
Introduction

Under the influence of anthropogenic factors, 
the natural environment is subjected to far-reaching 
changes that threaten the existence of life. Advanced 
industry with its “dirty” and energy-intensive 
technologies continually contributes to the pollution of 

the environment. Huge amounts of zinc, lead, cadmium, 
copper and iron emitted with dust interact in various 
ways on soil and plants. As a result of an excessive 
concentration of heavy metals, a natural biological 
system is distorted and usually leads to a malfunction 
of living trees, forest floor vegetation, soil microflora 
and changes in the activity of many soil enzymes [1-3].

Plants adapting to polluted industrial environments 
have developed a number of mechanisms designed 
to protect them from contamination. The deposition 
of impurities in the cells and precipitation of 
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Abstract

The study demonstrated protection role of ectomycorrhizae for pine (Pinus sylvestris L) growing 
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metals contamination. 
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insoluble metal compounds through root secretion is  
a well known phenomenon. More and more attention 
has been paid to microorganisms that may play an 
important role in soil remediation and protection of 
plants from contamination. Common coexistence of 
higher plants with mushrooms is inclined to believe that 
mycorrhiza is one of the protective mechanisms in plants 
[4-8]. Numerous literature reports demonstrate that 
mycorrhiza increases the effectiveness of absorption of 
water and nutrient elements (such as N, P, K, Ca) [9-11]. 
Questions we considered are: 1) whether heavy metals 
such as zinc, cadmium and lead are effectively taken 
from the soil and transmitted to plants or 2) do fungi 
perhaps restrict the flow of these elements? Preliminary 
field observations have indicated that in extreme 
ecological conditions, for example, in the immediate 
vicinity of the ferrous metal smelter, only trees with 
highly developed mycorrhizal systems survived. This 
suggests that the existence of the mycoremedation of 
soils is contaminated with heavy metals.

The aim of our study was to confirm the 
mycoremediation of soils and to examine whether 
ectomycorrhizae of selected tree species (Pinus 
sylvestris L.) inhibit the translocation of cadmium and 
lead to the cells of the host plant, or facilitate the flow 
of these elements from soil to plants.

Materials and Methods

Collection of materials

The materials for the study were: soil, roots, stems 
and needles of 1-year-old pine. Samples were collected 
following the recommendations of Namieśnik et al. [12] 
and Wyciślik [13].

In the case of mycorrhizae the phenomenon of the 
periodic resumption of their growth was used [14]. At 
this time, living mycorrhiza are strongly thickened and 
covered by mantle hyphae colored from almost white to 
yellow, making it possible to easily distinguish between 
mycorrhizal and non- mycorrhizal roots, and dead from 
live mycorrhiza. This phenomenon can be observed 
twice a year: in the spring (in late April and early May), 
and in the autumn (October-November). These periods 
were determined as the time of harvesting. The first is 
defined as “spring” and the second as “autumn”.

Preparation of materials for Analysis

The material obtained from the area was cleaned 
thoroughly in the laboratory. The roots were rinsed 
in running water, and then divided by mycorrhizal 
and nonmycorrhizal parts. In addition, more accurate 
cleaning of stems was done under the binocular 
using needles and distilled water. The plant material 
was mineralized by wet method in a speed wave 
microwave device (Speedway-Berghof) introducing 
metals into solution of 2N HNO3 [15]. The soil samples 

(10 grams) from all three areas were collected from 
surfaces (1-10 cm), then shaken for 1 hour in 100 ml of  
0.1N HCl. After that, the solution was filtered through 
a thick paper filter and studied by voltammetry. Soil pH 
was determined potentiometrically in double-distilled 
water.

Chemical Analysis of the material

For markings of metals in field and control samples, 
the method of anodic stripping voltammetry (ASV) 
was applied. During analyses, a coulometric analyzer 
microtraces EcaFlow 150 GLP (Istran) was used in 
accordance with the recommendations [16].

Isolation of mycorrhizal fungus

Mycorrhizal fungi were isolated from mycorrhizae 
pines growing on experimental plots, according to the 
methodology described by Krupa [14]. After the strains’ 
selection, for further experimental work, strain “A1” 
from Miasteczko Śląskie was used. It is characterized 
by rapid growth, high mycorrhizal activity and tolerance 
for heavy metal soil contamination.

Identification of Strain A1

Fruiting bodies of fungi of all species were 
harvested from the research plots. After transportation 
to the laboratory they were inoculated on agar medium, 
and then clean lines were obtained. Grown mycelia 
were compared to a selected mycelium of “A1” strain. 
Morphological diagnostics were verified by molecular 
analysis of fungal rybosomal DNA (rDNA) by 
polymerase chain reaction (PCR) in combination with 
restriction fragment length polymorphisms analysis 
(RLFP). Experiments were carried out according to the 
procedure described by Krupa and Kozdrój [17]. 

Culture of Control Seedlings

Sterilized perlite was used as a medium for control 
seedlings culture. The pine seeds were stratified at 
+2ºC for two weeks before sowing. Vases were divided 
into two series: a mycorrhizal inoculated A1 mycelium 
(aqueous suspension of the mycelia obtained from 
the culture agar (100 cm3/1 dm3 substrate) and non-
mycorrhizal). Vases were watered once a week with 
water with the addition of lead acetate (50 mg/g) and 
cadmium chloride (30 mg/g); pH of the solutions was 
even out to 5.5.

Observations were made over a period of three 
months. Seedlings were grown with lighting for 6 hours 
per day (mercury light bulbs and fluorescent “Flora”-
type tubes). After this period, the seedlings were 
carefully pulled out of the perlite and morphologicaly 
analyzed. The content of heavy metals was then tested 
in the underground and aboveground parts of seedlings 
from the first and second series.
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Selection and Characteristics of Surface

The Choice of Experimental plots 

The choice of research areas was preceded by field 
reconnaissance. The samples of pine trees originating 
from different regions of Upper Silesia, taken from 
similar habitat types and heaps, were subjected to 
spectrophotometric analysis on heavy metals content.

Based on the analysis presented in Table 1, it was 
decided to conduct further studies on three areas with 
various degrees of heavy metal contamination:
1. Piekary Śląskie area research was located on 

the metallurgical heap made by the White Eagle 
Company; this city is characterized by one of the 
highest rates of air pollution in Silesia.

2. Miasteczko Śląskie area research located in the 
vicinity of the smelter of zinc and lead, in the tree-
lined artificial birch, pine and red oak in industrial 
desert created around the smelter.

3. Kokotek (forestry Lubliniec) area research in 
Częstochowa-Lubliniec forest complex, which forms 
a protective belt belonging to GOP, situated beyond 
the impact of bigger industrial emissions.

Soil Conditions

Silesian town and Kokotek surfaces are characterized 
by podzolic soil ranging from 3.5 up to 4.0 pH in the 
humus and from 4.5 up to 6.0 pH in the bedrock. As a 
result of significant amounts of dust containing metal 
oxides, Miasteczko Śląskie has observed gradual 
alkalization of the soil along with an unfavorable ratio 
of carbon to nitrogen (C:N = 25:1).

The heap in Piekary Ślaskie is built from the 
ironwork waste material (granulation 1,5-2 mm) 
predominantly composed of dolomite crumb mixture, 
sinter slag and burned coke. The period of formation is 
1926-1960. Soil pH is 6.5-8.0.

Based on the analysis of phytosociological pictures, 
we found that the research surfaces of Miasteczko 
Śląskie and Kokotek main trees community is 
Leucobryo-Pinetum from team Dicrano-Pinion libb. 
1933. In Piekary Śląskie, however, in place of taken 
samples was a distinguished community of uncertain 
syntaxonomical affiliation: Betula pendula assemblage 
of Pinus sylvestris and Populus tremula. It is one of the 
most common communities in mining and metallurgical 
heaps [18].

Results and Discussion

Heavy metals are taken by the plants from the soil 
through the root system similarly as the macronutrients 
and micronutrients. Deficiencies of micronutrients 
in the soil often result in the accumulation of heavy 
metals in plants. Stress caused by an overload of heavy 
metals causes disturbances in the metabolism of plants 
and the assimilation of macro-and micronutrients. 
Microorganism activity in the ryzosphere plays a major 
role in growth of the plant [19].

Symbioses between beneficial soil microorganisms 
and plants are known to support plant growth and help 
plants deal with various environmental stresses. During 
mycorrhiza establishment, modulation of plant defense 
responses occurs (such as an effective activation of 
the plant locally and systemically through immune 
responses) [20].

In nature, heavy metals occur in small concentrations 
in rocks, soil and water [21]. It is widely recognized 
that increased content of heavy metals in soils is an 
indicator of anthropopressure in the area [22-23]. These 
allegations are confirmed by the results of this study 
presented in tables. 

The obtained results of measuring the content 
of heavy metals in soils (Table 1) were generally in 
agreement with the values presented by other authors 
[22-23]. The level of metals in the soils of the Miasteczko 
Śląskie and Piekary Śląskie exceeded a dozen or 
even several dozen percent of the standards set in the 
Regulation of the Minister of the Environment [24].

Interesting, however, are results presented in Table 1 
regarding differences between the total metal content to 
be tested in the soil and leachable water. This difference 
may be one of the reasons why living plants can survive 
in areas where the general contamination of the ground 
reaches up to several thousand µg/g of dry mass. In the 
literature, mostly general content of heavy metals is 
reported. Although the total content of heavy metals is 
a potential threat, heavy metals are mostly immobilized, 
and thus harmless at the moment [25]. The plants get 
essentially the soluble fraction which, for example 
in Piekary Ślaskie is comparable to the amount in 
Miasteczko Ślaskie even though the total content of Pb 
in the Piekary Ślaskie heap was about 20 times greater. 
Soil pH plays a major role in the availability of minerals 
– including heavy metals. At the heap, alkalization of 
soil pH was between 7 and 8. This explains the low 
content of water-soluble fractions of studied heavy 

Table 1. Mean content of extractable and total cadmium and lead in soils of experimental areas (µg/g dry soil); mean±SD.

Spot
Content of Cd Content of Pb

Total Water extractable Total Water extractable

Piekary Śl. /heap/ 101.3±7.7 1.4±0.9 3371.4±194.9 7.8±0.8

Miasteczko Śl. 19.6±1.7 0.6±0.2 209.2±32.6 4.7±1.8

Kokotek 0.9±0.1 0.1±0.06 6.5±0.6 0.8±0.4
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metals. Causes of inhibition of translocation of heavy 
metals may be many, for example loam fractions, and 
humus and structural substances of soil. A major role 
is attributed to the biotic factors, which have a notable 
impact on soil sorption. The study soil taken from the 
root rhizosphere was influenced by root, bacterial and 
fungal exudates causing precipitation of cations. Recent 
reports suggest that mycorrhizae can play a leading role 
in the mentioned process [26-27].

Tables 2-4 illustrate the contents of cadmium and 
lead in the individual components of tree biomass. 
The role of mycorrhizae is often not considered in 
literature, although in view of the presented results 
it has a strong influence on the level of Pb and Cd 
in plants. Studied heavy metals localized primarily 
in roots mycorhizosphere. Even in a relatively low 
contamination of soil (Kokotek), accumulation of heavy 
metals in the root zone was considerable. For example, 
the level of cadmium and lead reached up to 12.6 µg/g 
of dry mass and 62.5 µg/g of dry mass respectively. 
Zones of non-mycorrhizal roots and thick roots of first-
order contained less of the metals than the stems or 
needles (Tables 2 and 3).

Table 5 shows the results of mycorrhizal 
observation. The highest accumulation of mycorrhizae 
was observed in Piekary Ślaskie despite the heavy load 
of the area with heavy metals. These observations are in 

agreement with already published results, which leads 
to the conclusion that plants build strong mycoorhizas 
as soil conditions worsen [14, 28-30]. Although by 
„difficult conditions” the authors understand poverty of 
minerals, it seems justified to extend the definition to 
soils contaminated by industrial emissions. The need 
of extended mycorrhizal system formation is due to the 
„help” of plants in the competition for biogenic elements, 
particularly those that exist at a minimum level in the 
environment. Increased collection of minerals described 
by many authors was also reflected in the results of the 
presented work [11, 31-32]. It should be noted, however, 
that in extreme living conditions the majority of pine 
mycorrhizae were dead at the end of the vegetative 
cycle. This suggests their low life vitality. Undeniable 
is also the reduction in number of fungi species typical 
for ectomycorrhizas such as Basidiomycota in favour of 
Ascomycetes, which is also noted by other authors [14, 
33-34].

The presented results (Tables 2 and 3) also show 
increased collection of Cd and Pb. However, although 
these heavy metals have been extensively taken from 
soils and heaps, further transport of these metals to the 
pine biomass was strongly inhibited by mycorrhizae.

Reports indicating a restriction on the movement of 
certain metal ions by mycorrhizae were also presented 
in the literature [14, 35-36].

Table 2. Content of cadmium and lead in pine roots growing in selected areas (µg/g dry mass); mean±SD.

Table 3. Contents of cadmium and lead in pine annual shoots (µg/g dry mass); mean±SD.

Table 4. Contents of cadmium and lead in pine annual needles (µg/g dry mass); mean±SD.

Spot
Content of Cd Content of Pb

m BM m BM

Piekary Śl.  /heap/ 82.1±5.5 9.6±0.6 2277.1±75.4 132.2±4.4

Miasteczko Śl. 39.3±3.6 18.7±2.2 2146.8±310.2 134.3±11.4

Kokotek 10.6±1.8 0.1±0.05 59.3±3.7 8.8±0.3

M – in mycorrhizal roots; BM – in non-mycorrhizal roots 

Vegetation 
season

Spot

Piekary Śl. /heap/ Miasteczko Śl. Kokotek

Cd Pb Cd Pb Cd Pb

Spring 17.0±1.7 327.3±5.9 11.5±1.2 223.6±30.5 1.6±0.5 12.5±0.7

Autumn 25.6±2.9 569.2±56.8 22.1±3.5 319.9±24.1 3.3±0.6 29.7±4.5

Vegetation 
season

Spot

Piekary Śl. /heap/ Miasteczko Śl. Kokotek

Cd Pb Cd Pb Cd Pb

Spring 7.5±0.6 61.6±7.8 8.9±0.7 202.4±16.2 0.7±0.2 8.3±0.5

Autumn 17.7±2.2 161.5±6.2 15.51±2.1 231.4±28.8 0.8±0.04 9.4±0.9
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The protective role of mycorrhizae was observed 
in control tests (performed in the frame of this 
work), which is in agreement with other researchers. 
Table 6 shows a difference in accumulation of tested 
metals depending on whether the pine seedlings 
were mycorrhizal or free from fungi. In mycorrhizal 
pine seedlings, metals were deposited mainly in the 
underground parts (in mycorrhiza). The aerial part 
mainly was protected against excessive contamination 
by cadmium and lead. This dependence was not 
observed in the case of non-mycorrhizal seedlings. 
The effectiveness of the mycorrhizal pine seedlings 

protection may be the fact that non-mycorrhizal plants 
treated with solutions of heavy metals died after 2-3 
months of cultivation, while mycorrhizal plants grown 
under identical conditions were still alive and their 
vegetation could last for about a year.

All these observations suggest that the 
ectomycorrhizal fungus could affect the sorption and 
the movement of mineral salts and heavy metals. 

In light of our results, it appears that increments of 
plant resistance to contamination are due mainly not so 
much to the limitations of heavy metal ion collection 
but to its filtering by mycorrhizae [37, 38].

In order to investigate how higher plants can tolerate 
lead pollution in the environment, other groups checked 
the development of mycorrhized pine seedlings grown 
in the presence of lead. Bizo et al., observed that Pb 
uptake was prominent in the roots, while a smaller 
amount was found in pine needles [39].

Mycorrhizal fungi form mutualistic associations 
with the roots of 80-90% of vascular plant species 
and may constitute up to 50% of the total soil 
microbial biomass. Arbuscular mycorrhizal fungi 
have been considered to enhance phytoremediation of 
hydrocarbon-contaminated sites [8].

Comparative analysis of microscopic, macroscopic 
and molecular of isolate of the mycelium M1 allowed 

Table 5. Mycorrhizal frequency of pine growing in experimental areas.

Spot Piekary Śl. /heap/ Miasteczko Śl. Kokotek

Total mycorrhizas ++++ ++++ ++

Including revived viable mycorrhizas +++ +++ ++++

+ very little; ++ little; +++ high; ++++ very high

Table 6. Contents of cadmium and lead in seedlings from pot 
experiments (µg/g dry mass); mean±SD.

Mycorrhizal Non-mycorrhizal

Cd Pb Cd Pb

Roots

29.0±2.7 254.3±6.8 17.9±1.2 219.5±3.8

Aboveground part of seedlings

2.2±0.3 24.3±1.4 16.6±1.3 189.7±3.6

Fig.1. Gel electrophoresis showing RFLP patterns of PCR-amplified 18S–28S rDNA ITS regions from various types of fungi; Lane M, 
100-bp DNA size marker; Lane 1 – Amanita citrina; Lane 2 – Amanita muscaria; Lane3 – Xerocomus badius; Lane 4 – Boletus edulis, 
Lane 5 – Suillus luteus, Lane 6 – Paxillus involutus, Lane 7 – Cantharellus cibarius, Lane 8 – Tricholoma equestre, Lane9 – Rubroboletus 
satanas.
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for the hypothesis that leading fungus isolated from 
the roots of pine (which then was used for artificial 
mycorrhiza of seedlings) was toadstool Amanita 
muscaria (Figs 1-2). This hypothesis is also confirmed 
by the mass appearance of fruiting bodies of this 
species on the experimental plot in Miasteczko Ślaskie, 
where mycorrhizae were collected in order to derive the 
experimental line of M1 strain.

Conclusions

1. Ectomycorrhizal fungi coexisting with the roots 
of pines actively stop the flow of heavy metals, thus 
facilitating the growth and development of the tested 
plants in areas degraded by industry.

2. The accumulation of heavy metals in the pine 
organs by the action of mycorrhiza is not proportional 
to their concentration in the soil.

3. The amount of heavy metals leachable by water 
from the soil is not proportional to the total content of 
these metals.

4. In areas with high heavy metals contamination of 
soils we observed an increase in mycorrhizal infection 
and the formation of ectomycorrhizas characterized by 
a short life.

5. Mycological observations and mycorrhizal 
research in plant communities on contaminated soils 

with heavy metals highlights the presence of mushroom 
Amanita muscaria as a pine tree mycorrhizal symbiont.
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