
Chapter 11

Adaptation Mechanisms of Pinus sylvestris L.
in Industrial Areas
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11.1 Introduction

In spite of a positive direction of changes occurring in the contaminated environ-

ment, the local industry still appears to exert a negative influence on plant vegeta-

tion. Forests which grow in many highly industrialized zones enable research on the

influence of anthropopression on the natural population and are one of the best

models for the study of plant adaptation to heavy metals in soil. In some cases, it is

possible to follow processes of re-naturalization occurring on post-industrial areas

in situ. Adaptive genetic diversity reflects differences in the survival capabilities of

individuals exposed to stress and shows the selective pressure against trees with

specific genotypes. This chapter emphasizes on the Scots pine (Pinus sylvestris L.)
as one of the most frequently used bioindicators in the European forests and their

application in the study of microevolutionary processes in tree populations. It may

enhance a better understanding of how the soil pollution can change the genetic

structure of important forest species.
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11.2 Pinus sylvestris as a Bioindication of Tree Species

A critical role in the adaptive potential of a species plays the presence of substantial

heritable genetic variation. The evolutionary response of a population to a changing

environment is the intensity of ‘the best’ phenotype (Rice and Emery 2003). Thus,

looking for an adaptation, the following questions arise: (1) what kind of features

characterize the most invulnerable individuals, (2) is it reflected in the structure of

the population, and (3) is it a matter of a special adaptation process or just a matter

of chance?

One of the best models for the study of adaptation to the industrial areas is that

associated with the impact of heavy metals (HM). According to multiple sources

(Linhart and Grant 1996; Markert et al. 2012), only a complex approach to the

problems connected with the adaptation of living organisms to a highly polluted

environment allows a better understanding of evolutionary mechanisms developed

by the observed individuals. Despite many years of research, still very little is

known about the mechanisms of conifer response to heavy metal toxicity.

In nature, the process of selection may lead to distinct differences between

resistant and sensitive individuals and, finally, create genetic differentiation with

respect to metal tolerance. Different concepts of plant adaptation in stressful

environments can be found in many articles (e.g. Dickinson et al. 1991; Godbold

1998; Kozlowski and Pallardy 2002; Kozlov et al. 2009). Such a wide range of

tolerance patterns has been reflected in comprehensive studies conducted using

methods of statistical meta-analysis. Surprisingly, only two regularities were reg-

istered concerning the effects of pollution (including contamination by HMs)—

namely, (1) the diversity of organisms with respect to decreases in size due to a

strong dose of pollutants and (2) larger plants (trees) suffered more from pollution

than smaller (herbaceous) plants (Kozlov et al. 2009; Kozlov and Zvereva 2011). In

the case of trees, where heritable changes take place at a slow rate, selection for

individuals with a higher tolerance may take many decades before a sufficient

resistant population is built up. Thus it has been suggested that only phenotypic

plasticity may provide a mechanism that improves the survival of the long-lived

trees in metal-contaminated environments (Dickinson et al. 1991; Korshikov

et al. 2002).

A positive direction of changes occurring in the environment is observed in

many highly industrialized zones. Despite this, the local industry is still appearing

to exert a negative influence on forest areas. Upper Silesia (South Poland) is a

region where a massive extinction of forests, particularly affecting the pine eco-

systems, was observed in the early 1980s. Currently, natural regeneration of forests

in this region enables research on the influence of anthropopression on the Scots

pine population. In this case, it is possible to follow processes of re-naturalization

occurring on post-industrial areas in situ. Research already undertaken in this

region showed an interesting phenomenon of differentiation among the Scots pine

populations with respect to health status. In a homogeneous age group, there are

two types of trees: gradually dying, with distinct damage, and healthy, with no signs
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of damage. Observed differences affect the ability to pass genetic material to next

generations and the process of natural selection can induce reproductive success as

a measure of competitive effectiveness. The ongoing transformation of tree

populations is a classic example of local adaptation.

Simultaneous verification of the number of different parameters allows more

precise diagnoses of tree fitness and indicates with the highest probability in which

stress factor is the most responsible for the occurrence of visible damage. The

complexity of responsiveness of an organism to stress is the reason that a combi-

nation of the specific type of stress with its particular result in terms of cause and

effect is often very difficult. The study of species used in bioindication is particu-

larly important in this context due to large amounts of standardized data available

on the topic.

Bioindicators are defined as organisms which carry information about the quality

of the environment. Trees are considered sensors that record the environmental

disturbances, as they live for a long time in the same place and are widespread

geographically. Conifers capture pollutants from the atmosphere and deposit them

directly on the bark and needles or take them up from the soil by the roots.

Generally, coniferous species have much higher heavy metal content than decidu-

ous species. Pinus sylvestris as a species very sensitive to industrial pollution is

frequently used for monitoring contamination by HM (Nieminen and Helmisaari

1996; Derome and Saarsalmi 1999; Harju et al. 2002; Diatta et al. 2011; Ivanov

et al. 2011). It is one of the most common native forests species in Europe and fulfils

a series of conditions which make it useful for bioindication. The bioindicative

properties of P. sylvestris, such as its wide geographical range, easily recognizable

taxonomic range and low tolerance to toxic agents expressed in a simple-to-analyse

reaction, allow not only a detailed description of the current health of forest but also

identification of the direction of changes which affect them. In P. sylvestris, some

metals, especially Pb, are accumulated in roots, probably due to physiological

barriers against metal transport to aerial parts, while others, such as Cd, are easily

transported (Kabata-Pendias 2004). Heavy metals enter the plant mainly by roots

where they are bound to the carboxy groups of mucilage uronic acids. Close to the

pollution source, concentrations of HM in all the pine compartments are higher as

compared to their background levels. In conditions of severe threat by industrial

emissions, pines are characterized by an unusual dwarf habit. The reduction in

shoot growth and its thickness leads to changes in crown conformation. Branches

and, especially, stem bark are usually richer in heavy metals than other tissues and,

in addition to wood, contributed significantly to the accumulation of metals in the

biomass of the polluted pine forests. However, most often in bioindication, pine

needles are used.

11 Adaptation Mechanisms of Pinus sylvestris L. in Industrial Areas 197



11.2.1 Pinus sylvestris: Morphological Alteration and Heavy
Metals

Like most coniferous trees, the Scots pine holds needles for several growing

seasons, which allows for long-term observations. Taking into account that the

first effects of pollution in pine stands are changes connected with leaf degradation,

morphology and anatomy of needles are frequently used as a diagnostic tool for the

identification of pollution. Research carried out in Upper Silesia identified several

dissimilarities between the needles of trees growing under conditions of high stress

and needles of trees from an ecologically clean area.

The changes in morphological and anatomical characteristics found in Scots

pine needles can be a result of an exposure to elevated levels of HMs in the soil. The

structure of leaves differed in relation to the control population with respect to a

significant decrease in needle length correlated with an increase in needle height.

Needles from the contaminated area are distinctly shorter and thicker. This is

consistent with reports which showed that the reduction in leaf growth under

conditions of heavy metal pollution is an expression of adaptation, because it

reduces transpiration and thus limits the uptake of metals (Potters et al. 2007).

The higher pollutant accumulation is correlated with the density of stomata on

needles close to the smelter, and an increase of stomatal density is noted on both

adaxial and abaxial needle surfaces (Chudzińska and Urbaniak 2008). The number

of resin canals, another basic feature counted during pine needle observation (Lin

et al. 2001), is regarded as one of the better characteristics which allow one to

distinguish between resistant and sensitive trees growing in conditions of severe

contamination. Alterations of the resin–canal system are closely linked to various

types of stress. Damaged trees in our results show a low number of resin canals

(Fig. 11.1c).

Some of the studied needle features are associated with higher resistance to the

adverse conditions. Resistant trees had longer needles with a greater density of

stomata and significantly more resin canals (Fig. 11.1a-c). Many authors emphasize

the dependence of variation in needle area on growing conditions and explain the

reduction in these parameters with the adverse effects of heavy metals on cell

elongation and expansion, microtubule formation and reduction of water content in

tissues (Novikova and Milyutin 2006 and literature cited herein). Therefore, longer

needles have better adaptation to the high level of HMs in the soil. Low concen-

trations of heavy metals in leaves can cause an increase in the number of stomata

resulting from the reduction of leaf area (Klánowá et al. 2009; Prasad and

Hagemeyer 2004). In contrast, a high concentration of metals may lead to the

reduction in the number of stomata, which was detected in sensitive trees

(Chudzińska and Urbaniak 2008). Our results show also that trees with better fitness

have more resin canals than trees that are close to dying.
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Double-needled fascicles of P. sylvestris are additionally an ideal object for

testing fluctuating asymmetry (FA), one of the parameters demonstrating an inabil-

ity to control development under genetic and environmental stress (Kozlov

et al. 2002; Chudzińska et al. 2013a, b). Deviation from needle symmetry as a

result of disruption to normal growth may be caused by the allocation of resources

from developmental quality to growth in morphogenesis under stress. Therefore, a

significant increase in the value of the FA is commonly observed among the pine

trees growing in the environment heavily contaminated with HMs as in Upper

Silesia where the higher fitness of trees resistant to contamination was confirmed by

the results of the FA measurements (Fig. 11.1d). For the two-needle Scots pine, FA

measurement gives a simple answer to whether the tree is growing in unfavourable

term because the variation among pine needles within a fascicle is analogous to

variation between right and left sides of a bilaterally symmetrical trait (Chudzińska

et al. 2013a, b).
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Fig. 11.1 Differences related to morphological features of P. sylvestris needles; (a) length of the

needles, (b) stomatal density, (c) number of resin canals, (d) fluctuating asymmetry. Needles of

trees from resistant (R) and sensitive (S) groups exposed to HM contamination and needles of trees

from an unpolluted area (C)
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11.2.2 Pinus sylvestris: Cytology and Reproduction

Disturbances occurring under the influence of HMs in cell divisions are another

important parameter of bioindication. This negative impact of industrial emissions

on the Scots pine lowers yields and quality of seeds (Oleksyn et al. 1994). Palowski

(2000) found considerable accumulation of heavy metals in pine seeds which

significantly reduced the ability and energy of seed germination in the vicinity of

‘Huta Katowice’ smelter. The elevated level of HMs in the soil causes an increasing

number of abnormally germinating seeds, which is associated with its high

mortality.

In Upper Silesia faster germination of seeds belonging to the group vulnerable to

pollution than in group of resistant tree seeds was noted, and percentage of

germinated seeds differ significantly (averaged 63.02 % for resistant, 46.32 % for

sensitive and 90.17 % for control tree seeds). One of the reasons for these differ-

ences may be a low resistance of Scots pine seedlings to elevated concentrations of

zinc, the metal present in the highest concentration in the studied area (Miasteczko

Śląskie). In experimental conditions, Zn influence was manifested in reduced seed

germinability, an inhibition of root growth, root development and numerous cyto-

logical aberrations (Ivanov et al. 2011). The level of Scots pine tolerance to an

elevated zinc concentration is lower than that of commonly used model plants:

Arabidopsis thaliana, Nicotiana tabacum, Brassica napus and others (Ivanov

et al. 2011).

Similarly, the presence of Pb, Cu and Cd in soil induces sеvеral abnormalities as

aggregation of chromosomes during metaphases, production of binuclеatе cеlls and
stickiness, which increase with increasing levels of those metals (Kim et al. 2003).

The increased level of aberration frequency in meristematic cells of specimens from

the polluted region, which differ significantly from those recorded in the control

population, indicates that the majority of these irregularities result from the impact

of HM contamination on the tree stands studied. There may be various reasons for

this result. First of all, the complex life cycle of conifers and the long duration of the

generative phase cause a strong sensitivity of the reproductive organs to the harmful

effects of a wide range of pollutants. During such a long period of maturation, seeds

can accumulate numerous clearly visible DNA damages, which can be observed in

their meristematic tissues. After germination, seedling roots are in the place of first

contact with contaminated soil and are exposed to the highest concentrations of

HMs. A lot of plants prevent or reduce uptake into root cells by restricting metal

ions to the apoplast, binding them to the cell wall or to cellular exudates, or by

inhibiting long-distance transport. The major role of root exudates is to chelate

metals and to prevent their uptake inside the cell (Marschner 1995). The cell wall

plays a key role in the immobilization of heavy metal ions and prevents their uptake

into the cytosol (Manara 2012). Pine seedlings inoculated with metal-tolerant

ecotypes of ectomycorrhizal fungi Suillus have lower metal concentrations in

their needles than seedlings inoculated with sensitive strains, indicating that the

metal-tolerant isolates restrict metal transfer more effectively. The influence of Zn
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and Cu causes a reduction in the number of lateral roots in pine seedlings. High

concentrations of both metals, along with lead, can completely destroy protoplast

cells of the rootcap meristem zone, by inhibiting mitotic divisions, as a result of the

damage to cytokinesis (Schützendübel et al. 2001).

In general, coniferous species do not exhibit a high protective ability against

contaminants taken up from the atmosphere, and an assessment of cytogenetic

anomalies in the intercalary meristem of young needles appears to be a promising

test system. However, in the case of HM soil contamination, it seems to be less

convenient. In fact, for all analysed specimens, a greater number of abnormal cell

divisions were observed in the root apical meristems than in the meristems of

needles. Chemical analysis of pine seedlings (Diatta et al. 2008) showed that the

content of HMs in roots was significantly higher than in shoots.

The most commonly used indicator of stress—mitotic index (MI)—in all cases

also pointed to a higher number of cell divisions in the root apical meristems than in

the meristems of pine needles. The differences of the mitotic index (MI) between

the seedlings from the Miasteczko Śląskie and from the NPW can be considered

an adaptation, giving organisms under extreme conditions more time for repair

(Prus-Głowacki et al. 2006). This was verified by the dominance of cells in

prophase, when ‘arrested’ mitosis gives an opportunity to repair genomic damages,

in Scots pines from the Khrenovskoy stand (Butorina et al. 2001). The highest MI

observed in the meristematic cells of seedling roots from the control trees seems to

confirm this suggestion.

DNA damage observed in the form of chromosomal aberrations mainly related

to the first phase of mitosis. In Scots pine, we observed mainly such abnormal

mitosis types as: asymmetric mitosis, chromosomal stickiness, chromosome brid-

ges, chromosome lagging, fragments of chromosomes and retarded chromosomes.

These abnormalities results from spontaneous mutations induced by HMs, while in

Russia (Voronеzh), similar types of mitotic abnormalities were apparently related

to a high level of gaseous air pollution (Butorina et al. 2001). This indicates that,

like evidence from Voronezh, soil from MŚL also contains hazardous substances

capable of disturbing mitotic divisions. Interesting data obtained in studies of

Syringa vulgaris L. and Armeniaca vulgaris Lam. demonstrated that the increasing

yield of abnormal mitoses was related to contamination with heavy metals from the

soil in which the affected populations of these plants grew (in control samples there

were no such aberrations). Similarly, a broad spectrum of cytogenetic aberrations

was detected in three species of the genus Pinus (including P. sylvestris) growing in
the vicinity of two integrated metallurgical works in Slovakia (Mičieta and Murı́n

1998). According to Kalashnik (2008), HMs rarely have a direct effect on DNA, but

they are strong inducers of various mitotic abnormalities. Current data confirm that

heavy metal soil pollution strongly affects Scots pine populations from the

Miasteczko Śląskie region, and noted differences in the fitness of specimens are

correlated with the level of cytological disturbances, especially with abnormal

mitosis indices. The stand includes trees resistant and sensitive to growth conditions

which vary in their range of chromosomal aberrations. The increased frequencies of

abnormal mitoses in cells of P. sylvestris from polluted plots, which significantly
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differ from those recorded in control plots, indicate that the majority of these

aberrations result from the impact of industrial pollution on the tree stands studied.

Mostly the chromosome aberrations are fixed by the reparative system of the

cell, while the remaining defects lead to the formation of micronuclei. The forma-

tion of micronuclei results from chromosome lagging during mitosis and from

multipolar mitoses. Therefore, micronuclei reflect disturbances in the genetic

apparatus and are used to assess cytotoxicity and genotoxicity. For example, in

the seedlings grown from the seeds collected in radioactively contaminated zones,

its level was significantly elevated (Oficerov and Igonina 2008). Also the nucleolar

activity (NA) is used in biomonitoring, because nucleoli are responsible for RNA

synthesis in the cell, and the proportion of interphase cells with a specified number

of nucleoli is an index of cell metabolism. Cytological data from multiple conifer-

ous species suggests that pines can have many nucleolar chromosomes in their

genomes. The NA is highly variable; therefore, P. sylvestris cells may contain from

1 to 15 nucleoli. Their number is higher under extreme conditions, e.g. in a pinе
growing in a bog (Chudzińska 2013). The number of nuclеoli counted in silver-

stained interphase pine-seedling cells varied from 1 to 15 in data from Miasteczko

Śląskie. Cells with three to six nuclеoli correspond to the three pairs of chromo-

somes with functioning nuclеolar organizers, which prevailed in all studied sam-

ples. The nucleolar activity according to literature (Butorina et al. 2001; Butorina

and Vostrikova 2006) is the most sensitive criterion of cytogenetic monitoring as an

expression of the transcription activity of ribosomes. The number of nucleoli in a

cell indicates the presence of ribosomal genes. If so, the increase of their number in

trees from contaminated regions can be possibly regarded as response to stress

induced by pollution of the еnvironmеnt. Thе incrеasе nuclеoli numbеr in intеr-
phasе cеlls and thе dеcrеasе nuclеolus–nuclеus ratio undеr strеssful conditions of
growth havе bееn markеd in coniferous trees by Sedelnikova and Muratova

(Sedelnikova and Muratova 2001). In the opinion of thе authors, this phenomenon

is an adaptive sign of conifеrous species (as well as P. sylvestris) to strеssful
conditions. Thе number of nucleoli (up to 12 per cell) increases in conditions of

severe stress, such as high background radiation, air pollution or soil contamination

with HMs (Oficerov and Igonina and literature cited herein).

The level of chromosome aberrations, nucleolar activity and mitotic index

studied in the seed and needle meristems of three Scots pine populations growing

in areas differing in the degree of soil pollution provide evidence for the adverse

effect of environmental stress on the chromosomal structure of these trees. With

respect to environmental quality assessment, the Scots pine turned out to be a

sensitive indicator species, and the analysis of chromosome aberrations in

anaphase–telophase cells was most effective among the cytogenetic methods

used. The differences observed between the trees growing in the same conditions

cannot be explained by the influence of the environment. Their source must be

sought in the varying capability of single individuals to adapt.
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11.3 Sensitivity and Resistance: Genetic Basis

Organisms adapt to their environments by developing heritable tolerance mecha-

nisms. According to Macnair et al. (2000), tolerance to heavy metals in plants may

be defined as the ability to survive in a soil that is toxic to other plants and is

manifested by an interaction between a genotype and its environment. Metal

tolerance is a complex process by which populations respond to long-term envi-

ronmental stresses by permanent genetic or epigenetic changes (Kovalchuk

et al. 2004; Mehes-Smith et al. 2013). Adaptability is composed of two compo-

nents: the physiological adaptability of individual trees (depending on the individ-

ual genotype) and the genetic adaptability of tree populations (based on the genetic

variation within populations), which represents the evolutionary potential

(Bergmann and Hosius 1996).

11.3.1 Protein Build-Up and Metabolism Control

Plants have evolved detoxification mechanisms, and consequently metal tolerance,

to minimize heavy metal exposure and impact. In the cell, metals are under

mechanisms of storage and detoxification strategies including transport, chelation

and sequestration in the vacuole. Several types of proteins are involved in the metal

chelation and in their root-to-shoot transport (Rauser 1999). The best known is the

role of phytochelatins (PCs) and metallothioneins (MTs). The first (PCs) are small,

heavy metal-binding, cysteine-rich polypeptides. They form complexes with toxic

metal ions in the cytosol and then transport them into the vacuole, protecting plants

from the deleterious effect of heavy metals (Salt and Rauser 1995). Glutathione

(GSH), low-molecular-weight thiol, is a substrate for phytochelatin synthesis

catalysed by the enzyme phytochelatin synthase (PCS) (Freeman et al. 2004). It is

commonly believed that glutathione has a fundamental significance in determining

plants’ heavy metal tolerance (Yadav 2010). The second—metallothioneins

(MTs)—are low-molecular-weight proteins which contain cysteine-rich domains

at the amino- and carboxy-terminal regions. As they contain mercaptide groups,

they are able to bind metal ions (Manara 2012). Transcription of MTs is typically

induced by the same metal ion that binds to the protein, thus providing a direct

activation of their protective function (Waalkes and Goering 1990). Some

researches hypothesize that metallothioneins can protect plants and their DNA

against oxidative damage by removing free radicals (Xue et al. 2009).

Other proteins are involved in the activation of oxidative stress mechanisms.

When the concentration of heavy metal ions in the cell exceeds defence mecha-

nisms, then the plant suffers oxidative stress due to the inhibition of metal-

dependent antioxidant enzymes and production of reactive oxygen species (ROS)

(Schützendübel and Polle 2002). They are very reactive molecules with an unpaired

electron which can provoke oxidation and modification of cellular amino acids,
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proteins, membrane lipids and DNA (Ogawa and Iwabuchi 2001). The very impor-

tant role glutathione plays in the mechanisms of heavy metal stress tolerance

involved detoxifying ROS through ascorbate–glutathione cycle (Yadav 2010).

Plants activate their stress responses, including the induction of many enzymes,

which may have different variants called allozymes (because they are encoded by

different alleles at an enzyme gene locus). Studies (e.g. Prus-Głowacki et al. 2006;

Chudzińska et al. 2013a, b) demonstrate differential survival and reproduction of

individuals with different allozyme genotypes living under stress conditions. These

results would imply that allozymes may be direct sites of action for toxicity to

certain toxicants and in particular heavy metals (Van Straalen and Timmermans

2002). One of the mechanisms suggested explaining the relationship between

pollution tolerance and allozyme genotype was that heavy metals competitively

inhibit magnesium-dependent allozymes differentially (Guttman 1994). It is

suspected that the degree of resistance to a highly contaminated environment may

be linked to enzyme systems involved in various metabolic pathways, whose

activity is modified under the influence of heavy metals. For example, enzyme

6-phosphogluconate dehydrogenase (6PGD) plays a critical role in the oxidative

pentose pathway, which is physiologically very important under stressful condi-

tions (Bergmann and Hosius 1996). A significant role for the 6PGD was also

emphasized by these authors in the adaptation of Norway spruce to heavy metal-

contaminated soils. Shikimate dehydrogenase (ShDH) is connected to detoxifica-

tion mechanisms in environments polluted by heavy metal ions as well as by SO

and NO (Tomsett and Thurman 1988). As numerous works have shown, cadmium

intoxication strongly depresses glutamate oxaloacetate transaminase (GOT) activ-

ity (Benavides et al. 2005 and literature cited herein). Measurement of enzyme

capacity of GOT and GDH (glutamate dehydrogenase) is recommended as a useful

criterion for the evaluation of the phytotoxicity of soils contaminated by zinc and/or

cadmium (Van Assche et al. 1998). Glutamate dehydrogenase also plays an essen-

tial role in the adaptation of plants to ammonia assimilation, SO2 and other toxic gas

detoxification (Van Assche et al. 1998). Studies on phosphoglucomutase (PGI)

showed its relevance to oxygen availability, soil type and pH, and according to Van

Assche et al. (1998), it is likely to be under the control of selection as an enzyme

involved in the process of glycolysis. Research conducted on the Scots pine with

regard to the above-described allozyme data revealed clear differences between

genotypes of trees resistant and susceptible to heavy metals (Chudzińska 2013;

Chudzińska et al. 2013a, b).

11.3.2 Mechanisms and Stability of DNA: Heavy Metal
Impact

Most of the cellular and molecular aspects of metal toxicity in trees are unknown,

even though deleterious effects and the mortality of trees have been recognized.
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According to Macnair (Macnair 1993) and Ernst (Ernst 2006), genes for the

tolerance of metals are pre-existing at low frequency in non-tolerant populations

of certain plant species. In a number of genetic studies, adaptive metal tolerance has

been shown to be governed by a small number of major genes with possible

contributions from some minor modifier genes (Macnair et al. 2000; Schat

et al. 2000). The mechanisms of genetic control and the major genes controlling

heavy metal tolerance in trees have not been identified; thus, genetic variation can

only be demonstrated indirectly by measuring the responses of different genotypes.

The adaptive processes include changes in gene expression patterns, which ulti-

mately lead to biochemical, cellular and physiological changes. To understand the

process of plant response to environmental stresses, it is necessary to know the

function of crucial genes and phytohormones and their regulation during different

phases of the life cycle (Liu et al. 1998; Mukhopadhyay et al. 2004).

Transcriptional factors regulating the stress-responsive gene expression play

important roles in stress adaptation (Stockinger et al. 1997; Liu et al. 1998). Tang

et al. (2005) found that overexpression of an ERF/AP2 pepper transcription factor

(CaPF1) in transgenic Pinus virginiana Mill. confers tolerance to heavy metals.

Antioxidant enzymes, ascorbate peroxidase (APOX), glutathione reductase

(GR) and superoxide dismutase (SOD), demonstrated higher levels of enzyme

activity in transgenic Virginia pine plants overexpressing the CaPF1 gene, which

may protect cells from the oxidative damage caused by stresses. Kovalchuk

et al. (2004) found that the genomic DNA of pine trees exposed to radiation was

considerably hyper-methylated. Hyper-methylation appeared to be dependent upon

the radiation dose absorbed by the trees and may be viewed as a defence strategy of

plants that prevents genome instability and reshuffling of the hereditary material,

allowing survival in an extreme environment.

The study of DNA damage and repair is crucial, as DNA is the fundamental unit

of inheritance and reproduction, so that perturbations in its structure and function

could lead to changes in population dynamics or demography (Theodorakis 2001).

The ideal molecular marker for the study of adaptive variations should comply with

the following criteria: (1) has an identified DNA sequence, (2) is directly involved

in the genetic control of adaptive traits and (3) has easily identifiable allelic

variation (González-Martı́nez et al. 2006). Among the molecular markers that

have been used to study populations of metal-tolerant plants are RAPD (random

amplified polymorphic DNA), SSR (simple sequence repeats) or ISSR (inter-simple

sequence repeat) (Nkongolo et al. 2001; Deng et al. 2007). Due to its hyper-

variability, microsatellite DNA (simple sequence repeats, nuSSRs) is often used

in studies of coniferous trees (Nowakowska 2006). The application of nuclear

microsatellites as codominant markers in plant population studies is related to

their ability to define genotypes unambiguously and makes it possible to assess

genetic variation of populations growing under strong stress conditions.

Microsatellites, found both in coding and non-coding regions in eukaryotic

genomes, are markers whose usage is mainly based on the assumption that they

are selectively neutral (Ellegrin 2004 and literature cited herein). However, some

reports indicate that natural selection can control the level of variability in the
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microsatellite loci, although a general function of these markers is not yet known.

Chambers and MacAvoy (2000) discuss in detail the potential tasks of microsatel-

lite DNA, such as chromatin organization or regulation of gene activity, demon-

strating that microsatellites may be under selection. Observed SSR diversity

associated with such different ecological factors as elevated CO2 level, climate

changes or soil contamination suggests that these simple sequence repeats are not

necessarily biologically neutral (Rocha et al. 2002; Badri et al. 2008). Mutation

rates in nuSSRs are highly compared to mutations at coding gene loci, which makes

these markers useful in studying adaptive responses of plants to stress. González-

Martı́nez et al. (2006) worked on the polymorphism pattern of 18 candidate gene

responses in Pinus taeda for drought stress and identified microsatellites in all those

genes. Similar results were obtained by Eveno et al. (2008) in Pinus pinaster and by
Fluch et al. (2011) in Picea abies. In this context, the study of variation in SSRs is a
suitable method, but it should be complemented by other molecular techniques,

e.g. differential-display reverse transcriptase PCR, in order to identify expressed

genes which are involved in various stress responses and in the adaptive process.

11.3.3 Population Genetics: Heavy Metal Impact

Heavy metal impact on plant genetic structure, besides somatic effects (e.g. DNA

damage), may include population genetic effects (changes in genetic diversity or

gene frequencies). At the population level, concordant responses between changes

in population genetic structure and elevated levels of DNA damage may indicate

that the population genetic changes are influenced by exposure to toxic substances.

If the frequencies of alleles or other genetic parameters differ between contami-

nated and reference populations, connections between DNA damage and genotype

may provide evidence that these changes are due to toxicant-induced selection

(Theodorakis 2001). Environmental contamination may act as a stress-selective

factor affecting the genetic structure of the population and result in the extinction of

the most vulnerable individuals or, in extreme cases, extinction of entire popula-

tion. Among the conifer populations exposed to different pollutants, impoverish-

ment of the gene pool is often observed (Geburek et al. 1987; Korshikov

et al. 2002). Enzymatic studies of Picea abies revealed genetic differences between
groups of sensitive trees in polluted areas (Scholz 1991). Observations of higher

heterozygosity in tolerant plants of European beech (Müller-Starck 1985), Scots

pine and Populus tremuloides (Geburek et al. 1987) have been reported.

Another parameter of interest is population diversity. Effects of contaminants on

genetic diversity within the population are important because the level of genetic

biodiversity affects a population’s ability to adapt to natural changes in the envi-

ronment (Hartl and Clark 1997). Many coniferous species with high genetic

diversity are more viable and have better adaptation capacities to unfavourable

conditions of an industrially polluted environment (Scholz 1991; Prus-Głowacki

and Godzik 1991). This is in accordance to Lerner’s classical hypothesis (1954) of
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heterozygotic adaptive advantage (as compared to homozygotes), due to the greater

capacity of heterozygotes to maintain genetic and physiological homeostasis.

Lerner’s hypothesis leads to the conclusion that high genetic variability or exten-

sive genetic richness (expressed in the high number of various alleles present in

heterozygotic combination) is required for the progress of adaptive processes.

Studies on Scots pine populations from natural regeneration and experiments on

seedling survival in the vicinity of high levels of heavy metals showed that

surviving individuals manifested a high level of homozygosity, particularly evident

in some isoenzymatic loci, such as SHDH, MDH, GDH and ADH. A lower number

of alleles have also been observed (Prus-Głowacki and Godzik 1991). In studies of

P. sylvestris growing in areas surrounding operating metallurgical plants,

Korshikov et al. (2002) reported a decrease in parameters such as the number of

genotypes, alleles per locus and observed and expected heterozygosity. Prus-

Głowacki et al. (2006) observed that the presence of heavy metals in soils, com-

bined with SO2 air pollution, resulted in a potential reduction in genetic variation in

P. sylvestris populations. This type of adaptive strategy, linked to high level of

environmental stress (i.e. heavy metals as pollutants), which drastically narrow the

ecological niche, involves selection of the individuals of the specific genetic

structure which is suitable in the specific, altered environment. In such cases,

high genetic variability no longer presents an adaptive advantage and may be

even disadvantageous for the population. This type of adaptation of forest trees to

a polluted environment was observed in Norway spruce, European silver fir,

common beech and black and Scots pine (Longauer et al. 2001; Korshikov

et al. 2002; Schaberg et al. 2008). A decrease in heterozygosity within individuals

can be associated with decreased resistance to diseases and might affect population

growth. Interesting results are presented in the work of Chudzińska et al. (2013a, b)

and Chudzińska (2013) on naturally regenerated trees (35 years old) of P. sylvestris
and P. nigra existing in a highly heavy metal-contaminated site. Sensitive and

resistant trees, which differed in fitness, exhibited differences in their genetic

structures exhibited in isoenzyme markers and microsatellite loci of nuclear

DNA. The greatest differentiation between the two subpopulations was observed

in the loci of enzymes involved in metabolic pathways, whose activity is modified

by heavy metal ions (Fig. 11.2). Sharma and Dubey (2005) listed over 20 of such

enzymes. The Ewens–Watterson test for neutrality and the test of Vitalis

et al. (2001) confirmed that allele frequencies at locus GOT B, as well as GDH,

MDH C, NDH and SHDH B, of P. nigra have been influenced by selection, acting

either directly on this locus or on adjacent genomic regions. Among the analysed

microsatellite loci of nuclear DNA, two (PtTX 4001 and SPAC 11.4) appeared to be

under balancing selection (Chudzińska 2013). SSR markers showed lower or higher

genetic diversity of sensitive and resistant subpopulations with respect to certain

loci. Two explanations for this phenomenon are most probable: first, those

microsatellites lie in close proximity of the gene and are selected because of

hitchhiking, and second, microsatellites themselves can be under selection

(Meyer et al. 2010). The adaptation strategy of resistant Scots and black pine

trees is the result of two processes acting in different loci: (1) strong directional
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selection favouring strictly specialized homozygous genotypes (reduction in the

level of genetic variation) and (2) stabilizing selection increasing heterozygote

frequency (elimination of homozygotes) (Chudzińska et al. 2013a, b).

Both types of adaptive strategy, selection against homozygotes or heterozygotes,

result in narrowing of the population gene pool due to elimination of sensitive

individuals, which can carry unique alleles. The loss of genetic diversity in

populations subjected to anthropogenic stress may be regarded as a factor of

concern in risk assessment of heavy metals. This may diminish the genetic vari-

ability and fitness of affected populations and make them more susceptible to

extinction following a subsequent stress (Guttman 1994).

11.4 Conclusions and Future Research

The heavy metal stress affects plants as a complex and dynamic system of highly

variable factors; therefore, plants have many kinds of integrated mechanisms of

resistance. It is generally accepted that heavy metals can affect DNA organization,

function or gene expression at the individual tree level as well as on the genetic

structure at the population level. The occurrence of heavy metal tolerance in plants

is connected with the process of selection and microevolution.

Although our knowledge of heavy metal impact on plants has expanded in the

last years, mechanisms of tolerance of forest trees are still unclear. To clarify the

function of genes of forest trees and knowledge of mechanisms of metal tolerance,

further studies are needed. Issues, such as which genes coordinate the improvement

of resistance to heavy metal stress, how effectively are contaminated soils able to

recultivate or in which way natural forests revive, still remain unanswered. How-

ever, the increased use of genetic molecular techniques should have a significant

impact on our understanding of heavy metal tolerance and be helpful in the use of

plants to remove contaminants from the environment by dendroremediation. This

method offers a cost-effective alternative for large areas of unused lands that have

been contaminated by heavy metals, especially in the context of tree biotechnology

(Nevo et al. 2001). The improvement of the phytoremediation properties of trees

can be achieved through modification of their primary and secondary metabolism
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(Davison 2005). The example of hybrid poplar, engineered with a modified mer-

curic ion reductase gene, shows that trees are able to sustain high ionic mercury

concentrations (Nevo et al. 2001). Transgenic poplars with higher peroxidase

activity showed increased tolerance to zinc due to an enhanced ability to detoxify

reactive oxygen species (Bittsanszky et al. 2005). Still, this technology is still in the

developmental stage, and the field testing of transgenic plants for phytoremediation

is very limited (Hur et al. 2011).

An equally important aim is connected with reintroduction of natural forests on

soil contaminated by heavy metals. Mycorrhiza fulfils an important role here. Pine

seedlings inoculated with metal-tolerant ecotypes of ectomycorrhizal fungi Suillus
have lower metal concentrations in their needles than seedlings inoculated with

sensitive strains, indicating that the metal-tolerant isolates restrict metal transfer

more effectively. The evolutionary adaptation in Suillus species contributes to the

survival of host trees in metalliferous soils and might be exploited in

phytostabilization strategies for heavy metal-contaminated soils (Colpaert

et al. 2011). Because of the key role of the ectomycorrhizal symbiosis in tree fitness,

the evolution of Cd tolerance in ectomycorrhizal S. luteus can be of major importance

for the establishment of pine forests on Cd-contaminated soils (Krznaric et al. 2009).

The capacity of plant populations to adapt to the environmental stress is

influenced by their genetic potential. Adaptation can only take place if the popula-

tion possesses or generates appropriate genetic variation. It should be understood

that organism adaptation to stress involves genetic costs, namely, gene pool erosion

and reduction of genetic variation. Tolerant individuals (genotypes) have to spend a

significant part of their life energy to ‘the defence’ at different levels, which affects
their viability and fertility.

After so many years of studies and thousands of well-documented experiments

and observations, only one thing is known for sure: in order to describe the effects

of pollution effectively, as many aspects as possible should be considered at the

same time. For this reason, the value of integrating knowledge of plants in heavy

metal-polluted environment should be underlined for making informative manage-

ment and conservation implications.
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Schützendübel A, Schwanz P, Teichmann T, Gross K, Langenfeld-Heyser R, Godbold DL, Polle A

(2001) Cadmium-induced changes in antioxidative systems, hydrogen peroxide content, and

differentiation in Scots pine roots. Plant Physiol 127:887–898

Sedelnikova TS, Muratova EN (2001) Karyological study of Pinus sylvestris (Pinaceae) with

Witches’ Broom growing on bog. Bot Zurnau 86(12):50–60

Stockinger EJ, Gilmour SJ, Thomashow MF (1997) Arabidopsis thaliana CBF1 encodes an AP2

domain-containing transcriptional activator that binds to the C-repeat/DRE, a cis-acting DNA

regulatory element that stimulates transcription in response to low temperature and water

deficit. Proc Natl Acad Sci U S A 94:1035–1040

Tang W, Charles TC, Newton RJ (2005) (2005) Overexpression of the pepper transcription factor

CaPF1 in transgenic Virginia pine (Pinus virginiana Mill.) confers multiple stress tolerance

and enhances organ growth. Plant Mol Biol 59:603–617

Theodorakis CW (2001) Integration of genotoxic and population genetic endpoints in

biomonitoring and risk assessment. Ecotoxicology 10:245–256

Tomsett AB, Thurman DA (1988) Molecular biology of metal tolerances of plants. Plant Cell

Environ 11:383–394

Van Assche F, Cardinaels C, Clijsters H (1998) Induction of enzyme capacity in plants as a result

of heavy metal toxicity: dose–response relations in Phaseolus vulgaris L., treated with zinc and
cadmium. Environ Pollut 52(2):103–115

Van Straalen N, Timmermans MJTN (2002) Genetic variation in toxicant-stressed populations: an

evaluation of the “genetic erosion” hypothesis. Hum Ecol Risk Assess 8(5):983–1002

Vitalis R, Dawson K, Boursot P (2001) Interpretation of variation across marker loci as evidence

of selection. Genetics 158:1811–1823

Waalkes MP, Goering PL (1990) Metallothionein and other cadmium-binding proteins: recent

developments. Chem Res Toxicol 3:281–288

Xue TT, Li XZ, Zhu W, Wu CA, Yang GD, Zheng CC (2009) Cotton metallothionein GhMT3a, a
reactive oxygen species scavenger increased against abiotic stress in transgenic tobacco and

yeast. J Exp Bot 60:339–349

Yadav SK (2010) Heavy metals toxicity in plants: an overview on the roe of glutathione and

phytochelatins in heavy metal stress tolerance of plants. S Afr J Bot 76:167–179

11 Adaptation Mechanisms of Pinus sylvestris L. in Industrial Areas 213


	Chapter 11: Adaptation Mechanisms of Pinus sylvestris L. in Industrial Areas
	11.1 Introduction
	11.2 Pinus sylvestris as a Bioindication of Tree Species
	11.2.1 Pinus sylvestris: Morphological Alteration and Heavy Metals
	11.2.2 Pinus sylvestris: Cytology and Reproduction

	11.3 Sensitivity and Resistance: Genetic Basis
	11.3.1 Protein Build-Up and Metabolism Control
	11.3.2 Mechanisms and Stability of DNA: Heavy Metal Impact
	11.3.3 Population Genetics: Heavy Metal Impact

	11.4 Conclusions and Future Research
	References


