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Abstract Submersed Callitriche cophocarpa is an out-

standing Cr phytoremediator in water systems. The mineral

elements in waters can penetrate the submersed plant sur-

face. This has led us to the hypothesis that the absorbed Cr

can alter the mechanical properties of leaves. These prop-

erties were measured by applying atomic force microscopy.

C. cophocarpa shoots were immersed in 100 lM (5.2 mg/l)

Cr solution for 7 days. Cr was applied independently at two

distinct oxidation states as Cr(VI) and Cr(III), known from

different physicochemical properties and toxic effects. The

contents of elements which were proportional to the fluo-

rescence signal in individual leaves were evaluated using

micro-X-ray fluorescence spectroscopy. The results

obtained showed that the leaf epidermis significantly

changes its elastic properties upon incubation with

Cr-supplemented solution. When compared to the control, a

drop in the leaf’s stiffness observed for Cr(III) was ca.

42 %. In the case of Cr(VI)-treated leaves, the stiffness

raised to ca. 17 %. The changes in elasticity were signifi-

cantly correlated with the contents of Ca (Pearson’s coef-

ficient r = 0.87, p \ 0.017). The results led us to ascertain

that it is Cr(III) but not Cr(VI) that significantly influences

Ca removal from leaves thus decreasing the stiffness of the

leaf’s epidermis.

Keywords Atomic force microscopy � Ca � Callitriche �
Cr � Elastic properties � X-ray fluorescence spectroscopy

Introduction

The chromium content in surface water is usually at a low

level, typically between 0.3 and 6 lg/l. Wastewater origi-

nating from steel manufacturing, chrome plating and tan-

neries, however, can be highly polluted by Cr compounds,

up to the level of a few hundred mg/l (Sperling et al. 1992;

Kyzioł-Komosińska et al. 2008). These concentrations

reflect a total chromium content comprising a rich variety

of chemical species. The availability of chromium ions to

organisms as well as their toxic effects depends strongly on

chromium oxidation states. There are two stable Cr species

in the environment: Cr(III) and Cr(VI). Cr(III) is consid-

ered to be a micronutrient, essential for the maintenance of

the glucose and lipid metabolism in mammals (Schwartz

and Mertz 1959). Although when it exceeds the permitted

concentration in water, i.e., 50 lg/l (Regulation of 9

November, 2011), it may negatively influence aquatic life

and, after consumption, leads to human health problems

(Codd et al. 2001). Cr(VI) is highly toxic to biota owing to

its oxidizing potential and easy permeation of biological

membranes (Kimbrough et al. 1999; Codd et al. 2001; Dhal

et al. 2013). Cr(VI) and Cr(III) can interconvert (Kotaś and

Stasicka 2000), and the reduction of Cr(VI) to Cr(III) is
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assumed to be the main detoxification mechanism of

Cr(VI) (Zayed and Terry 2003). Both forms of Cr are

regarded by the Environmental Protection Agency (USA)

as priority toxic pollutants.

The Callitriche cophocarpa, a widely distributed aqua-

tic higher plant (macrophyte), was recently proven to be an

excellent candidate for both the Cr(III) and Cr(VI) phy-

toextraction purpose (Augustynowicz et al. 2010, 2013).

This submersed macrophyte is of great interest as regards

the phytoremediation of polluted water for two key rea-

sons. Firstly, it is able to accumulate pollutants in its

shoots, and thus, the pollution could be effectively

removed with plant biomass without any loss in the root-

sediment system. It must be stressed that little information

is available on the topic of chromium remediation by

shoots of aquatic vegetation. Secondly, it is known that

submerged macrophytes can reveal a higher metal uptake

than floating aquatic plants due to a high contact area with

the surrounding water (Chandra and Kulshreshtha 2004).

C. cophocarpa reveals the extraordinary accumulation

capacity of Cr ions comparable with those described for

commercially used sorbents (Augustynowicz et al. 2013).

Submersed plant species can uptake mineral elements from

water reservoirs and sediment. This process can undergo

through the surface of leaves, which leads us to the hypothesis

that Cr uptake can alter the mechanical properties of leaves.

In the present study, in order to verify this hypothesis, we

have used atomic force microscopy (AFM) (Vileno et al.

2007) to determine the mechanical properties of C. copho-

carpa leaves exposed to 100 lM concentration of Cr(III) and

Cr(VI). We have shown an important correlation between

Cr(VI), Cr(III) and Ca content in relation to the stiffness of

the leaf. In order to determine content of Cr and Ca elements

in an individual leaf, we used micro-X-ray fluorescence

spectroscopy (lXRF). This method enables the measurement

of the intensity of the fluorescence signal of the particular

element, which is proportional to the element content. In this

study, we attempted to find a new basic mechanism of Cr

influence on Callitriche leaves, but we did not focus on the

applicability of the results in the context of the phytoreme-

diation technology, which was rather the subject of our earlier

works (Augustynowicz et al. 2010, 2013, 2014). We believe

that this study will contribute to the understanding of the

mechanisms controlling the influence of heavy metal ions on

higher plant species in the aquatic environment.

Materials and methods

Plant material and incubation in Cr media

Callitriche cophocarpa Sendtn. (water starwort) was col-

lected from the Dłubnia river, southern Poland: 508160N/

198560E, during the vegetation season of the year 2012.

Mature shoots of about 10 cm in length were rinsed several

times with distilled water after tap water and used for

further experiments. The incubation of plants in Cr media

was performed over a period of 7 days. Cr solutions were

prepared using water derived from the natural stands of

plants, supplemented with 100 lM (5.2 mg/l) Cr(VI) (as

K2Cr2O7) or Cr(III) (as Cr2(SO4)3�18 H2O) (POCh Gliw-

ice, Poland). Before the experiment, the water was filtered

to prevent the growth of microorganisms (Supelco filters,

0.2 lm pore size). The Cr concentration was selected

according to earlier experiments (Augustynowicz et al.

2010, 2013). Plants exposed to this Cr concentration

exhibited only some symptoms of physiological stress.

ICP-MS spectroscopy (ELAN 6100, Perkin Elmer) (PN-

EN ISO 9963-1:2001) calibrated against the ICP multi-

element standard (Merck) and titration methods (PN-ISO

9297:1994, PN-EN ISO 17294-1:2007) was applied to

measure the chemical composition of the water. The

average amount (mg/l) of elements were as follows: 4.24

Na?, 1.75 K?, 69.65 Ca2?, 5.01 Mg2?, 2 9 10-3 Fe2?,

5 9 10-3 Mn2?, 5 9 10-3 Zn2?, 6 9 10-4 Cu2?, 10-3

Mo6?, 16.50 Cl-, 10.20 SO4
2-, 189.00 HCO3

2-, 13.50

NO3
2-, 0.15 PO4

3- and 0.08 BO3
3-. The level of heavy

metals, Pb, Hg, Cd, Zn, Tl, Ni and Cr, did not exceed 1 lg/l.

The average electrical conductivity of water was equal to

0.335 mS/cm, pH = 7.8 and Eh (redox potential) =

180 mV. An amount of 1.5 g of shoots was submersed in

300 ml of the aforementioned Cr solutions. Plants were

incubated in the fitotron for 16 h with a light intensity of

35 lmol m-2 s-1 (LF 36 W/54, Piła, Poland) and 8 h of

darkness at 23 �C. Plants were collected from the natural

stand, which was a river quite strongly shaded by rich

coastal vegetation (trees and shrubs). Therefore, at the time

of sample collection (May–July), the submersed plants were

not exposed to high light intensity. The photon flux used in

these experiments was comparable with that reaching the

shoots at the time when the plants were collected. Control

samples were those plants incubated as described above but

with no Cr addition. The analyses were carried out on

mature leaves.

Atomic force microscopy (AFM)

The elastic properties of leaves were measured using a

commercially available device (PSIA XE120, Park Sys-

tems, Korea) equipped with the ‘‘liquid cell’’ setup (Vileno

et al. 2007). Standard silicon cantilevers in the conical

shape of a probing tip were used in all experiments

(NSC36, Park Systems). These were characterized by the

10-nm diameter of the tip radius and the cantilever spring

constant of 1.75 N/m. In the AFM, a probing tip, mounted

at the end of a delicate cantilever, indents the cell which

2026 Acta Physiol Plant (2014) 36:2025–2032

123



results in a certain deflection of the cantilever. The

deflection is measured using the laser–photodiode system

(Fig. 1a). A photodiode, whose active area is divided into

four quadrants, records the intensity of a laser beam

deflected from the end of the cantilever (Fig. 1b). The

magnitude of the deflection depends on the elastic prop-

erties of the sample. The leaf’s stiffness was determined by

fitting a line to the part of the force–displacement curve,

i.e., to the fragment between 0 and 100 nm, denoting the

leaf’s 100-nm layer of thickness (Fig. 1c). The average

values of the leaf’s stiffness were calculated from the fit of

the Gauss function. In such case, the center of distribution

denotes the mean value while half of its full width taken at

half maximum (FWHM) is a standard deviation.

During AFM measurements, two sides of mature leaves

were measured: the adaxial (upper surface) and abaxial

(lower surface). Each time, ten different locations, in the

middle part of the leaf on both sides of the main vascular

bundle, with a scan size of 25 9 25 lm2, were probed in

three various leaves. This experiment was repeated in three

independent series. During AFM measurements, leaves

were dipped into incubation solution.

Micro-X-ray fluorescence spectroscopy (lXRF)

The abundance of chromium and calcium was studied

using a laboratory lXRF setup consisting of a low-power

X-ray tube with a molybdenum anode and silicon drift

detector (SDD detector) described in detail elsewhere

(Wróbel et al. 2012). The image of the experimental setup

is presented in Fig. 2.

The angle between the impinging beam and the sample

normal was 45�. Similarly, the angle between the detector

axis and the sample normal was 45�. The X-ray tube

voltage and current were 50 kV and 1 mA, respectively.

Primary radiation from the X-ray tube was focused using a

polycapillary lens into a Gaussian-shaped beam (Węgrzy-

nek et al. 2008). The size of the focal spot was 16.4 lm

Fig. 1 a The top view image of an AFM probing cantilever placed

over a leaf’s surface. The elastic properties were collected from

randomly selected regions by setting grids with the size of

25 9 25 lm2. b The scheme of the experimental setup. c Force–

displacement curve reflecting the elastic properties of a studied leaf.

The leaf’s stiffness is a slope obtained from linear regression and

expressed in N/m

Fig. 2 lXRF experimental setup: a detector with a polycapillary

conic collimator (polyCCC) attached, b sample holder, c motorized

sample stage, d X-ray tube with polycapillary lens, e microscope lens
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taken at FWHM (full width of half maximum), and the size

of the irradiated area was 380 lm2. The time of the mea-

surements was 1–1.5 s per point. The samples were

mounted between two Mylar films (with a thickness of

2.5 lm) stretched on the plastic holder. The holder was

mounted on the motorized stage which allowed the three-

directional movement of the sample with micrometer res-

olution. The typical size of the map was 1–1.5 mm2, and

step sizes—the same in both the horizontal and vertical

direction—were equal to 20 lm. The average time of

imaging of a single sample was 4.5 h. Before analysis, the

leaves were exhaustively washed in distilled water, gently

dried and immediately dipped into liquid nitrogen. The

samples were then freeze-dried (Alpha 1–4 Martin Christ

Gefriertrocknungsan-lagen GmbH lyophyliser, Germany)

to avoid the dehydration and redistribution of elements as a

result of extended measurements. The intensity of X-ray

emission is proportional to the element content. Thus, the

intensity of X-ray emission (measured as counts per sec-

ond; cps) at the given energy typical for the studied ele-

ment, recorded by SDD detector from the irradiated area

(cps/lm2), was used to determine the content of the ele-

ments in C. cophocarpa leaves. Up to eight independent

leaves were analyzed, in three independent series, with

n [\ 5,600, 40,000 [ independently counted points.

We used the same plants, and we measured the same

leaves ontogenetically and similar leaf parts in both AFM

and lXRF analyses.

Statistics

One-way ANOVA or Kruskal–Wallis nonparametric

ANOVA (if data are not normally distributed) and Tukey’s

or Dunn’s tests, respectively, were performed to determine

the statistical significance of the results. The correlation

coefficient (r) was calculated according to Pearson’s cor-

relation. All procedures were carried out at the significance

level of a = 0.05, based on STATISTICA version 10

software (StatSoft Inc. 2011).

Results

The elastic properties of the leaf epidermis

The AFM measurements of the leaf epidermis showed

significant differences in the mechanical properties of

leaves exposed to chromium solutions as compared to

untreated leaves. The statistical analysis (Kruskal–Wallis

nonparametric ANOVA and Dunn’s test) revealed sig-

nificant differences between the tested objects: control,

Cr(III)- and Cr(VI)-treated leaves (in all cases p \ 0.001).

However, no statistical differences were observed

between the elastic properties of upper (adaxial side) and

lower (abaxial side) leaf epidermis in Cr-treated leaves

(Table 1).

The average stiffness of untreated C. cophocarpa leaves

was 0.98 ± 0.16 N/m (Fig. 3a). When the cantilever is

pushed against a stiff, non-deformable surface, the slope

reflects the stiffness of the cantilever used. Therefore, the

maximum value of the stiffness measured by AFM depends

on the spring constant of the cantilever. In our case, this

was 1.75 N/m, which is almost two times higher than the

stiffness of untreated leaves. Upon incubation with Cr-

supplemented solutions, the measured mean elasticity

increased (Fig. 3b) or decreased significantly (Fig. 3c).

This indicated the softening or stiffening of the leaf’s

surface, respectively. When compared to the control, the

average drop of the leaf stiffness observed for Cr(III) was

about 42 % (Fig. 3b). In the case of Cr(VI)-treated leaves,

the average stiffness increased to ca. 17 % (Fig. 3c).

Elements analysis by lXRF

The fluorescence signal reflecting the amount of Cr consid-

erably depended on the element oxidation state. The deter-

mined X-ray intensities of the Cr signal of Ca and Cr in leaves

following exposure to Cr(III) and Cr(VI) were presented in

Fig. 4. The intensity of the fluorescence signal of the par-

ticular element was proportional to the element content.

Table 1 Elasticity (N/m) of both lower (abaxial side) and upper (adaxial side) leaf epidermis of C. cophocarpa under Cr influence

Object Group name Total number

of replicates (n)

Median

(N/m)

Mean value

(N/m)

Standard deviation

(N/m)

Min

(N/m)

Max

(N/m)

Control lower X1 225 1.038 1.051 0.146 0.838 1.432

Control upper X2 232 0.827 0.857 0.210 0.335 1.441

Cr(III) lower X3 218 0.589 0.635 0.229 0.205 1.244

Cr(III) upper X4 229 0.632 0.590 0.235 0.205 1.133

Cr(VI) lower X5 252 1.215 1.110 0.298 0.503 1.759

Cr(VI) upper X6 261 1.193 1.201 0.268 0.502 1.734

The statistical analysis between treatments was done according to Kruskal–Wallis nonparametric ANOVA (a = 0.05; p \ 0.001) and Dunn’s

test (a = 0.05; group X3 vs. group X4 p \ 1.000, group X5 vs. group X6 p \ 0.057, in all other cases p \ 0.001)
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The average X-ray intensity for Cr detected in Cr(III)-

treated leaves (0.404 ± 0.097 cps/lm2) was around 25 times

higher as compared to the samples treated with Cr(VI)

(0.016 ± 0.004 cps/lm2). The intensity of X-ray fluorescence

for control leaves was at the level of 0.003 cps/lm2, and it was

negligible as compared to Cr-treated samples. Furthermore,

the lXRF analysis revealed the speciation-dependent influ-

ence of chromium on calcium levels. The X-ray fluorescence

intensity for Ca in control leaves was at the level of

0.332 ± 0.135 cps/lm2. The intensity of X-ray emission for

Ca decreased significantly following the exposure of leaves to

Cr(III). When compared to the control, the drop was about

32 % (from 0.332 ± 0.135 to 0.239 ± 0.027 cps/lm2). On

the other hand, when the leaves were exposed to Cr(VI), the

fluorescence of the Ca signal increased up to 40 % (from

0.332 ± 0.135 to 0.437 ± 0.162 cps/lm2). The statistical

difference between the studied Cr and Ca fluorescence signals

in Cr-treated leaves was verified using ANOVA and Tukey’s

tests. ANOVA was applied to compare variance, while Tu-

key’s test was used for post hoc means comparison. The

ANOVA test showed the significant statistical difference at a

level of a = 0.05 (Cr: p \ 0.01, Ca: p \ 0.01). Tukey’s test

(a = 0.05) confirmed the statistical significance between the

studied groups of leaves. The p value for Cr content in the

studied groups was 0.000022 for Cr(III)-treated versus

Cr(VI)-treated leaves and for Cr(III)-treated versus control

groups. For the Cr(VI)-treated leaves compared to control

leaves, p \ 0.013781. The statistical analysis of the Ca con-

tent in all the groups of leaves studied delivers p \ 0.000022.
Fig. 3 Distributions of average stiffness of C. cophocarpa leaves of

control (a), Cr(III)-treated plants (b) and Cr(VI)-treated plants (c)

Fig. 4 The average X-ray intensity (cps/lm2) reflecting contents of

Cr and Ca in the control leaves and following the incubation of plants

in Cr(III) and Cr(VI) solutions (represented as a mean and standard

deviation). Different letters indicate significant statistical differences

for Cr and Ca separately according to the ANOVA and Tukey’s tests

(a = 0.05 for both tests). Values with the same letter are not

significantly different
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Correlation between element content and the leaf’s

stiffness

The correlation between the Ca fluorescence signal

reflecting the element content and the leaf’s stiffness was

confirmed by Pearson’s correlation coefficient, which is a

measure of the linear correlation (dependence) between

two variables. In this case, the Pearson coefficient was

equal to 0.87 (p \ 0.017). It means the higher the calcium

concentration, the higher the leaf’s rigidity (Fig. 5).

Discussion

The aim of this study was the examination of the physical

properties of the plant tissue exposed to an elevated con-

centration of Cr. Callitriche cophocarpa, which was cho-

sen as an excellent model for this investigation. We would

like to stress that the C. cophocarpa is an outstanding Cr

accumulator. On the condition used in this experiment, this

plant species can accumulate ca. 1,000 mg/kg d.w. after

incubation in Cr(VI) (Augustynowicz et al. 2010). More-

over, the accumulation levels following exposure to Cr(III)

are usually 5–10 times higher, and, up to now, the maxi-

mum detected level of Cr was almost 0.3 % d.w. (Au-

gustynowicz et al. 2013). In accordance with the definition

of hyperaccumulation (Van der Ent et al. 2013), when it

grows in the natural environment, the C. cophocarpa would

be called a Cr hyperaccumulator. Lastly, we also showed

that C. cophocarpa is also able to phytoextract extremely

toxic thallium and cadmium compounds, what may also

find further biotechnological application (Augustynowicz

et al. 2014). The objective of this study, however, was the

investigation of the basic mechanism engaged in Cr

influence on the plant structure, which has a direct influ-

ence on its metabolism in polluted water.

This submersed aquatic plant species is able to accu-

mulate heavy metal compounds using the entire surface of

its shoots. This means that the leaf’s epidermis on both the

adaxial and abaxial sides, which were analyzed by AFM,

were the first cell layers exposed to the heavy metal

compounds. We commenced our study with the measure-

ment of the leaf’s elastic properties upon the incubation of

plants in the two most stable Cr oxidation forms in the

environment. It should be stressed that the conditions of

this study were environmentally relevant: Cr concentration

in the solution was carefully chosen to induce some stress

symptoms but without significant negative influence on the

plant’s physiology during the time of experiment (Au-

gustynowicz et al. 2010, 2013). Both methods, the AFM

and lXRF, were consistent with respect to the tested

object, i.e., the analyses were performed with the use of

precisely selected mature plant leaves (please see Materials

and Methods section). Callitriche leaves (ca. 2–4 mm wide

and 10 mm long) are very delicate and well hydrated

(water constitutes 93 % of the leaf biomass). Therefore,

during the AFM measurements, the ‘‘liquid cell’’ setup was

used, which enabled the conduction of experiments on the

leaf samples submersed in the incubation medium. In turn,

lXRF is the technique that allows the analysis of element

concentration at a very low level (Punshon et al. 2009),

typical for the single leaf. In order to determine the amount

of elements in tissue, we measured the X-ray intensity (cps/

lm2) of the Cr and Ca signal since the intensity of the

fluorescence signal of the particular element is proportional

to the element content.

The AFM measurements of the leaf epidermis showed

significant differences in the mechanical properties of

leaves exposed to chromium solutions as compared to

untreated leaves. Cr(III)-treated leaves exhibited the low-

est stiffness indicating softening upon Cr(III) exposure.

However, leaves treated with Cr(VI) showed a substantial

increase in rigidity, which denoted the hardening of a

leaf’s surface as compared to non-treated leaves. These

results correlated well with the determination of Cr con-

tent, which was the largest for Cr(III)-treated leaves. We

attempted to explain the observed changes in the elasticity

of the leaves caused by different Cr species, and we found

that calcium content is significantly influenced in plant

material exposed to Cr. Calcium (Ca2?) ions are a key

element that plays a role in various processes, such as

maintaining osmotic pressure within vacuoles, the regu-

lation of enzyme activity and participation in signaling

cascades as secondary messengers. Moreover, Ca is

known to be a very important structural element stabiliz-

ing cell membranes and strengthening cell walls due to its

bounding to negatively charged functional groups

Fig. 5 The plot of the elastic modulus (E) as a function of Ca content

showing a linear correlation with the Pearson coefficient r = 0.87

(p \ 0.017)
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(Ubarretxena-Belandia et al. 1998; White and Broadley

2003). In the control, i.e., intact leaves, high Ca and low

Cr levels were observed. Upon exposure to Cr, the plant

accumulated Cr from the solution. However, Cr uptake

strongly influenced the quantity of Ca in the leaves. The

accumulation of Cr in Cr(III)-exposed leaves was

accompanied by the significant Ca reduction reflected by

the decrease of the Ca fluorescence signal. Contrary to this

result, the incubation of plants in Cr(VI) caused an

increase in Ca content as compared to the control. The

observed phenomenon could be explained on the basis of

the physiochemical properties of the investigated ele-

ments, which are discussed below.

In an aquatic environment, Cr(III) occurs as a cation,

usually in the form of hydroxyl complexes (e.g., CrOH2?).

Its transport through the cell membrane does not require

the use of metabolic energy (Zayed and Terry 2003).

Cr(III) can be easily bound by different functional groups

(e.g., hydroxyl, carboxyl, amide, sulfhydryl) by a number

of organic compounds (Mohan and Pittman 2006). In

general, heavy metal cations can displace the native ions in

metalloprotein cofactors, i.e., Ni can remove zinc from

carbonic anhydrase, leading to the inactivation of the

enzyme (Nieboer and Richardson 1980). They can coor-

dinate various organic compounds resulting in the inhibi-

tion of metalloenzyme system. Heavy metal ions can also

lead to replacing Ca, which stabilizes the phospholipids

and pectin network in the plant surface. Therefore, we may

assume that the reason for decreased leaf stiffness under

Cr(III) influence is caused by the removal of Ca by Cr

cations. On the contrary to trivalent Cr, Cr(VI) is a strong

oxidizing agent, known for its very high toxicity to living

organisms (Codd et al. 2001). In water systems, its ionic

forms are anions such as chromate (CrO4
2-) or dichromate

(Cr2O7
2-). The penetration of Cr(VI) through cell mem-

branes is under the control of sulfate transporters (Kaszycki

et al. 2005; Appenroth et al. 2008) and needs metabolic

energy (Shanker et al. 2005). However, the penetration of

Cr(VI) through cell membranes is easier than Cr(III), and

the accumulation of Cr(VI) is sometimes lower than Cr(III)

in some aquatic plants and microalgae (Codd et al. 2001;

Frontasyeva et al. 2009). The level of Cr detected in leaves

of Cr(VI)-treated C. cophocarpa was significantly lower

than in Cr(III)-treated plants. These results are consistent

with the previous data obtained by means of inductively

coupled plasma optical emission spectrometry (ICP-OES)

(Augustynowicz et al. 2013). This may result from the

different sorption capacity of both species. Redox-active

metallic ions such as Cr(VI) anions may lead to a number

of disorders due to their ability to generate free radicals

(Codd et al. 2001; Saha et al. 2011). However, according to

their physicochemical properties resulting from anionic

structure, they cannot replace cationic compounds.

In summary, the studies carried out using both AFM and

micro-X-ray fluorescence spectroscopy showed significant

differences in the properties of Callitriche cophocarpa

leaves. We have observed that the distinct Cr concentra-

tions were related to various mechanical resistance to

deformations. The most important result showed the

decrease in Ca content with the simultaneous increase of Cr

upon exposure to the aqueous solution of Cr(III). This was

accompanied by increasing the leaf’s ability to deform,

which means an increase in the leaf’s elasticity. The

working hypothesis assumes structural impairments due to

a lack of Ca. The increase in Ca content in Cr(VI)-treated

leaves resulted in the leaf’s stiffening. Since Ca ions are

essential for the plant metabolism, this phenomenon is

difficult to explain taking into consideration the multifac-

eted Ca influence on the plant (see above). Nevertheless,

we have not found any reports concerning the valency-

dependent influence of Cr on Ca content correlated with the

leaf’s elasticity. Thus, further studies are needed to eluci-

date the exact mechanism of Cr(VI)-mediated increase of

Ca in Callitriche leaves.
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T, Koloczek H (2005) Exogenously applied sulphate as a tool to

investigate transport and reduction of chromate in the duckweed

Spirodela polyrhiza. Plant Cell Environ 28:260–268

Kimbrough DE, Cohen Y, Winer AM, Creelman L, Mabuni C (1999)

A critical assessment of chromium in the environment. Crit Rev

Environ Sci Technol 29:1–46
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