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Abstract: An excessive amount of heavy metals negatively affects the environment, causing degradation of large 
areas throughout the world. Therefore, the effective and inexpensive techniques focused on either removal of 
those substances or their long-term stabilization in situ need to be improved. We currently propose to use a cal-
amine ecotype of Gypsophila fastigiata (Caryophyllaceae) for biological reclamation of wastes accumulated after 
Zn-Pb ores enrichment. Plants were cultivated in (1) untreated waste material (control), (2) wastes enriched with 
mineral fertilizers, and (3) wastes enriched with sewage sludge. Photosynthetic pigments content and electrolyte 
leakage outside plasma membrane were tested periodically in representative samples. In untreated waste material 
growth gradually deteriorated during the season. The content of chlorophyll a in leaves taken from control plants 
decreased more than threefold from 0.51 mg/g f.m. at the beginning to 0.14 mg/g f.m. at the end of the growing 
season, whereas in treatment with sewage sludge the reduced seasonal variations in photosynthetic pigments con-
tent was ascertained (0.78 mg/g f.m. for chl a and 0.20 mg/g f.m. for chl b, both in the spring and autumn) what 
positively influenced the plant growth. The results indicate that tested G. fastigiata genotype might be used in an 
assisted revegetation project.  

Keywords: calamine waste, heavy metal, sewage sludge, NPK, plant growth, photosynthetic pigments, electrolyte 
leakage

INTRODUCTION

In the south-west part of Poland large quantity of 
wastes have been accumulated, especially in areas 
of lead-zinc ore exploitation. Deposited waste ma-
terial is strongly contaminated with zinc, lead and 
cadmium. Tailings ponds of post-flotation mate-
rial create serious environmental problem because 
of their contamination or dispersion of contam-
inants to the adjacent areas and ground waters 
(Szarek-Łukszewska & Grodzińska 2008, Cabała 
et al. 2009b, Ospina-Alvarez et al. 2014). Thus, 
only through establishment of a dense vegetation 

cover, a  desirable surface stability and a  reduc-
tion of erosion rate can be achieved (Tordoff et 
al. 2000, Cabała et al. 2009a, Panagos et al. 2015). 
However, numerous plant growth-limiting factors 
like deficiency of substances essential for proper 
growth, the presence of toxic metals, high inso-
lation,  strong wind, drought, or unfavorable pH 
value, eliminates many plants species from this 
area (Przedpełska & Wierzbicka 2007, Janecka 
& Sobik-Sołtysek 2009, Ravi et al. 2012). Due to be-
fore mentioned reasons the biological reclamation 
of metalliferous wastes is an uneasy and time-con-
suming task. Special attention is currently paid on 
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native plants species that spontaneously invade 
mine wastes (Szarek-Łukaszewska 2009, Muszyńs-
ka et al. 2013, Singh et al. 2015), and locally oc-
curring populations are considered to be much 
more resistant to harsh conditions in comparison 
to other plant material. Consequently, they can 
be used for reclamation purposes (Testiati et al. 
2013, Zhang et al. 2014). Another useful approach 
is application of different amendments to promote 
plants growth in order to stabilize wastes without 
delay and as a result the mobility of pollutants. For 
example, organic additives like different agro- or 
industrial wastes, plant extracts, exudates, and hu-
mic substances have been tested as either possible 
source of heavy metals chelators or plant develop-
ment biostimulants (Halim et al. 2003, Lamich-
hane et al. 2012, Soriano-Disla et al. 2014). 

Species Gypsophila fastigiata, belonging to 
Caryophyllaceae family, is growing spontaneously 
on mine wastes near Bukowno (southern Poland) 
as local ecotype ecologically adapted to this unfa-
vorable growing conditions (Szarek-Łukaszewska 
& Grodzińska 2008).  Therefore experiments were 
undertaken in order to (1) test suitability of Gyp-
sophila fastigiata for restoration of such degraded 
area, and (2) optimize conditions for growth and 
development of plant specimens by selecting favor-
able additives to waste material. Herewith, we were 
particularly interested in growth rate and selected 
physiological parameters of tested plant material.

METHODS

Plant material and scheme 
of pot experiment
The experiment was established in the spring in 
2013. Seeds of ecotype chosen for experiments 
were sampled from the calamine population of 
Gypsophila fastigiata (Caryophyllaceae). Juvenile 
plants were obtained from seeds sown in green-
house conditions. A pot experiment, composed of 
three treatments, was carried on in vegetation hall 
of University of Agriculture in Krakow. A substra-
tum for plant growth were wastes obtained from 
Zn-Pb flotation tailing ponds of ZGH Bolesław 
SA in Bukowno (after flotation enrichment of 
Zn-Pb ores). The following treatments were tested: 
(1) control untreated waste material (described as 
CTR); (2) wastes enriched with NPK fertilization 
applied as NH4NO3, KH2PO4 and KCl in the dose 

of 1.2 g N, 0.4 g P2O5, 1.0 g K2O per pot (described 
as NPK); (3) wastes enriched with sewage sludge 
coming from the mechanical and biological munic-
ipal treatment plant (situated in Krzeszowice, the 
Province of Małopolska, Poland) in the maximal 
permissible dose that can be used for reclamation 
purpose defined by the Ministry of the Environ-
ment (Dz. U. 2010 nr 137 poz. 924) (described as SS). 

Five juvenile plants were planted per pot in six 
replications. There was evaluated the usefulness of 
tested species to apply directly in fields delimited 
on settling pond. The bases of verification were 
growth rate and some physiological parameters of 
plant material. 

Analytical methods
During the season (4 and 20 weeks after planting) 
plants status was evaluated by biometric measure-
ments (mainly plant height, and diameter of spec-
imen) and determining of chosen physiological 
parameters. The photosynthetic pigments content 
(chlorophyll a, chlorophyll b, carotenoids) was as-
certained by extraction in acetone and measure-
ment of the extract absorbance at 470 nm, 646 nm 
and 663 nm with using UV-Vis spectrophotom-
eter. Next, the pigment concentration was calcu-
lated according to Wellburn (1994), and expressed 
as mg∙g−1 of fresh sample weight. Moreover, the 
integrity of plasma membrane was tested with the 
electrical conductivity method based on a mod-
ified protocol proposed by Prášil & Zámečnik 
(1998), and Kim et al. (2005), with small modifi-
cations. 0.2 g leaf discs of the same diameter were 
immersed in 20 ml of ultraclean water (Millipore 
Direct-Q 3 UV with Pump). After 24 hours, the 
percentage of electrolyte leakage was calculated 
assuming that 100% of electrolyte leakage was 
reached after destruction of biological membranes 
in –80°C. Thus, the highest value of conductivity 
means the highest injury of the cell. 

Statistical analysis
Biometrical data, the accumulation of pigments, 
and the integrity of plasma membrane were sub-
jected to ANOVA analysis (STATISTICA, StatSoft, 
Tulsa, OK, USA). The post-hoc Tukey test was 
used to study differences between treatments at 
α ≤ 0.05, separately for the beginning and the end 
of growing season (4- and 20-weeks of cultivation, 
respectively).
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RESULTS 

The growth rate of G. fastigiata in the control pot 
was inconsiderable. The height and diameter of 
plants in that treatment did not change signifi-
cantly with the time (Fig. 1A, B). In contrast, al-
most twofold increase in the growth was observed 
in the pot with the addition of sewage sludge. Af-
ter four weeks of cultivation plants reached about 
3.5 cm of height, and after twenty weeks – about 
7.0 cm, whereas the plant diameter increased from 
8.4 cm to 10.3 cm in those period. In turn, the 
enrichment of the wastes with NPK, influenced 
the most a  diameter of cultivated plants. At the 

beginning, value of this feature was similar to the 
control plants (4.6 cm and 4.5 cm, respectively) but 
at the end of growing season the diameter of plants 
of NPK treatment increased by almost 4 cm. 

The concentration of photosynthetic pigments 
in G. fastigiata shoots varied depending on treat-
ment and season. Applied doses of either mineral 
or organic fertilizers influenced considerably the 
content of both chlorophyll types as well as carot-
enoids but differences between these treatments 
were not statistically significant (Fig. 2A–C). The 
highest value of chlorophyll a  was detected in 
shoots of plant cultivated on wastes enriched with 
sewage sludge – 0.78 mg/g f.w. (Fig. 2A). 
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Fig. 1. Rate of G. fastigiata growth depending on treatment: A) plant height [cm]; B) plant diameter [cm]; CTR – untreated 
wastes after Zn-Pb ore flotation, NPK – wastes enriched in NPK fertilization, SS – wastes enriched in sewage sludge) after 4 and 
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Fig. 2. Changes in photosynthetic pigments content [mg/g f.w.] depending on treatment: A) chlorophyll a content; B) chlorophyll b 
content; C) carotenoids content; CTR – untreated wastes after Zn-Pb ore flotation, NPK – wastes enriched in NPK fertilization, 
SS – wastes enriched in sewage sludge) after 4 and 20 weeks of cultivation
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The content of chlorophyll b and carotenoids 
was quite similar in plants treated with both NPK 
and SS. The detected value was about 0.20 mg/g f.w. 
for chlorophyll b and ranged from 0.18 in the 
spring to 0.24 mg/g f.w. in the autumn for ca-
rotenoids regardless of the additives (Fig. 2B, C). 
Over time, the amount of chlorophyll a and b was 
at the same level in plants growing on wastes sup-
plemented with sewage sludge (0.78 and 0.20 mg/g 
f.w., respectively) and increased in plants growing 
on wastes supplemented with NPK. The most pro-
nounced decrease in all photosynthetic pigment 
contents was observed in the case of control plants. 
The amount of chlorophyll a decreased more than 
threefold, chlorophyll b almost fivefold and carot-
enoids more than once between the beginning and 
the end of season (Fig. 2A–C). 

The measurements of the electrolyte leakage 
outside the plasma membrane showed statistically 
significant differences between experiment treat-
ments (Fig. 3).  After four weeks of planting, the 
highest value of conductivity indicating a damage 
in more than 70% of the cells, was measured in 
plants treated with mineral fertilization. At the 
same time, the electrolyte leakage caused by the 
organic treatment reached only 39%. During the 
season, values of conductivity decreased in plants 
growing on wastes without any additives, as well as 
in plants after enrichment of wastes with NPK. On 
the contrary, plants treatment with sewage sludge 
resulted in the increase of electrolyte leakage from 

39% in the spring to 68% in the autumn. After 
twenty weeks of cultivation, the lowest value of 
conductivity linked with membrane integrity loss 
only in 40% was observed in control plants (Fig. 3).

DISCUSSION 

It is known that heavy metal pollution has be-
come serious problem in the world due to the 
consequences of anthropogenic activities and in-
dustrialization. These activities can generate large 
amounts of wastes characterized by extremely 
unfavorable physicochemical properties and con-
tamination with heavy metals. Extensive efforts 
have been made to reduce their negative effects on 
the environment. New, low costs, environmentally 
friendly and practical approach is  to use  biolog-
ical methods. The efficient creation of vegetation 
cover or acceleration of spontaneous succession 
rate on mine wastelands may not only stabilize and 
protect the ground from water and wind erosion, 
but also restore biological life, and thus prevent 
further environment contamination (Tordoff et al. 
2000, Skubała 2011, Zhang et al. 2014). Therefore, 
the selection of proper plant material, tolerant to 
toxic levels of heavy metals and hostile growing 
conditions, is extremely important issue when 
metalliferous areas are reclaimed. For this reason, 
we propose calamine ecotype of G. fastigiata as the 
appropriate plant species to rehabilitation of wastes 
heaps accumulated after Zn-Pb ores flotation. 
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Fig. 3. The percentage of the electrolyte leaked outside plasma membrane [%] depending on the treatment: CTR – untreated 
wastes after Zn-Pb ore flotation, NPK – wastes enriched in NPK fertilization, SS – wastes enriched in sewage sludge) after 4 and 
20 weeks of cultivation
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Results of previous work carried out in this area 
showed a high contamination of ground with lead, 
cadmium and zinc and adverse plant growth con-
dition (Ciarkowska & Hanus-Fajerska 2008, Sza-
rek-Łukaszewska & Grodzińska 2008, Muszyńska 
et al. 2013). This paper highlights the morpholog-
ical and physiological aspects of examined species 
in responses to heavy metal contaminated wastes 
coming from post-flotation settling pond disposed 
after zinc and lead ore enrichment. The obtained 
results showed that such material negatively influ-
enced status of plants. The visible symptoms such 
as: reduction of the plant height and diameter as 
well as significant decrease in chlorophyll content 
occurred mainly in plants growing on wastes with-
out any additives. Similar results were observed in 
vetiver grass grown in heavy metal-containing soil 
medium. Pang et al. (2003) explained that dimin-
ishing content of photosynthetic pigments with 
increasing proportion of Pb-Zn treatment may 
be due to the inhibition of chlorophyll biosynthe-
sis or accelerated degradation of chlorophyll. This 
changes lead to the decrease of photosynthesis 
and thus lower biomass production. Also, Dhir et 
al. (2011) observed the loss of pigment content in 
heavy metal exposed plants of Salvinia natans. In 
this case, the alterations in chlorophyll production 
occurred as an effect of decrease in availability of 
ions such as Fe and Mn or peroxidation of chlo-
roplast membranes resulting from heavy metal 
induced oxidative stress (Dhir et al. 2011). Dis-
turbances in photosynthesis were also noticed in 
many others plants from different families (Küp-
per et al. 2002, Liu et al. 2004, Mateos-Naranjo et 
al. 2008, Domínguez et al. 2011). Thus, in order to 
better understanding the influence of heavy metals 
on G. fastigiata photosynthetic apparatus efficien-
cy, more parameters should be examined. 

Cell membranes are one of the first targets of 
many plant stresses. Therefore, the simple, inex-
pensive method useful to evaluate the influence of 
different environmental factors on plant metab-
olism, is measurements of the electrolyte leaked 
outside plasma membrane (Bajji et al. 2001, Chen 
et al. 2006). For example, it was demonstrated 
that exposure to mercuric ions disrupted mem-
brane stability in Lycopersicon esculentum (De & 
Mukherjee 1996) and the same for cadmium ions 
in Brassica juncea (Mobin & Khan 2007). These 
data correspond with our study. However, a de-
gree of the cellular damage in plants growing on 
untreated wastes decreased with time what may 
indicate an easy adaptation of those plants to pre-
vailing conditions. Only G. fastigiata plants treat-
ed with sewage sludge showed an increase of elec-
trolyte leakage after twenty weeks of cultivation
(Tab. 1). It may be connected with a lack of physi-
ological preparation of plants to winter dormancy 
and a sudden temperature drop. 

The success of biological reclamation depends 
not only on the careful selection of the plants and 
amelioration of cultivation conditions, but also on 
soil amendments. Different agricultural additives 
favorably influence plants growth, bioavailability 
of toxic substances and thus can enhance the effi-
ciency of heavy metal removal from the environ-
ment (Dede et al. 2012, Li et al. 2013, Nason et al. 
2014). The application of sewage sludge is gener-
ally considered to be a good option. It offers the 
possibility of recycling plant nutrients, provides 
organic material to the soil, and improves the soil 
properties such as water and air capacity and ag-
gregate stability (Torri & Lavado 2008). On the 
basis of analyzed morphological and physiologi-
cal parameters of G. fastigiata it was demonstrated 
that enrichment of industrial wastes with mineral 

Table 1
The percentage of the electrolyte leaked outside plasma membrane (mean values ± standard deviation) depending on the season 

Season
Treatment

CTR* NPK SS

Spring 59.99 b** ± 0.87 71.01 a ± 1.61 38.91 c ± 0.33

Autumn 39.93 c ± 0.45 63.38 b ± 0.97 68.58 a ± 0.66

 *  CTR – wastes after Zn-Pb ore flotation, NPK – wastes enriched in NPK fertilization, SS – wastes enriched in sewage sludge, 
**  different letters indicate statistically significant differences at α = 0.05.
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as well as organic fertilizers had positive effect on 
plants conditions. The plant height significant-
ly increased after sewage sludge treatment, while 
the addition of NPK fertilizers raised tested plants 
diameter. It could be a result of  a high nitrogen 
content in used amendments. It indicates that the 
addition of readily available nitrogen was enough 
to stimulate plant growth even in such harsh con-
ditions. On the other hand, a similar level of pho-
tosynthetic pigments during all vegetation season 
and a lush growth of these plants despite the onset 
of winter could negatively affect their survival. 
Therefore, to confirm this assumption, long-term 
field studies are needed. 

CONCLUSIONS

1. Calamine ecotype of  G. fastigiata representing 
flora from Olkusz Ore-Bearing Region may be 
a good candidate for a biological reclamation of 
the area polluted with Zn and Pb. 

2. Enrichment of wastes obtained after Zn-Pb ores 
flotation with mineral and organic fertilizers 
positively influenced the tested plant growth.

3. The highest improvement of plant parameters 
was observed in the treatment with sewage 
sludge addition, though their application could 
have a negative effect on G. fastigiata survival 
during the winter.   

The study was supported by Polish Ministry of Sci-
ence and Higher Education (DS 3500). The finan-
cial support is gratefully appreciated.
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