
ORIGINAL ARTICLE

Without exceeding the limits: industrial soil rich in Zn and Cd
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Abstract The aims of the study were (a) the assessment of

growth and physiological response of a weed/alternative

crop (purslane), an ornamental plant (geranium) and an

edible vegetable (lettuce) to Zn- and Cd-contaminated

industrial soil and (b) the investigation of the possible

exclusion or accumulation process of these plants con-

cerning Zn and Cd, evaluating thus their phytoremediation

potential. Both Zn and Cd concentrations increased sig-

nificantly in all three plant species in the contaminated soil

compared to the uncontaminated control. Metal soil-to-

plant transfer coefficient was lower in the first soil com-

pared to control, indicating slower metal uptake with

increased metal concentrations in soil. Geranium exhibited

a growth promotion along with a better photosynthetic

performance in the industrial soil. Purslane displayed an

altered architecture and a more massive old leaf cohort, but

its overall growth remained unaffected by increased [Zn]

and [Cd], similarly to lettuce. No effects on PSII photo-

chemical efficiency and photosynthetic pigments of all

studied species were recorded. We conclude that metal

uptake by plants remained within the limits of favorable

growth and metal bioavailability was determined by (a) the

fact that metals were deposited over long periods and were

thus strongly retained by soil colloidal phases and (b) Cd/

Zn antagonism. The results highlight the importance of soil

history component in shaping heavy metal behavior,

determining thus their bioavailability.

Keywords Heavy metals � Remediation � Contamination �
Portulaca oleracea � Pelargonium zonale � Lactuca sativa

Introduction

Heavy metals are trace elements, which have detrimental

effects on plants (Ahmadpoor et al. 2010) and humans alike

(Cao et al. 2015) when in elevated concentrations. Some of

them (e.g., Zn, Fe, Mn, Cu) are essential micronutrients to

plants (e.g., Zn, Fe, Mn, Cu), while others (e.g., Cd, Pb, Cr,

Ni) do not have any known physiological function to plants

(Kabata-Pendias 2001). Although heavy metals may derive

in soils from either pedogenetical processes (weathering of

metal-containing rock minerals) or due to anthropogenic

depositions, high heavy metal concentrations in soil are

usually linked to anthropogenic activity. They are typically

concentrated around the geographical locality of certain

industrial activities due to metal-loaded particles from

industrial plant fumes being deposited onto soils or due to

the disposing or the application of metal-borne wastes (e.g.,

sewage sludge or wastewater) to soils. For example, Huong

et al. (2010) found increasing metal concentrations in

wastewater-treated soil samples as the distance decreased

to a wastewater canal. Thus, contaminated soils are rather

expected to be found in countries with heavy industrial

activity. However, elevated heavy metal concentrations are

also likely to be found in areas with unregulated industries

or with insufficient law enforcement concerning waste

management regulations.

Heavy-metal-contaminated soils are difficult to reme-

diate, because inorganic substances cannot be decomposed

neither can they change in nature over time. A cost-ef-

fective, environment-friendly restoration strategy is phyto-

remediation, i.e., the introduction of certain plants that

& Efi Levizou

elevizou@uth.gr

1 Department of Agriculture, Crop Production and Rural

Environment, University of Thessaly, 373 00 Nea Ionia,

Magnisias, Greece

123

Environ Earth Sci (2016) 75:1256

DOI 10.1007/s12665-016-6070-y

http://orcid.org/0000-0002-9818-253X
http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-016-6070-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-016-6070-y&amp;domain=pdf


tolerate and (hyper) accumulate high metal concentrations

in their body thus cleaning the soil over time, provided they

do not enter in any way the human food chain (Chaney

et al. 2007; Ali et al. 2013). Alternatively, metal excluder

plants could also be introduced, which restrict the move-

ment of metals from their roots and prevent their translo-

cation to the aerial parts over a broad range of metal

concentration in soil (Baker 1981; Alvarenga et al. 2014).

In the latter case, the selection of suitable species would

allow the commercial exploitation of contaminated areas.

Accurate risk assessment and management of polluted

soils require integration of all aspects modulating con-

taminant transfer to plants. Intensive experimental efforts

have been devoted to the identification of the underlying

physical, chemical, and biological factors that ultimately

govern this transfer (Orcutt and Nilsen 2000; Kabata-

Pendias 2001; Valerio et al. 2007; Cherif et al. 2011).

Although many aspects are still to be elucidated, the

bioavailability concept that has recently been proposed

integrates the multi-level key processes involved (Choj-

naka et al. 2005; Peijnenburg et al. 2007; Van Gestel 2008;

Pauget et al. 2015). Except for the obvious role of soil

properties and plant physiological characteristics, espe-

cially complex processes regulating homeostasis, the

bioavailability approach defines the effective exposure

time as a crucial factor. Therefore, using this conceptual

framework in designing studies of heavy metal effects on

plants requires biomonitoring in realistic conditions in

terms of substrate and time. The overall approach allows a

‘‘physiologically defined’’ evaluation of metal bioavail-

ability (Pauget et al. 2015).

It has long been recognized that leafy vegetables (e.g.,

lettuce), especially those which may be consumed as raw

salads, are more sensitive to elevated heavy metal con-

centrations (Valerio et al. 2007). Although there have been

research efforts dealing with such plants, there is a void in

the literature concerning ‘‘alternative’’ species (Ho et al.

2013). The latter could include leafy vegetables which are

not widely traded, those traded not on a weight basis but

rather on other characteristics, such as content in medicinal

substances and essential oils, or non-edible species, such as

ornamental plants. Thus, there is scarce information on the

potential of use of such species in contaminated soils, and

it is also unknown whether they would exhibit metal

accumulation or metal exclusion properties.

The present study aims at addressing the need for

exploring alternative species potential for cultivation in

contaminated soils. Purslane and geranium were selected

on the basis of their tolerance and adaptability under var-

ious biotic and abiotic stress conditions (Sánchez-Blanco

et al. 2009; Kale et al. 2015). Purslane (Portulaca oler-

acea) is an annual and succulent weed, which is a wide-

spread, fast growing, successful invasive species. In several

parts of the world, it is a commercially cultivated veg-

etable, because it is a rich source of essential fatty acids

and of high nutritive value, having a high potential to be

used as a functional food (Gharneh and Hassandokht 2012;

Kale et al. 2015). Horseshoe geranium (Pelargonium

zonale) is an ornamental species, important part of urban

green areas. Together with the weed and ornamental spe-

cies, a common edible vegetable, lettuce (Lactuca sativa),

was examined. A heavily contaminated soil with Zn and

Cd from the industrial area of Elefsina and an uncontam-

inated rural soil were used for a long experimental period

(2 months) in order to (a) assess the three plant species

growth and physiological response to elevated heavy metal

concentrations and (b) investigate the possible exclusion

and accumulation processes of these plants concerning Cd

and Zn, thus evaluating their phytoremediation potential.

Materials and methods

Growth conditions

Soil samples were obtained from an agricultural area with

low metal content, Velestino (soil A thereafter), and from

an area with a history in heavy industrial activity, Elefsina

(soil B thereafter), in Central Greece. Soils were selected

so that they may differ only in heavy metal content, but had

similar pH (soil A = 8.82, soil B = 8.50), organic matter

(soil A = 2.30 %, soil B = 5.94 %), and texture (soil

A = sandy clay loam, soil B = sandy loam), and they both

were calcareous (CaCO3 in soil A = 9.6 %, and in soil

B = 33.1 %). Each soil was air-dried, sieved through a

5-mm sieve, and placed in 1-L pots, which were sown with

purslane (Portulaca oleracea), horseshoe geranium (Pe-

largonium zonale), and lettuce (Lactuca sativa). The

resultant 60 pots (2 soils 9 3 species 9 10 replicates) were

placed into a greenhouse at 21 ± 2 �C, and plants were

grown for 60 days under conditions of sufficient water

supply.

Measurements during experimental period

During the growth period, various plant physiological and

morphological characteristics were measured. Gas-ex-

change measurements were performed with a

portable photosynthesis system (LCpro?, ADC BioScien-

tific Ltd, Hoddesdon, UK) under natural sunlight and in

ambient concentrations of CO2 and H2O. The climate

control capability of the instrument was used for keeping

the leaf chamber temperature in accordance with ambient

temperature ±1 �C. Chlorophyll, a in vivo fluorescence,

was measured with a PAM-2100 (Walz, Effeltuch, Ger-

many) chlorophyll fluorometer, and PSII photochemical
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efficiency was determined as light-adapted PSII yields via

Fv/Fm and ETR.

Chlorophyll content was measured with a

portable chlorophyll meter (Minolta, SPAD-502). The

SPAD values were transformed into actual chlorophyll

concentrations by using a reference curve. For this purpose,

leaves from plants not used in the experiment and having

various SPAD values were extracted with 80 % acetone,

and chlorophylls were estimated using the equations of

Lichtenthaler and Wellburn (1983).

Concerning morphological parameters, total leaf area

and leaf number at plant level were recorded throughout

the experimental period. At the same dates, leaf thickness

measurements were performed using a leaf micrometer

(Mitutoyo, UK).

Final harvest and soil analysis

At final harvest, plants were divided into leaves, stems, and

roots. Leaves were further divided into different cohorts to

reveal age-dependent changes and classified as new,

mature, and old cohorts depending on their size and posi-

tion in the stem. The aerial plant parts were weighed for

fresh weight, and then leaf number and area of each cohort

were recorded. The dry mass of plant parts was measured

after drying at 80 �C for 24 h. Leaf specific mass (LSM)

was calculated from mass and area measurements.

In the dry aerial biomass, Zn and Cd were extracted by

dry ashing (ashed at 500 �C for 5 h and then extracted with

20 mL 20 % HCl). Soils after the 60-day period were air-

dried, passed through a 2-mm sieve, and extracted with

DTPA (diethylene-triamine-penta-acetic acid, representing

the extractable metal fraction) for Zn and Cd. The

extracting solution was prepared by dissolving 1.967 g of

DTPA, 1.48 g of CaCl2�2H2O, and 14.9 g of tri-

ethanolamine (TEA) per L of solution and was adjusted to

pH 7.3. Extraction was then performed in a 1-to-2 soil-to-

extracting solution ratio for 2 h (Lindsay and Norvell

1978). In a separate extraction procedure, soils were

digested with aqua regia (mixture of 1:3 concentrated

HCl:HNO3, representing the ‘‘total’’ metal concentrations)

for Zn and Cd. Metals in both plant and soil were analyzed

in an atomic absorption spectrophotometer (PerkinElmer

3300). Based on metal concentrations, we also calculated

metal transfer coefficient (TC = metal concentration in

plant/metal concentration in soil).

Since the soil used in this study originated from an

industrial area, we proceeded to the assessment of all heavy

metal concentrations, according to the protocols described

above. The other heavy metals determined were Cr =

118.32 mg kg-1, Ni = 147.16 mg kg-1, Cu = 93.79 mg

kg-1, and Pb = 189.28 mg kg-1. Thus, we decided to

study Cd and Zn because they were the most elevated of

those initially determined relative to the heavy metal limits

in the EU Directive 86/278/EEC (EU 1986).

Statistics

The data were analyzed for statistical significance with

one-way ANOVA, while regression analysis was per-

formed between metal levels in soils and metal concen-

trations in plants using the statistical package IBM SPSS

Statistics version 21.0 for Windows (IBM corp.).

Results

During the experimental period

Growth response, photosynthesis, and chlorophyll content

were recorded on a biweekly basis during the experimental

period. Growth profile was obviously species-specific, and

the same was true for the differences between plants

growing in the control (soil A) versus contaminated soil

(soil B, Fig. 1). Purslane plants growing in Soil B gradually

increased their total leaf area until nearly the end of the

experimental period, while plants of soil A suffered a

massive leaf loss at that time (Fig. 1a). Nevertheless, at the

final measurement, no differences of growth parameters

were recorded in plants of the two treatments. Geranium

seemed to benefit from the contaminated soil, since plants

of soil B exhibited better growth early in the experimental

period, which continued until the end (Fig. 1b). Com-

pletely identical growth curves were recorded in lettuce

(Fig. 1c).

Photosynthetic rates of purslane and lettuce plants in soil

A were always higher compared with soil B plants

throughout the experimental period, although the differ-

ences were not statistically significant for purslane and

lettuce (Fig. 2a, c). Opposite was the picture of photosyn-

thesis in geranium, where plants growing in the contami-

nated soil exhibited elevated photosynthetic rates reaching

considerable and statistically significant differences at the

end of the experimental period (Fig. 2b). Concerning PSII

photochemical efficiency, no differences were recorded in

all three species (data not shown). Also total chlorophyll

content remained unaffected by contaminated soil in all

three tested species throughout the experimental period

(data not shown).

Soil analysis and metal accumulation in plant tissues

Both DTPA- and aqua regia-extracted metals were sig-

nificantly higher in soil B compared to uncontaminated soil

A (Table 1). Both Cd and Zn ‘‘total’’ concentrations were

higher than the permissible levels according to the EU

Environ Earth Sci (2016) 75:1256 Page 3 of 10 1256

123



Directive (maximum regulation limits for agricultural soils

are 3 mg Cd kg-1 and 300 mg Zn kg-1, EU Directive

86/278/EC). Likewise, Zn concentration in the above-

ground biomass of all three plant species was significantly

higher in soil B compared to soil A, with values close to

100 mg kg-1 and percentage differences ranging from 74

to 270 % (Table 2). As for Cd concentration in lettuce, it

was significantly higher in soil B (100 % increase), but no

difference was found in purslane and geranium.

In order to further investigate this effect, we calculated

metal soil-to-plant transfer coefficient (TC). Although

metal concentrations in soil and plant were higher in soil B

compared to soil A, as for metal TC, we noted a decreasing

trend in soil B compared to soil A (Table 3). This indicates

slower metal uptake with increased metal concentrations in

soil; in other words, the rate of metal uptake decreases with

augmented metal concentrations in soil. However, this

trend was significant only for Zn in geranium and lettuce.

In all other cases, although there was a decreasing trend

from soil A to soil B, differences were not significant. In

contaminated soil, Cd TC was significantly higher in all

three plant species compared to Zn TC, while in control

soil, Cd TC was higher than Zn TC in geranium and lettuce

(Table 3).

The fact that Zn in all plants had clearer differences

between soils than Cd was also confirmed by the regression

a

b

c

Fig. 1 Fluctuation of total leaf area (cm2) during the experimental

period for a purslane, b geranium and c lettuce. Asterisk (*) denotes

statistically significant differences at p\ 0.05

a

b

c

Fig. 2 Fluctuation of photosynthetic rate (lmol CO2 m
-2 s-1) during

the experimental period for a purslane, b geranium and c lettuce.

Asterisks (**) denote statistically significant differences at p\ 0.01

Table 1 DTPA- and aqua regia (AR)-extractable metals (mg kg-1)

in the two studied soils

DTPA AR

Soil A Soil B p value Soil A Soil B p value

Zn 5.47 29.36 \0.001*** 54.29 896.58 \0.001***

Cd 0.064 0.373 \0.001*** 0.626 3.020 \0.001***

*** Significant at the p\ 0.001 level
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analyses we performed between metal levels in soils

(DTPA and aqua regia) and metal concentrations in plants

(Table 4). DTPA-Cd was correlated with Cd content in

purslane, while DTPA-extracted and aqua regia-digested

Zn were correlated significantly with lettuce metal content.

Metal levels in geranium showed no correlation with

metals in soils.

Plant characteristics at final harvest

The results of the above-described metal movements and

accumulation on plant growth and morphological charac-

teristics were evaluated at final harvest. An attempt was

made to reveal age-dependent changes in foliage growth by

dividing leaves into different cohorts. Growing in the

contaminated soil (soil B) caused an increase in senescent

leaves cohort in purslane plants (Fig. 3a). Thus, the con-

tribution of aged leaves to the total leaf area of these plants

was significantly enhanced compared to the control plants.

However, new and mature leaf cohorts as well as total leaf

area remained unaffected. The beneficial effects of soil B

to geranium growth were evident in the final harvest with

the significant enhancement of total leaf area, which

reflected more massive mature and new leaf cohorts, the

former being significant (Fig. 3b). Different treatments did

not influence any aspect of lettuce growth as was obvious

at final harvest (Fig. 3c). Similar to the aforementioned

results was the picture of biomass accumulation in the leaf

cohorts of the tested species. In Fig. 4, the differences in

dry weight of all aboveground plant parts of geranium are

presented. Geranium plants grown in contaminated soil

exhibited significant increase in biomass investment to new

and mature leaves, while senescent leaves were comparable

to the respective control group.

Purslane mature leaves of soil B were thinner than

control, and this was true for the average leaf thickness of

soil B plants (noted as ‘‘total’’ in Fig. 5a) as well. On the

contrary, geranium of soil B possessed significantly thicker

new leaves, while the other leaf cohorts remained unre-

sponsive concerning this trait (Fig. 5b). Finally, the only

significant response of lettuce plants to contaminated soil

was the decrease in leaf thickness of new and mature leaf

cohorts (Fig. 5c).

Finally, as shown in Fig. 6, contaminated soil resulted in

altered plant architecture in purslane compared to control

plants. Indeed, plants grown in soil B were more branched

as judged by the remarkably extensive lateral stems, while

the main stem was comparable to soil A plants. Lengthier

lateral stems in soil A resulted in a significant increment of

total stem length (Fig. 6).

Table 2 Metal concentrations in plant aboveground biomass

(mg kg-1) and their % difference between the two soils

Soil A Soil B % Increase p value

Zn

Purslane 28.21 104.16 269.2 \0.001***

Geranium 51.31 89.18 73.8 \0.001***

Lettuce 46.12 105.49 128.7 \0.001***

Cd

Purslane 0.57 1.03 80.7 0.215

Geranium 0.68 0.81 19.1 0.679

Lettuce 0.83 1.66 100.0 0.044*

* Significant at the p\ 0.050 level

*** Significant at the p\ 0.001 level

Table 3 Metal soil-to-plant transfer coefficient (TC) in the two

studied soils

Soil A Soil B p value

Purslane

Zn 1.032 0.238 0.182

Cd 1.063 0.604 0.467

p value 0.617 0.019*

Geranium

Zn 0.83 0.16 \0.001***

Cd 1.261 0.357 0.198

p value 0.006** \0.001***

Lettuce

Zn 0.851 0.145 \0.001***

Cd 6.70 5.51 0.358

p value 0.029* \0.001***

* Significant at the p\ 0.050 level

** Significant at the p\ 0.010 level

*** Significant at the p\ 0.001 level

Table 4 Coefficient of determination, R2, of DTPA- and aqua regia-

extractable metals versus metal concentrations in plants of the three

species

Purslane Geranium Lettuce

DTPA

Zn 0.186 -0.005 -0.300**

(0.002)

Cd 0.412**

(0.009)

-0.012 -0.283

(0.052)

Aqua regia

Zn 0.113 -0.045 -0.403**

(0.003)

Cd 0.047 -0.116 -0.161

In parentheses, the significant or near-significant p values are reported

** Significant at the p\ 0.010 level
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Discussion

The weed purslane, the ornamental geranium, and the

edible vegetable lettuce were grown in a contaminated,

industrial soil rich in Zn and Cd. Both Zn and Cd con-

centrations were higher than the permissible levels

according to the EU Directive (maximum regulation limits

for agricultural soils are 3 mg Cd kg-1 and

300 mg Zn kg-1, EU Directive 86/278/EC). [Zn] and [Cd]

in the industrial soil were 16.5-fold and 4.8-fold higher,

compared to the uncontaminated soil used as control. This

loading is the effect of a long history of heavy metal

depositions due to intensive industrial activity in Elefsina.

High metal availability induced an increased Zn concen-

tration in plant tissues growing in the contaminated soil

(reaching almost 100 mg kg-1 DW) when compared with

plants of the uncontaminated rural soil (28–51 mg kg-1

DW). This was evident for all three plant species: we found

a 270 % increase in purslane, 129 % in lettuce, and 74 %

in geranium with all differences being significant.

According to Marschner (2012), the typical leaf Zn con-

centration ([Zn]leaf) required for adequate growth approx-

imates 15–20 mg Zn kg-1 DW, while toxicity symptoms

usually become visible at [Zn]leaf[ 300 mg Zn kg-1 DW,

although some crops show toxicity symptoms at

[Zn]leaf\ 100 mg Zn kg-1 DW. Concerning Cd concen-

tration in our experimental plant tissues, it was significantly

higher in soil B only in lettuce, whereas no differences

were recorded in geranium and purslane. The recorded

values were much higher than the median concentrations in

plants for Cd (0.23 mg kg-1) reported by Pauget et al.

(2015) for plants developed in industrial contaminated

soils. Nevertheless, the toxic level of Cd in leaves of plants

which is 5–30 mg kg-1 DW (Orcutt and Nilsen 2000) was

never exceeded. Zinc and Cd toxicity thresholds are highly

variable among species and within the same species

(Broadley et al. 2007). It is well documented that the

presence of metals in excess usually affects adversely plant

a b c

Fig. 3 Leaf area (cm2) of different leaf cohorts (new, mature, old) as well as total, at final harvest for a purslane, b geranium, and c lettuce.

Asterisks denote statistically significant differences at p\ 0.01 (**) and p\ 0.05 (*)

Fig. 4 Biomass accumulation (as dry weight, g) of different leaf

cohorts (new, mature, and old) and other plant parts of geranium at

final harvest. Asterisks denote statistically significant differences at

p\ 0.01(**) and p\ 0.05 (*)

a b c

Fig. 5 Leaf thickness (mm) of different leaf cohorts (new, mature, old) as well as plant average (noted as total) at final harvest for a purslane,

b geranium, and c lettuce. Asterisk (*) denotes statistically significant differences at p\ 0.05
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health. Enhanced Cd and Zn levels in plants interfere with

and inhibit various physiological processes such as plant–

water relationships, chlorophyll biosynthesis, transpiration

rates, enzyme activities, nutrient uptake, biomass produc-

tion, and growth (Broadley et al. 2007; Dresler et al. 2014;

Fernàndez-Martı́nez et al. 2014). Apparently, all three

species tested in the present study developed no visible

signs of metal toxicity. On the contrary, the experimental

data revealed a promotion of geranium growth in the

contaminated soil and the unresponsiveness of purslane and

lettuce growth characteristics. Geranium seemed to benefit

from the enhanced plant Zn concentration which probably

ameliorated photosynthetic rates and subsequently growth

throughout the experimental period (Figs. 1b, 2b). At final

harvest, higher total leaf area resulting from a more mas-

sive mature leaf cohort in combination with augmented

biomass accumulation was evident for geranium developed

in contaminated soil compared to control (Figs. 3b, 4). The

biochemical and metabolic significances of Zn have been

reviewed thoroughly (Broadley et al. 2007; Hänsch and

Mendel 2009; Sharma et al. 2013). Briefly, the essentiality

of this micronutrient includes its special role as a compo-

nent of enzymes for protein synthesis and energy produc-

tion, in the maintenance of the structural integrity of

biomembranes and ultimately in the promotion of growth

and tolerance to stress. Results obtained for geranium

imply that [Zn] in aboveground tissues did not exceed the

threshold limit of optimal concentrations for favorable

growth. The observed insignificant Cd uptake probably

complements geranium growth advancement.

Purslane grown in the contaminated soil remained

unaffected in terms of productivity and photosynthetic

performance. Despite the absence of an obvious functional

impairment, two interesting results were recorded, i.e.,

more massive senescent leaf cohort and altered plant

architecture. Thus, in the contaminated soil, the contribu-

tion of aged leaves to the total leaf area of purslane plants

was significantly enhanced compared to the control.

Noteworthy is that plants in soil B accumulated 270 %

more Zn (reaching 104 mg kg-1) than control plant tissues.

The combination of these two features leads to the

hypothesis that this [Zn] increase is based on Zn accumu-

lation in old leaves, or going further, that Zn accumulation

to mature purslane leaves accelerated their senescence. The

latter is an assumption that cannot be confirmed by the

results of the present study. Nevertheless, the connection of

excess Zn with the generation of oxidative stress is well

documented and may be involved in aging/senescence

(Wang et al. 2009; Li et al. 2013; Fernàndez-Martı́nez et al.

2014). Additionally, the negative effect of increased [Zn]

in endogenous plant cytokinin content, a phytohormone

with a key role in retarding senescence (Xu et al. 2013;

Pavlı́ková et al. 2014), corroborates the hypothesis of Zn

induced aging of purslane leaves. Regarding the first

hypothesis, i.e., the accumulation of Zn in old purslane

leaves, it is supported by metal localization studies which

confirmed the compartmentalization of Zn in aged tissues

(Di Baccio et al. 2009; Durand et al. 2011). Working with

poplar, Durand et al. (2011) argued that the control of the

Zn homeostasis is an inducible mechanism based on the

compartmentalization of the metal ions in old leaves.

Thereby, the probable connection of purslane massive old

leaf cohort with the significant increase in [Zn] compared

to control along with plant growth unresponsiveness may

imply an efficient metal homeostasis. Altered plant archi-

tecture in purslane of contaminated soil with respect to

control corresponds to more branched plants with

remarkably extensive lateral stems. Higher in number and

lengthier lateral stems resulted in sparse plant foliage in

soil B, since leaf number per plant was similar in the two

soils. The optimization of radiation penetration is the

apparent advantage of this modification, with long-term

beneficial effects on plant productivity if other factors

remain favorable. The opposite result, i.e., a reduction in

number and diameter of secondary branches of coriander,

has been reported as a component of a general impairment

of plant growth under Zn excess (Marichali et al. 2014).

Lettuce was the only examined species that exhibited an

enhanced [Cd] in leaf tissues compared to control plants

(100 % increase), accompanied by an increase in [Zn]

which reached 105 mg kg-1. This doubling of metal con-

centrations caused no effect on measured growth parame-

ters, while photosynthetic profiles appeared identical

between treated and control plants. The only feature

affected was leaf thickness, which showed a significant

decrease, a finding in contrast to other studies with dif-

ferent species (Di Baccio et al. 2009; Marichali et al.

2014). Recently, a comprehensive work on lettuce pro-

teome response to Zn stress gave new insights in our results

that indicated no Zn effect on growth (Lucini and Benardo

2015); they reported that lettuce grown in excess Zn did not

Fig. 6 Purslane stems length (cm). Main stem as well as lateral stems

are shown and their sum per plant referred as total. Asterisk (*)

denotes statistically significant differences at p\ 0.05
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show notable decrease in biomass accumulation. On the

contrary, the analysis of proteins exhibiting a minimum of

a threefold change revealed the involvement of photosyn-

thesis, photophosphorylation, hormone profile, and oxida-

tive stress compounds, as an early response to stress. The

proteomic response of lettuce throughout the experiment

indicated that the plant actually exhibited an adaptation to

stress over time, which became obvious after 30 days.

Consequently, lettuce in our experiment either did not

undergo a Zn (and Cd) stress by controlling metal uptake or

the 2-month experimental period was long enough for the

conclusion of the adaptation procedure before the final

harvest.

Metal transfer coefficient is an index of metal avail-

ability to a plant: higher TC means higher metal uptake by

a plant, thus accumulation, while low TC indicates exclu-

sion (Uka et al. 2013). Moreover, TC may serve as a means

of comparing either the mobility of various metals (higher

values indicating higher mobility) or the behavior of

studied plants concerning metal absorption. Metal TC

values were lower in the contaminated soil (B) than in the

control soil (A). This effect may be attributed to the fact

that a plant has a higher ability to absorb a soil-added

element when additions are at low levels and absorption

becomes slower with increasing soil-added element (as

observed by Sandras and Lemaire (2014) for nutrient N,

and Guo et al. (2014) for heavy metals such as Zn, Cd, and

Pb). However, this trend was significant only for Zn in

geranium and lettuce. In all other cases, although there was

a decreasing trend from soil A to soil B, differences were

not significant. Similarly, Kachenko and Singh (2006)

found Zn TC values decreasing from 7.2 for 50 mg kg-1 in

soil to 1.3 for 1000 mg kg-1 in soil, while Cd TC values

were rather unaffected by soil levels in that work. In soil B,

Cd TC was significantly higher in all three plants compared

to Zn TC, and in soil A, Cd TC was higher than Zn TC in

lettuce and geranium. This shows that Cd is a more mobile

metal in soil and it has higher plant availability than Zn (as

also agreed by Alvarez-Ayuso et al. 2013).

The relationship between the elevated metal levels in

soil and metal concentrations in plants was assessed

through regression analyses, which exhibited significance

only in three cases: Cd-DTPA versus Cd in purslane and

DTPA-extracted Zn and aqua regia-digested Zn versus Zn

in lettuce (Table 4). This relative lack of relationship

between soil and plant levels of Zn and Cd seems to be

rather contrary to the reported trend in the literature (e.g.,

Chojnaka et al. 2005). A plausible explanation of the

above-mentioned finding we assume to be twofold. First,

we investigated contamination in a situation where metals

have been deposited over decades. It is known that over

time deposited metals tend to drift into non-mobile residual

soil pools (as was also shown in a 3-year experiment

reported by Peruzzi et al. 2011), and thus, although total

and even DTPA extractions are marked as high, plants are

not necessarily affected. Indeed, soil pH, organic matter,

calcium concentration, and presence of other metals are

important factors affecting metal bioavailability in the soil

(Sanitá di Toppi and Gabbrielli 1999). The transfer of

metals from the readily available to less-available soil

phases is significantly influenced by the competition for

surface exchange sites by other cations and by the presence

of binding colloids such as the organic matter (Manousaki

and Kalogerakis 2009). In their review revisiting the

bioavailability concept, Peijnenburg et al. (2007) also

noted that ‘‘[metal] contaminant levels are not necessarily

indicative of actually occurring [plant] adverse effects,’’

although they concluded that this does not nullify ecolog-

ical risks. Second, we dealt with a multi-metal contami-

nated site, as is always the case in real-life situations where

metals are not purposefully being spiked. Zinc and Cd, the

two most elevated metals in the studied contaminated soil,

seemed to have had antagonistic behavior, which deceler-

ated their phyto-availability. The two metals, known

antagonists in both soil level (addition of the one in the

presence of the other leads to reduced mobility, as per Feng

et al. 2013) and plant level (i.e., Zn diminishes Cd-induced

stress to plants, as suggested by Aravind et al. 2009), have

been added to the soil with slow deposition processes over

a period of nearly a century, and thus this antagonistic

behavior has been reflected in our study.

In order to investigate the possible Cd/Zn antagonism,

we further explored differences among plant behavior, by

plotting metal TC values against aqua regia-ex-

tractable concentrations in soil. As indicated earlier, in

such a plot, a line with decreasing (i.e., negative) slope

should be expected. In interpreting the line slope of this

graph, there are two extremes:

• Plants exclude metals: When the slope becomes more

negative, the tested plant retains stable metal concen-

trations with increasing soil metal levels; in this case,

metal exclusion mechanisms prevail in the plant.

• Plants accumulate metals: A negative slope approach-

ing zero is generated (thus getting close to a horizontal

line); this shows that metal concentrations in plant

increase with enhanced soil metal concentrations. If the

slope becomes zero, the metal concentration increase in

the plant is linearly proportional to increases in metal

levels in soil. In this case, plants tend to accumulate

metals.

As noted in Fig. 7 (which concerns contaminated soil

only), line slopes were higher (closer to zero) for Zn than

for Cd, in all three plant species. This shows that plants

tend to absorb the essential metal (i.e., Zn) to the expense

(and thus causing the exclusion) of the nonessential Cd,
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even in this multi-element contamination situation such as

ours. Similar findings were also reported by Cherif et al.

(2011), who found that elevated Zn concentrations in soil

decreased Cd in tomato plants, while soil Cd levels were

kept stable. In other similar cases, Zn has been reported as

being taken up preferentially over Cd, when plants are

exposed to both elements (Aravind et al. 2009; Saifullah

et al. 2014). This is probably a major reason behind the fact

that our tested plants exhibited remarkable tolerance to Cd

and Zn exposure and even gained a growth advantage as

was evident in geranium.

Conclusions

The ornamental geranium exhibited a growth promotion

when grown in industrial soil with elevated Cd and Zn

concentrations, while the weed purslane displayed an

altered architecture, but its growth remained unaffected,

similarly to lettuce. Thus, our plants did not seem to suffer

a metal stress. We conclude that this was caused due to the

fact that (a) metals were deposited over long periods and

were thus strongly retained by soil colloidal phases, espe-

cially in our calcareous soil, and (b) there has been a well-

established Cd/Zn antagonism. Also, in none of the studied

plants have we found a behavior of metal accumulation

alone or of metal exclusion alone; however, in all three

plants, Zn was absorbed in favor of Cd, irrespective of the

fact that Cd was more mobile than Zn (judged by metal TC

values). Concerning phytoremediation potential, none of

the tested species exhibited ideal properties, although

geranium could be proposed for cultivation in contami-

nated areas, enabling their economic exploitation. Per-

formed under the bioavailability conceptual framework, the

present study highlights the complementarity of soil history

aspect to the ‘‘physiologically tuned’’ approach of

biomonitoring to assess bioavailability and bioaccessibility

of heavy metals in contaminated soils.
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