dm® MgSO,, 1.3 mmol dm*
Ca(NO,),, 0.88 mmol dm® KNO,, 64 pmol dm® Fe-EDDHA, 0.98 pmol dm?
MnCl,, 4.93 umol dm® H,BO,, 0.17 pmol dm* ZnSO,, 0.2 umol dm* Na,MoO,,
0.05 pmol dm™® Ni(NO,),, 0.11 pmol dm?® CuSO, (PAGE et al. 2012). After 5 days
of cultivation on this nutrient medium, plants were placed for 48 h in pots
with 125 ml of the standard nutrient solution with a mixture of the two radio-
isotopes *Cd (30.2 Bq per plant) and %Zn (19.8 Bq per plant). Three plants
were in each pot, bean and wheat separately. After labelling, roots were
dipped two times sequentially in 200 ml H,O to remove radioactive solutes
from the root surface. Next, six plants (3 wheat and 3 beans plants per pot)
were placed in a pot with 900 ml of the standard nutrient solution.

Plants were grown in a culture chamber under the following conditions:
photoperiod of 14/10 h day/night (150 pmol photons m? s') with temp.
of 23°C/19°C day/night, and relative humidities of 30-33%/36-39% day/night.
Three different variants were chosen, each in four replications: control with
no added unlabelled Cd or Zn; 2Cd (2 umol dm*® Cd added); 20Zn (20 pmol dm*
Zn added). Plants were harvested 3, 6 and 12 days after labelling (four rep-
licates from different pots for each time point). Collected bean plants were
dissected into the roots, primary leaves, stem, trifoliate 1 (the oldest), trifoli-
ate 2, trifoliate 3 and trifoliate 4 (the youngest). Wheat plants were dissected
into the roots, leaf 1 (the oldest), leaves 2, 3, 4, 5 and leaf 6 (the youngest)
and tillers. Separated organs were dried at 60°C to determine the dry matter
(DM), and subsequently the radionuclide content was analysed. The radioac-
tivity of 1°Cd and %Zn was detected in a gamma counter (1480 Wizard 3,
Wallac Oy, Turku, Finland) with a counting time of 40 min per sample.

Student’s ¢-test at the P<0.05 level was used to identify significant diffe-
rences between variants (Statistica ver. 10.0, Analytical Software,
Tallahassee FL, USA). Results shown in figures represent means + SE of 4
independent replicates.

RESULTS AND DISCUSSION

Visible symptoms of heavy metal toxicity were observed in both plant
species, being more evident in bean than in wheat plants. In bean plants,
leaf chlorosis appeared in both primary and in trifoliate leaves, and was
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evident already 3 days after labelling in variant 2Cd. The symptoms became
more pronounced afterwards, which finally led to massive leaf yellowing.
In addition, leaves of 2Cd plants were markedly smaller and senesced earlier
than those of control plants. There were no visible differences between the
control and 20Zn variants. In wheat plants, a slightly reduced plant size was
observed in 20Zn variant compared with the other treatments. This variant
was also characterized by a brighter colour of the leaves. Chlorosis suggested
that toxic effects of Cd mainly affected leaves, which are more sensitive
to Cd than the other parts of bean plants. We also observed darkening and
browning around the leaf veins in this plant. This is consistent with the
report by PaAck et al. (2006), who observed small quantities of *Cd in all
parts of the leaves, but a large amount of this element was located in the
major leaf veins. It has also been documented that the general symptoms
of excess Zn are leaf chlorosis, root browning, stunting of shoot, curling
and rolling of young leaves, death of leaf, reduction of the chlorophyll content
(Rout, Das 2009, Tuma, Svosanovska 2015). In our experiment, the response
of the two species to elevated Zn supply differed, as only subtle lightening
of leaves was observed in wheat plants.

A decrease in the plant height and biomass production is considered
to be the first indication of Cd toxicity, as previously reported by EKMEK(I
et al. (2008). Because the symptoms of toxicity can appear during different
developmental stages (SARWAR et al. 2010) and one of our aims was to eluci-
date redistribution processes within the shoot, various time periods of har-
vesting after the labelling with radionuclides were chosen. In our experi-
ment, this negative effect was detectable also after a longer time lapse.
The reduction of DM (Figure 1) in some leaves was detectable after 6 days,
and became more evident after 12 days. It is interesting to notice that Cd
addition to a nutrient medium for bean caused a stronger decrease in DM
(especially in trifoliate 1) than the addition of Zn. KoLBERT et al. (2012) argue
that under stress conditions plants utilize most of their resources for the
improvement of detoxification mechanisms rather than growth and develop-
ment. On the other hand, this was not evident in our experiment for wheat
plants. Here, the reduction of plant DM, especially in leaves 2, 3 and 4,
was caused by the addition of Zn. It is known that Zn is an essential nutrient
for plant growth, but it becomes toxic at higher concentrations in a nutrient
medium. The element can be highly phytotoxic, especially when it accumu-
lates in plants in an early phase of development (Rour, Das 2009). This phy-
totoxic effect is well documented for many plant species and is usually repre-
sented by growth inhibition (VAILLANT et al. 2005, Tuma, SvoJaNovskA 2015).

Differences in the effects of the two heavy metals on DM and physiologi-
cal activities in bean and wheat shoots may be caused by the species-specific
metal translocation from the roots to the aerial plant parts. This root-to-
-shoot transfer of %Zn and '°°Cd is evident from Figure 2. The diagrams
clearly demonstrate that ®Zn was more rapidly transferred from the roots
to the aerial parts than °°Cd in both species. This transfer is more efficient
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Fig. 1. Changes in the dry matter per plant part in bean (Phaseolus vulgaris L.) and wheat

(Triticum aestivum L.) during exposure to elevated Cd or Zn in the nutrient medium.
Trifoliate bean leaves are numbered from the oldest (trifoliate 1) to the youngest (trifoliate 4),

and wheat leaves are numbered starting with the oldest leaf. Means and standard errors
(on one side only for clarity) of 4 independent replicates are shown. Columns with the same

letter for values of the same harvest date and the same plant part are not significantly

different at the P<0.05 level

in wheat than in bean. Cd was strongly retained in the roots (around 90%
in bean and around 60% in wheat). The content of %Zn in bean shoots was

influenced by the addition of unlabelled Zn in a typical manner, while the
19Cd content was far less affected.
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Fig. 2. Content of %Zn and "Cd in whole plants and in shoots of bean (Phaseolus vulgaris L.)
and wheat (Triticum aestivum L.) during exposure to elevated Cd or Zn in the nutrient
medium. Means and standard errors (on one side only for clarity) of 4 independent replicates
are shown for the contents in counts per minute (cpm). Columns with the same letter
in the same triplet are not significantly different at the P<0.05 level

After tracing the translocation of elements from the roots to shoots,
it is important to evaluate their further redistribution within the shoot.
Relative contents of %Zn and '°°Cd in various plant parts at various time
points are shown in Figure 3 (bean) and Figure 4 (wheat). Figure 3 shows
that an increased Zn concentration (but not an increased Cd concentration)
in the medium negatively influenced the root-to-shoot transfer of Zn in bean
plants (see days 6 and 12). Furthermore, the redistribution from the primary
leaves to the youngest trifoliate leaves was also affected. Around 40-70%
of %Zn was retained in the roots. Differences between %Zn and °°Cd reten-
tion in the root system are obvious. Around 90% of **Cd remained in bean
roots, regardless of the variant or harvest time.

Figure 4 shows that an increased Zn concentration in the nutrient medium
negatively influenced its root-to-shoot transfer (see days 6 and 12) in wheat
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Fig. 3. Relative content of ®Zn and '*Cd (% of total content in plant) in various plant parts
of bean (Phaseolus vulgaris L.) during exposure to elevated Cd or Zn in the nutrient medium.
Trifoliate leaves are numbered from the oldest (trifoliate 1) to the youngest (trifoliate 4).
Means and standard errors (on one side only for clarity) of 4 independent replicates are shown.
Columns with the same letter in the same triplet are not significantly different at the P<0.05

level
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Fig. 4. Relative content of ®Zn and '*°Cd (% of total content in plant) in various plant parts
of wheat (Triticum aestivum L.) during exposure to elevated Cd or Zn in the nutrient medium.
Leaves are numbered starting with the oldest leaf (leaf 1). Means and standard errors
(on one side only for clarity) of 4 independent replicates are shown. Columns with the same
letter in the same triplet are not significantly different at the P<0.05 level

plants. The redistribution from leaves 1 and 2 to the youngest leaves was
also affected. Around 30-50% of ®Zn was in the roots. A large amount of %Zn
moved towards the leaves during their expansion. 'Cd was more mobile
in wheat than in bean plants. Around 60-80% of ®Cd remained in the roots.
An increased Cd concentration in the medium positively influenced the root-
-to-shoot transfer for Cd (see days 3 and 6) in wheat plants. 1Cd was trans-
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located much faster from the roots to the developing leaves in wheat than
in bean. Apparently 1°Cd was far less efficiently loaded into the phloem and
transported from older to younger wheat leaves compared to %Zn.

The more rapid translocation of %Zn, compared with °Cd, from the roots
to the aerial parts in both species can be caused by various transfer mecha-
nisms, which are more efficient in wheat than in bean. According to SARWAR
et al. (2010), Cd toxicity not only decreases plant biomass, but also enhances
the translocation of Cd to aerial parts. Similarly, ExMEKCI et al. (2008)
suggested that a lack of sufficient energy for Cd sequestration in the roots
may also be responsible for translocation of Cd from roots to the aerial parts.
It may be suggested that wheat and bean have different translocation pro-
cesses, such as Cd transport out of parenchymal cells into the xylem system,
or Cd loading into and out of the phloem. Another explanation is that Cd
may be recognized as a toxic compound by the roots of both wheat and bean,
thus leading to the activation of mechanisms such as sequestration into
the vacuole or accumulation in the cell walls (TuporEaNU, PHiLLiPs 2004,
Pack, FELLER 2005, PAGE et al. 2006, SANAEIOSTOVAR et al. 2011). The reason
for such strong retention of '°Cd in the roots may be the involvement
of defensive mechanisms at the root surface and in the root apoplast, whose
activities lead to insolubilization. Compartmentation in root tissues may
contribute to avoid the release of HM to the xylem (Pack, FELLER 2015).
In general, roots accumulate the highest percentage of Cd compared to other
plant tissues (Arao, IsHIKAWA 2006, PAGE et al. 2006, SANAEIOSTOVAR et al.
2011, Tuma et al. 2014), but retention in the roots also depends on the plant
species and the efficiency of root detoxification mechanisms (BENABID, GHORAB
2013). Cd dynamics in crop plants are relevant for the entry into the food
chain and depend on various physiological processes including the production
of complexes with organic acids, phytochelatins or nicotianamine as ligands
(TuporEANU, PHILLIPS 2004, SANAEIOSTOVAR et al. 2011, Pace, FELLER 2015).

Negative influences of increased Zn concentrations in the medium on the
root-to-shoot transfer of previously applied %Zn in bean plants, and negative
influences of an increased Cd concentration in the medium on the root-to-
-shoot transfer of previously introduced **Cd in wheat plants may be linked
to detoxification mechanisms in the roots. BENAKOVA et al. (2017) reported
that Zn can minimize Cd accumulation in plants. The root uptake, distribu-
tion and accumulation of Zn and Cd in plant tissues also differ depending
on the crop genotype and not only on the species (Arao, IsHikAwA 2006,
L1, Zuou 2012).

However, with leaf aging, the content of °Zn decreased in wheat leaves.
This finding is consistent with observations by PAcE et al. (2006). As reported
previously by Pack, FELLER (2015), HM transported via the transpiration
stream to the shoot accumulate primarily in photosynthetically active (tran-
spiring) leaves, if there is no further redistribution. Export from these leaves
via the phloem allows redistribution from senescing leaves to sinks, but
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another possibility is also transfer to the phloem before the xylem sap reaches
the mesophyll cells by a direct xylem-to-phloem transfer in bundles (HERREN,
FELLER 1997, PacE, FELLER 2015). Such selective transfer may cause different
distribution patterns for various HM during and after the transport from the
roots to the shoot. For a more comprehensive analysis, the reproductive
phase including seed loading with heavy metals must be borne in mind, and
will be eventually relevant for the quality of harvested products (KHAN et al.
2014).

CONCLUSIONS

Although Cd and Zn dynamics differ between wheat and dwarf bean,
the release from the roots via the xylem to the shoot is a key process for the
accumulation of the heavy metals in various aerial parts. Since genotypes
of the same species may also differ with respect to Cd and Zn distribution
and redistribution, the findings reported in this paper may be relevant
for genotype selection or plant breeding for crop production on polluted soils.
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