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What is microevolution?

Evolution can be considered at three
levels of organization of organisms: popu-
lation (microevolution), race and species
(speciation), and higher systematic units
(macroevolution) (Grant 1981, Levin 2000).
Microevolution concerns the change in the
allele! frequency within a specific popula-
tion? over a short period of time (from a few
years to decades). These changes appear as
a result of mutation, natural selection, genetic
drift®, gene flow between populations, non-

random interbreeding and recombination?, as

! Alleles — different versions of the same gene.

2 Population — a group of individuals of one species living in
the same area.

> Genetic drift — changes in the frequency of genes resulting
from random phenomena.

4 Recombination — the process of exchanging genetic material.
As a result, new genotypes arise.

* Corresponding author

well as epigenetic mechanisms’. Microevolu-
tion leads to variation (differences between indi-
viduals) within the population of a particular
taxon (Stace 1993, Hendry and Kinnison
2001, Krzanowska et al. 2002, Wierzbicka
and Rostaniski 2002, Ashley et al. 2003, Ernst
2006, Freeland 2008, Vandegehuchte and
Janssen 2011, Babst-Kostecka 2015). New
traits that arise during the process, adapta-
tions to new environmental conditions, may
be hereditary and increase the probability
of survival and reproduction of these indi-
viduals. In many cases, these adaptations can
form within a short time frame that is com-
parable to that of man-made changes in the
environment (Ashley et al. 2003, Mitchell and
Whitney 2018, Gorné and Diaz 2019). The
study of microevolutionary processes occur-
ring in anthropogenically altered environments

> Epigenetic mechanisms — changes in gene expression which
not related to changes in the nucleotide sequence in DNA.
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is now one of the primary issues of ecotoxi-
cology (Bickham 2011, Coutellec and Barata
2011, Vandegehuchte and Janssen 2011, van
Straalen et al. 2011). In the age of progressing
environmental pollution, plant microevolu-
tion processes in chemically degraded habitats
become particularly important, as over time
they may lead to the formation of new sub-
species (Medina et al. 2007).

Factors that may contribute to an accelera-
tion of plant microevolution include environ-
mental pollution (e.g. heavy metals, herbicides)
as well as pathogens, the impact of invasive alien
species, habitat fragmentation, or global changes
(e.g. global warming, or the increase in CO,
content in the atmosphere). All these may affect
plants, resulting in changes in morphological
features, physiological and biochemical pro-
cesses, reduced fertility, and increased tolerance
to stress. The rapid evolution of these traits may
occur in both annual and perennial plants, and
even long-living trees (Bone and Farres 2001,
Ashley etal. 2003). In Table 1, based on the work
by Bone and Farres (2001), examples of different
characteristics of plants that have changed (after
the specified amount of time) due to microevo-
lutionary processes in response to selected envi-
ronmental abiotic factors are presented.

The emergence of increased tolerance
of plants to heavy metals is a model process
for researching the evolution of adaptations
to extremely unfavorable environments. This
feature evolved independently in various plant
species, as a result of microevolutionary pro-
cesses acting on individuals of non-metalli-
colous populations (from clean areas) that
colonized the contaminated area. Due to the
action of toxic metals, the selection of individ-
uals takes place and those that created defense
mechanisms (e.g. the ability to detoxify metals,
the system for reducing oxidative stress)
(Wierzbicka 1999, 2015, Ernst 2006, Wierz-
bicka et al. 2017) exhibit increased survival.
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Figure 1 shows how a deficit or excess of each
chemical element in the environment can affect
the direction of evolution, and the arising of
the selection process.

In areas contaminated with heavy metals,
such as zinc-lead waste heaps, there are many
plants which tolerate high concentrations of
metals, called metallophytes (Bemowska-
Katabun et al. — Chapter 6 of this volume).
Metallophytes of interest include Biscutella laevi-
gata L., Dianthus carthusianorum L., Armeria
maritima (Mill.) Willd., Silene vulgaris (Moench)
Garcke, Viola luteavar. westfalica A. A. H. Schulz,
V. lutea subsp. calaminaria (Ging.) Nauenb., or
Arabidopsis arenosa (L.) Lawalrée. These species
have a number of adaptations which allow them
to survive the unfavorable conditions of these
habitats. This includes the ability to detoxify
metals in the cell (in a vacuole or cell wall, for
example), as well as the development of r-type
life strategy which involves generating forms
with a shortened life cycle which enter the gen-
erative phase quickly (Bemowska-Katabun et al.
— Chapter 6 of this volume). Numerous studies
show significant differences in characteristics
between individuals in populations in areas con-
taminated with heavy metals and those in clean
areas, which suggests the emergence of new
forms, varieties and even subspecies (Baker and
Proctor 1990, Lefebvre and Vernet 1990, Wierz-
bicka and Rostaniski 2002, Baumbach and Hell-
wig 2003, Ernst 2006, Hildbrandt et al. 2006,
Stomka et al. 2011c, Abratowska et al. 2012,
Godé et al. 2012, Migdatek et al. 2013, Wojcik
et al. 2013, Kuta et al. 2014, Wasowicz et al.
2014, Wierzbicka 2015, Wierzbicka et al. 2017).

In regard to the tolerance of excess of heavy
metals, the rate of evolution depends on the
strength of selection pressure (e.g. the amount
of the element available in the soil) and the
flow of genes between metallicolous and non-
metallicolous populations. When the flow of
genes between the metallicolous population
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Fig. 1. Diagram of plant evolution trends depending on the presence of a deficit or excess of a chemical element in
the environment (after Ernst 2006, modified). In the scheme of hatched zones, the phenotypic plasticity range (the
ability of the genotype to produce different phenotypes in response to changes in environmental conditions) of a given
group of individuals was determined. The continuous line indicates the state of ecological optimum, when the amount
of the chemical element is sufficient and the plants are characterized by optimal physiological performance. In such
a situation, the population has both individuals who are exceptionally tolerant to a deficiency of a given element, as
well as individuals that are particularly tolerant to the excess of a chemical element. Most, however, are individuals
with medium tolerance for both excess and deficiency of the chemical element. The dotted line shows the condi-
tions when, due to a shortage of a given element in the environment, the selection of individuals takes place and the
population begins to be dominated by those characterised by tolerance to a deficiency of the element, and intolerant
individuals gradually disappear. Whereas, the dashed line illustrates the circumstances when selection occurs due to an
excess of chemical element and in the population, individuals with increased tolerance to excess of the element begin
to dominate, and those who do not tolerate it are dying out

Ryc. 1. Schemat kierunkéw ewolugji roslin w zaleznosci od wystapienia deficytu lub nadmiaru pierwiastka chemicz-
nego w $rodowisku (za Ernst 2006, zmienione). Na schemacie zakreskowanymi strefami oznaczono zakres plastycznosci
fenotypowej (zdolnosci genotypu do wytwarzania réznych fenotypéw w odpowiedzi na zmiang warunkéw srodowisko-
wych) danej grupy osobnikéw. Ciagla linig oznaczono stan optimum ekologicznego, gdy ilos¢ pierwiastka chemicznego
jest wystarczajaca, a rosliny charakteryzuje optymalna wydajnoé¢ fizjologiczna. W takiej sytuacji w populacji wystepuja
zaréwno osobniki, ktére s3 wyjatkowo tolerancyjne na niedobér danego pierwiastka, jak i osobniki, ktdre sg szczegdlnie
tolerancyjne na nadmiar pierwiastka chemicznego. Najwigcej jednak jest osobnikéw o Sredniej tolerancji zaréwno
na nadmiar, jak i niedobér pierwiastka chemicznego. Wykropkowana linia pokazuje warunki, gdy na skutek niedoboru
danego pierwiastka w srodowisku nastepuje selekcja osobnikéw i w populacji zaczynaja dominowac¢ te, ktére charakte-
ryzuje tolerancja na niedobér pierwiastka, a stopniowo wymieraja osobniki nietolerancyjne. Przerywana linia obrazuje
natomiast okolicznosci, gdy selekcja nastepuje z powodu nadmiaru pierwiastka chemicznego i w populacji zaczynaja
dominowa¢ osobniki o podwyzszonej tolerancji na nadmiar pierwiastka, a wymieraja te, ktére tego nie toleruja

and non-metallicolous populations is unlim-
ited, survival of adaptive changes in the newly
evolving metallicolous population is only pos-
sible if selection pressure exceeds the rate of
migration (e.g. when spreading via diaspores)
between populations. However, if the flow of
genes is impeded between the metallicolous
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population and non-metallicolous popula-
tions, and there is a low rate of migration,
adaptations to metalliferous habitats can be
established in the new population after only
several generations. If there is also geographical
isolation (lack of contact between populations),
then the genetic distance between isolated



populations will gradually increase. Over time
(relatively short, of a few years to decades),
new intraspecific taxonomic units may appear
on the area contaminated with metals (Baker
1987, Lefebvre and Vernet 1990, Stace 1993,
Zink and Barrowclough 2008, Babst-Kostecka
2015). A form is considered to be a group of
individuals sporadically occurring in popu-
lations of a given species, differing in one
or several features. Its occurrence is usually
a result of minor genetic modifications. A sub-
form is the level lower taxonomic category.
A variety is a group of individuals establishing
a local variant of the species, usually shaped
under specific environmental influences (e.g.
pH changes, temperature, humidity, etc.),
deviating from optimal conditions for a given
species, but not so far as to exclude its occur-
rence completely. The lower taxonomic cate-
gory is a subvariety. Varieties of a given species
can cross between themselves freely. A subspe-
cies is defined as a group of individuals that
establish a regional variant of the species. One
cause of the differentiation of a subspecies is its
geographical variability, which allows adapta-
tion to climatic and environmental differences
over a wide range of habitats (Stace 1993, Judd
et al. 2008, Stuessy 2009, Turland et al. 2018).

The spatial isolation of the population,
together with new environmental conditions
(high content of heavy metals in the substrate)
for a sufficiently long period of time, can lead
to endemism. Endemism is the emergence of
completely different forms (endemics) in an
isolated population, compared to a non-iso-
lated population. The term endemism is only
used to describe cases where the individuals in
question occur in a significantly limited area.
Endemicsare divided into neoendemites (young
evolutionary taxa, not yet able to spread to new
areas) and plaecoendemites (taxa with a very
limited range, which was once much wider).
For example, endemics from metalliferous

areas are called absolute metallophytes, because
these species’ range is limited only to sites con-
taining high concentrations of heavy metals in
soil (Kruckeberg and Rabinowitz 1985, Stace
1993, Babst-Kostecka 2015).

As mentioned earlier,
leads to variation within the population of
a particular taxon. Genetic variation is subject
to natural selection, and the major sources of
genetic variation are mutations and genetic
recombination. Mutations are changes in the
recording of genetic information, such as gene
mutations (within one gene), chromosomal
mutations (structural
tions) and genomic mutations (changes in the
number of chromosomes). Where organisms
are exposed to toxic compounds, mutations
can appear with greater frequency. For example,
heavy metals disturb the cell cycle and may
cause mutations which affect changes in chro-
mosome number (aneuploidy®, polyploidy”),
chromosome structure, and ontogeny (endo-
mitosis®, endoreduplication’). Those muta-
tions are usually easy to catch with cytological
analyses and DNA content measurements.
Inter- and intrapopulation (inter- and intra-
individual) variability in chromosome number
is a crucial step toward speciation'’. Another
potentially huge source of genetic variation
is recombination. Genetic recombinations in
eukaryotic organisms are associated with the

microevolution

chromosome aberra-

¢ Aneuploidy — an unusual (for its species) number of chromo-
somes in the cells of an organism. This excludes cases of a mul-
tiple of one chromosome set.

7 Polyploidy — possession of more than two complete sets of
chromosomes in an organism.

8 Endomitosis — duplication of genetic material in the cell nuc-
leus followed by no cell division.

° Endoreduplication — phenomenon of multiplication of the
DNA content bypassing mitosis. During endoreduplication, the
number of chromatids is doubled, but they are not segregated
(thus the number of chromosomes remains unchanged). Also,
neither the loss or reconstruction of the nuclear envelope, nor
the condensation or decondensation of chromatin occurs.

19 Speciation — a process that creates new species.
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random combination of gametes during sexual
reproduction, and also result from gene rear-
rangement during meiosis (crossing over)
(Kwiatkowska and Klosowska — Chapter 4 of
this volume). Thanks to recombination events,
genes or their fragments (in parental organisms)
meet in new systems, creating new genotypes
(offspring) (Krzanowska et al. 2002, Rogalska
et al. 2005, Medina et al. 2007, Freeland 2008,
Stomka et al. 2011b, Brown 2018).
Epigenetic inheritance can play an impor-
tant role in microevolution. The study of
epigenetics looks at the changes in gene expres-
sion that do not involve changes in the DNA
sequence. Instead, the epigenome is a set of
chemical modifications of DNA and of histone
proteins that regulates chromatin'! structure
and genome functions (Krzanowska et al. 2002,
Rapp and Wendel 2005, Perrone and Martinelli
2019, Singroha and Sharma 2019). The vari-
ability of epigenetic information is a common
phenomenon in plants, many studies document
this inter-individual variability in various groups
of plants (e.g. Ashikawa 2001, Knox and Ellis
2001, Cervera et al. 2002, Riddle and Rich-
ards 2002, Liu and Wendel 2003, Wang et al.
2004, Baulcombe and Dean 2014, Singroha
and Sharma 2019, Thiebaut et al. 2019). It has
been shown that the interaction of some metals
(e.g. lead, cadmium, mercury, copper, and
nickel) and organic substances (e.g. benzola]
pyrene, methoxychlor) may induce epigenetic

I Chromosomes — made of chromatin, a substance made of
DNA, histones, non-histone proteins and a small amount of
RNA. They can transfer genetic information from generation
to generation in the form of a sequence of bases in DNA, and
also in the form of instructions contained in the structure and
conformation (spatial layout) of chromatin. These epigenetic
instructions reflect the functional changes that chromatin under-
goes in individual development and during the generation of
reproductive cells, for example under the influence of environ-
mental factors. This information may affect gene activity in sub-
sequent generations and play an important role in the process of
speciation (formation of new species).
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changes in individuals exposed to them (Van-
degehuchte and Janssen 2011).

Epigenetic inheritance is the passing on of
a feature onto progeny without introducing
changes in the DNA sequence. The carrier of
epigenetic memory is the chromatin structure
and the proteins interacting with it (Jaenisch
and Bird 2003, Wierzbicki 2004, Rapp and
Wendel 2005, Chinnusamy and Zhu 2009,
Grativol et al. 2012, Iwasaki and Paszkowski
2014, Puy et al. 2018). An important feature
of epigenetic inheritance is the potential for its
regulation in response to environmental condi-
tions. This means that in unchanged conditions,
the maintenance of a constant, optimized set of
subject characteristics (phenotype) is preferred.
However,
change, it may be desirable to increase pheno-
typic variability, which becomes the basis for
adaptation to new conditions (Nicotra et al.
2010, Baulcombe and Dean 2014, Perrone and
Martinelli 2019, Singroha and Sharma 2019,
Thiebaut et al. 2019). Therefore, it is possible
that as a response to a change in the environ-
ment, a specific pattern of gene expression
(decoding the information contained in them)
will be established, and will be responsible for
certain physiological or developmental adap-
tations of organisms. Such a gene expression
pattern can then be epigenetically fixed in sub-
sequent generations (Wierzbicki 2004, Rapp
and Wendel 2005). Thus, characteristics rel-
evant to natural selection can be epigenetically
inherited, and there is the possibility of the
consolidation of features acquired in response
to environmental changes (Rapp and Wendel
2005). Numerous studies show that under
stressful conditions there may be a significant
increase in phenotypic variability in the popu-
lation, which in turn speeds up the process of
adaptation (Finnegan 2002, Rapp and Wendel
2005, Chinnusamy and Zhu 2009, Nicotra
et al. 2010, Grativol et al. 2012, Thiebaut

when environmental conditions



et al. 2019). Given that epigenetic changes
can occur much faster than changes based on
DNA sequences, and because they can occur
due to different environmental stresses, they
play an important role in the quick adaptation
of plants to the changing environment. New
combinations of spatial and temporal gene
expression patterns can be achieved using a set
of epigenetic mechanisms, even with a com-
plete lack of genetic variation. Thus, upon
contact of the organism with a stress-inducing
factor, epigenetic responses can trigger huge
amounts of latent variation in gene expres-
sion that can be tested by natural selection
(Rapp and Wendel 2005, Nicotra et al. 2010,
Baulcombe and Dean 2014, Perrone and
Martinelli 2019, Singroha and Sharma 2019,
‘Thiebaut et al. 2019).

Microevolution in areas
contaminated with heavy metals —
examples

In this subsection we will present a few
selected examples of plants where micro-
evolutionary processes and adaptation to the
increased content of heavy metals in the sub-
strate were observed.

One of the species capable of colonizing
areas with a high content of heavy metals is
A. maritima (sea thrift) (Abratowska et al.
2012, 2015, Holeksa et al. 2015, Rostanski
et al. 2015). The research conducted has
shown that A. maritima individuals growing
in zinc-lead areas differ in morphological fea-
tures (e.g. fixed dwarfing of plants from the
heap population has been demonstrated), tol-
erance level and the development of immune
mechanisms for heavy metals (lead, cadmium
and zinc), compared to individuals of the same
species growing on soils without metal con-
tamination. These features were recorded in

the next generation (F1 — the first generation
of descendants). It was shown that microevolu-
tionary processes in the population of A. mar-
itima in the zinc-lead areas of the Olkusz
region led to the development of a separate,
unique subspecies with increased resistance
to heavy metals — A. maritima subsp. bolesla-
viensis subsp. nov. (Abratowska et al. 2012,
2015). Previous studies on the adaptations of
A. maritima for survival in areas enriched with
heavy metals have shown that this species has
a complex network of defense mechanisms.
The most important strategy for the resist-
ance of A. maritima at the level of the indi-
vidual organism is the storage of metals in the
oldest leaves, which dry and are discarded by
the plant. Its adaptation at the physiological
and biochemical level for growth under con-
ditions of excess toxic heavy metals was also
investigated. An increase in the content of glu-
tathione'? as well as changes in the content and
proportions of organic acids such as malic acid
was observed (Olko et al. 2008, Abratowska
et al. 2012, 2015). It was also shown that in
the A. maritima plants growing on the sub-
strate enriched with zinc and copper, as well
as plants cultivated in medium enriched with
lead, cadmium and zinc, the metal accumu-
lated in tannin cells'®. Another physiological-
biochemical adaptation to the excess of heavy
metals found in the A. maritima plants is the
presence of HSP17 small-molecule stress pro-
teins in the cytoplasm, which belong to the
heat shock protein family'. It is believed that
these proteins are involved in the repair of

12 Glutathione — an organic chemical compound with antioxi-
dant properties, made up of amino acid residues: glutamic acid,
cysteine, and glycine.

13 Tannin cells — produce tannins, i.e. organic chemical compo-
unds that are defense compounds against pathogens, herbivores,
and adverse environmental conditions.

14 Heat shock proteins — a group of proteins whose expression
increases when cells are exposed to stress factors, e.g. high or low
temperature, heavy metals.
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intracellular injuries caused from the activity
of metals. Defense mechanisms in the A. mari-
tima plants in the conditions of excess heavy
metals are also associated with the functioning
of the products of the leaf epidermis (skin)
— trichomes and salt glands. They can accu-
mulate excess metals, which helps to reduce
their concentration in leaf mesophyll cells,
and thus protects sensitive physiological pro-
cesses. It was shown that heavy metals, such
as lead, cadmium, and zinc, accumulated in
simple trichomes and in the salt glands of the
A. maritima epidermis leaf (Olko et al. 2008,
Abratowska et al. 2012, 2015). A particularly
interesting feature is the secretion of heavy
metals by the salt glands of this species. Salt
glands are specialized secretory structures,
which play a role in regulating salt concentra-
tion in halophytes, plants that grow on saline
substrates (e.g. at the seaside). On the leaves of
A. maritima, the salt glands are found in the
upper and lower epidermis of the leaves. When
the plants are bred in presence of a substrate
containing lead, cadmium and zinc, their leaves
are covered by the characteristic clods, formed
by the crystallization of salt. In the salt gland
cells and in the salt secretions on the surface
of the leaves, were those three metals that the
plants were subjected to — lead, cadmium and
zinc. They were secreted to the surface of the
leaf by the epidermal salt glands. The secreted
solution also contained other elements that are
mineral components of the culture medium:
calcium, sulfur, chlorine, magnesium, and
potassium. Thus, the regulation of the con-
centration of metals in the mesophyll of the
leaf was dependent on salt glands. This mecha-
nism occurred both in plants from metal-
liferous areas (e.g. zinc-lead heaps) and from
non-metalliferous areas (Wierzbicka and Stysz
2005, Abratowska et al. 2012, 2015). Other
researchers (Neumann et al. 1995, Heumann
2002) have also observed the contribution of
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salt glands in the detoxification of A. maritima
plants exposed to excess of heavy metals.
Another species found in zinc-lead waste
heaps (calamine waste heaps) in Bolestaw is
A. arenosa (sand rock-cress). Individuals of
sand rock-cress from this metalliferous area
were compared to those from a non-metal-
liferous area. It was shown that they differed
significantly in all the morphological features
analyzed. Plants from the waste heap popula-
tion were definitely smaller than plants from the
unpolluted area. To check whether the observed
differences are genetically preserved, biometric
studies were carried out in subsequent genera-
tions of this species. Once again, significant
differences between these populations were
shown. The features differentiating the two
populations most were: the length of siliques
(fruit), the number of trichomes on the leaves,
the number of generative shoots, the length and
width of the leaves. Visible morphological dif-
ferences between populations were permanent
genetic changes caused by strong, selective envi-
ronmental pressure on this species. A. arenosa
plants from the waste heap population were also
characterized by a large difference in tolerance
to cadmium and zinc, in relation to the refer-
ence population. The growth of the A. arenosa
waste heap population in a metalliferous envi-
ronment, i.e. in a highly selective environment,
led to the development of a highly tolerant
group of plants (ecotype'®) characterized by
high induced (acquired) tolerance to zinc and
cadmium (Przedpetska and Wierzbicka 2007).
The D. carthusianorum (carthusian pink)
is one of the important species of grasslands
on the calamine waste heaps around Olkusz.
Studies on this species have shown that the
individuals growing on the calamine waste

15 Ecotype — a form within a species that creates a population or
a group of pupulations that has a set of characteristics for a given
environment, arisen as a result of evolution.



heap differed significantly in terms of mor-
phology from those on uncontaminated sites
— they were finer, they had fewer leaves in
the rosette, and their leaves were shorter and
narrower with more stomata. They were also
characterized by: longer roots in seedlings and
production of long and numerous root-hairs,
faster rate of entry into the generative phase
and its elongation, production of a larger
number of flowers per one individual, produc-
tion of a larger number of smaller seeds (r-type
life strategy). These features were fixed in the
first generation of offspring (F1) (Zalecka and
Wierzbicka 2002, Wojcik et al. 2013). Genetic
separation of the D. carthusianorum waste heap
population has also been demonstrated. Popu-
lations from the calamine waste heap and from
land with low heavy metal content were char-
acterized by a similar level of intra-population
variation, which means that in the population
inhabiting the waste heaps there was no nar-
rowing of the genetic pool. The waste heap
population was considered as a calamine eco-
type (Woéjcik et al. 2013). D. carthusianorum
from the zinc-lead waste heap also had an
elevated tolerance level for lead. It has been
proven that efficient lead detoxification in the
roots of this plant is one of the key immu-
nity mechanisms that allow the growth of this
species on substrates with high lead content
(Baranowska-Morek and Wierzbicka 2004,
Wéjcik and Tukiendorf 2014).

A new calamine ecotype was also recognized
in the populations of another species growing
on the heap in Bolestaw — S. vulgaris (bladder
campion). This common species is character-
ized by high intra-species variability. Also, for
this species, plants from the waste heaps and
natural population (F1 generation) were tested.
It was found that in a waste heap population,
adaptations to growth under extremely unfa-
vorable conditions are genetically preserved.
It was shown, among others, that the plants

from the waste heap population, compared
to plants from the natural population, were
more resistant to lowering the osmotic water
potential (greater resistance to drought). They
also had high tolerance to lead and zinc. Plants
from the waste heap population were especially
abundant in root-hairs compared to plants
of the natural population. In addition, they
attained lower biomass, had shorter narrower
and thicker leaves, and had shortened and
creeping shoots. Plants from the heap popu-
lation developed faster, reached the generative
phase earlier, and had greater fertility — they
set up more seeds, which were smaller than
in plants from the natural population (r-type
life strategy) (Wierzbicka and Panufnik 1998,
Wierzbicka and Zyska 1999).

Genetic differences between populations
from metalliferous areas (including waste
heaps from ores mining and processing) and
also demon-
strated for the V. tricolor (heartsease plugs). In
Poland, this species is a common taxon, and
shows great morphological diversity. It has
been shown that phenotypic plasticity and
genetic diversity enable this species to colo-
nize areas contaminated with heavy metals.
Genetic differences between populations from
the metalliferous areas and areas uncontami-
nated by metals show the ongoing microevo-
lutionary processes, leading to the creation of
new, better adapted local ecotypes. It was also
observed that populations from the metallif-
erous area are characterized by higher genetic
polymorphism and genetic differentiation than
those from the area uncontaminated by metals.
However, in this case, it was shown that this
species (individuals from metalliferous and
non-metalliferous populations) has a high tol-
erance to heavy metals, similar to other spe-
cies from the Melanium section (pansies) of
the genus Viola L. (Stomka et al. 2008, 2010,
2011a, b, ¢, 2012, Stomka and Kuta 2015).

non-metalliferous ones was
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However, there are not always such clear
differences between populations from metallif-
erous areas and clean areas, as mentioned in the
examples above. The work of Jiménez-Ambriz
et al. (2007) presented two ecotypes of Noc-
caea caerulescens (J. Presl & C. Presl) E K. Mey.
(syn. Thlaspi caerulescens ]. Presl & C. Presl)
(Alpine Penny-cress) from southern France,
which despite geographical proximity, showed
some variation due to the selection of heavy
metals related to soil contamination. The big-
gest differences between the ecotype from the
metal-bearing and non-metal-bearing area con-
cerned the sensitivity to high concentrations of
zinc. The individuals from the metalliferous area
showed greater tolerance. They also produced
smaller seeds and fewer fruits per flower stalk,
compared to those from the non-metalliferous
area. Genetic differences between populations in
contaminated areas were greater than between
populations in clean areas (Jiménez-Ambriz
et al. 2007).

Antonovics (2006) showed that there are
differences in the flowering time between
Anthoxanthum odoratum L. (sweet vernal grass)
populations of zinc and lead mine and clean
areas (pasture) from North Wales. Metal-tol-
erant plants have flourished before. This may
have been the result of genetic isolation between
these two types of populations, which would
be another example of microevolutionary pro-
cesses in populations exposed to heavy metals
(Antonovics 20006).

Subspecies B. laevigata ‘woycickii’
as endemite on waste heaps
— genetic research

A very good example of clear differences
between populations of metal-bearing areas
and clean areas as a result of microevolutionary
processes is the ‘main character’ of this volume,
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namely B. laevigata. Previous studies have
shown that two populations of B. laevigata,
from the Tatra Mountains and Bolestaw areas
(from mine heaps) differ significantly from
each other by many genetically fixed morpho-
logical traits (Pielichowska and Wierzbicka
2004, Wierzbicka and Pielichowska 2004,
Pielichowska 2007, Wasowicz et al. 2014,
Wierzbicka et al. 2015, 2016, 2017, 2020,
Bemowska-Katabun et al. — Chapter 6 of this
volume). The first important element that
differentiated both populations was the fea-
tures associated with the adjustment to water
deficits — the thickness of the leaf blade and
the intensity of epidermal trichomes covering
the leaves. In both populations studied, these
adaptations developed independently in two
different directions. Leaves of plants from the
waste heap population were thinner, but cov-
ered with more trichomes, thus protecting the
plants from excessive water loss (transpiration).
The trichomes were alive, but their outer cell
wall was thick enough to restrict transpiration.
In turn, the leaves of plants from the Tatra
population had few trichomes, but their leaf
blade was thicker due to the increase in the size
(vacuolization) of mesophyll leaf cells (Wierz-
bicka and Pielichowska 2004). This allows for
increased water storage in the leaves, and safe-
guards against a water deficit (Podbielkowski
and Podbielkowska 1992, Wierzbicka and
Rostariski 2002). The second group of features
differentiating the calamine heap population
from the Tatra population are the features
related to the adaptation of plants to the excess
of heavy metals in the substrate. Plants of the
waste heap population showed a much higher
level of tolerance to heavy metals (lead, zinc,
cadmium) than plants of the Tatra popula-
tion. It was shown that the zinc tolerance of
the heap population was so high that it could
be included in the group of the Zzinc-loving’
plants (Wasowicz et al. 2014, Wierzbicka



et al. 2015, 2017, Bemowska-Kalabun et al. —
Chapter 6 of this volume).

Genetic tests were also carried out, which
made it possible to learn about the genetic
structure of the buckler mustard populations
from Bolestaw and Tatra Mountains. The
research was aimed at determining how the
colonization of calamine areas took place and
determining whether this process took place

relatively recently or in the more distant past
(Wasowicz et al. 2014, Wierzbicka et al. 2015,
2017). Given that the studied waste heap and
Tatra populations are located at a consider-
able distance from each other (about 100 km
in a straight line), and the first mentions
about the population of B. laevigata devel-
oping in metalliferous areas of Olkusz come
from 1876 (Uechtritz 1877), it was assumed

Tatra Mountains / Tatry:
& Jaworzynka Valley / Dolina Jaworzynki
& Matataka Valley / Dolina Matej £aki

O Stoty

Fig. 2. Neighbour-Joining (NJ) Net showing genetic correlations between Biscutella laevigata populations from waste
heaps in Bolestaw and the Tatra Mountains, developed on the basis of AFLP marker variability data. Various symbols
indicate the origin of individuals from different populations in the Tatra Mountains (the Jaworzynka Valley, the Mata
Eaka Valley, Stoly). The number above the main branch of the network is the bootstrap value coefficient used to test
the ‘reliability’ of the network topology. A factor of up to 100 indicates the high reliability of the obtained image of
the genetic structure (after Wasowicz et al. 2014, Wierzbicka et al. 2015, 2017)

Ryc. 2. Sie¢ Neighbor-joining (N]) przedstawiajaca zaleznosci genetyczne pomiedzy populacjami Biscutella laevigata
z haldy odpadéw gérniczych w Bolestawiu i z Tatr, opracowana na podstawie danych ze zmiennosci markeréw
molekularnych AFLP. Réznymi symbolami oznaczono pochodzenie osobnikéw z réznych populacji w Tatrach (Dolina
Jaworzynki, Dolina Malej Eaki, Stoly). Liczba nad gtéwna galezia sieci to wspétezynnik boosstrap stuzacy do badania
»wiarygodnosci” topologii sieci. Wspétczynnik o wartoéci zblizajacej si¢ do 100 $wiadczy o wysokiej wiarygodnosci
otrzymanego obrazu struktury genetycznej (za Wasowicz i in. 2014, Wierzbicka i in. 2015, 2017)
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that colonization of the calamine heap by
the buckler mustard occurred recently (about
130 years ago) and that this process can be
described as ‘long-distance migration’. It was
expected that relatively recent colonization
of the waste heap and long-distance plant
migration contributed to the reduction of
the genetic diversity of the waste heap pop-
ulation compared to natural populations in
the Tatra Mountains area. Small genetic dis-
tances between the studied populations were
expected, as well as the lack of genotypes char-
acteristic only for the waste heap population.
However, the studies conducted showed that
the level of genetic diversity (determined by
the AFLP method'®) was comparable in the
two analyzed populations, irrespective of their
origin. In addition, genetic distances, which
can be read as an indicator of genetic similarity
or difference between populations, turned out
to be very diverse. The genetic distance meas-
ured between the waste heap population and
the Tatra populations was more than 30 times
greater than the genetic distance between the
Tatra populations themselves. The research also
showed the presence of genotypes in the waste
heap population not found in the Tatra popu-
lations. The flow of genes between the popula-
tions of the Tatra Mountains and the calamine
heap probably ceased at least several thousand
years ago, according to the results of genetic
research. The results of these tests are presented
in Figure 2. It was shown that the popula-
tion from the calamine heap significantly dif-
fers from the Tatra populations in terms of

16 AFLP method — amplified fragment length polymorphism of
DNA, belongs to the group of methods called ‘genetic finger-
print’. AFLP relies on digestion of template DNA with restric-
tion enzymes followed by two amplifications (non-specific and
specific) of the DNA fragments. Polymorphism relates to diffe-
rences in the length of amplified DNA fragments, which arise
as a result of nucleotide substitutions within or near restriction
sites, or due to deletions or insertions. Most of these polymor-
phic genes are dominant.
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genetics and forms a separate group. However,
individuals from the Tatra populations did not
fall into distinct groups (according to their
origin from a specific population/place). This
may indicate a significant gene flow between
individuals from the Tatra populations. The
B. laevigata population from waste heaps was
given the rank of subspecies — B. laevigata L.
subsp. woycickii M. Wierzb., Pielich. & Waso-
wicz (Wasowicz et al. 2014, Wierzbicka et al.
2015, 2017, 2020, Bemowska-Kalabun et al.
— Chapter 6 of this volume).

The existence of strong genetic diversity
between populations of buckler mustard from
the Tatra Mountains and the Olkusz region
was also shown by Babst-Kostecka et al.
(2014), who used microsatellite sequences'”
their research. They also pointed out that as
a result of the microevolutionary processes, the
populations dispersed from the area of waste
heaps in Bolestaw and from the Tatra Moun-
tains. In other studies, Babst-Kostecka et al.
(2016) determined the tolerance level for zinc
in B. laevigata populations from metalliferous
and non-metalliferous areas from southern
Poland, in order to determine the phenotypic
variability of this species in terms of zinc tol-
erance. Morphological and physiological traits
(e.g. biomass, visible symptoms of stress, zinc
content in leaves) were examined. Then, the
structure of these quantitative traits was com-
pared with neutral molecular markers'® in
order to test whether natural selection caused
the B. laevigata population to be diversified
in terms of zinc tolerance. It turned out that
zinc tolerance occurred in the whole species;

in

17 Microsatellite sequences — DNA fragments consisting of
tandem repeats of a nucleotide motif from 1 to 6 base pairs
in length. These sequences are one of the most frequently used
molecular markers.

18 Molecular markers — a genetically controlled phenotypic trait
or any genetic difference used to reveal an individual polymor-
phism that can be identified by analytical methods.



however, higher zinc tolerances were found
in plants from metalliferous areas compared
to plants from non-metalliferous areas. It has
been shown that increased tolerance to zinc in
populations of this species from metal-bearing
areas results from divergent selection in
response to environmental pollution with this
metal. In addition, genotype vs. environmental
interaction analyses indicated that this diver-
sity is hereditary (Babst-Kostecka et al. 2016).
Research by Babst-Kostecka et al. (2016) about
B. laevigata zinc tolerance is consistent with
the research of Wierzbicka et al. (2015, 2017),
which showed that this species is ‘the zinc-
loving’ plant. It is also worth noting here that
the selection process of B. laevigata takes place
as early as in the production of seeds, as shown
by embryological research. Detailed informa-
tion on this subject is contained in Chapter 4
of this volume.

There are examples of the formation of tol-
erant plants, which show the ability to grow
and efficiently reproduce in areas with an
increased content of metals in the soil, and
this occurs in a relatively short time — from
a dozen to several dozen years. However, these
are examples of only the physiological adapta-
tion of plants to the elevated concentration of
heavy metals (Wu et al. 1975, Bradshaw and
McNeilly 1981, Al-Hiyaly et al. 1993, Briggs
and Walters 2000). In the case of B. laevigata
plants from the calamine waste heap in
Bolestaw, adaptation to high concentrations of
heavy metals included morphological and ana-
tomical features on top of physiological traits.
Adaptation at these levels requires a longer
period of time in which the stress factor acts,
and isolation of the population, as it was in
case of the waste heap population of buckler
mustard (Wasowicz et al. 2014, Wierzbicka
et al. 2015, 2017, 2020).

To summarize the genetic studies of
B. laevigata, it was shown that the separation

of the population from the calamine heap in
relation to the Tatra populations is the result
of an evolutionary process whose duration
significantly exceeds the time frame set by the
first record of this species in mining areas near
Olkusz (1876). It seems that natural outcrops
of calamine rocks could have become a place
of evolution for the present-day B. laevigata
population from Bolestaw much earlier, and
after the start of metal ore extraction, the plant
spread to opportune mining area habitats.
The attempts to date the divergence time of
plants from the Tatra Mountains and Bolestaw
showed that the intersection of genetic bonds
(gene flow) between them could have taken
place during the Middle-Polish glaciation, that
is about 120,000 years ago. The result obtained
on the basis of the molecular dating method
can be treated as probable, especially as other
indirect proofs also support a long period of
isolation (Kropf et al. 2009, Uechtritz 1877,
Wasowicz et al. 2014, Wierzbicka et al. 2015,
2017, 2020).

The presence of numerous differences
between the natural Tatra populations of
B. laevigata and its population from the
calamine waste heap in Bolestaw justifies the
hypothesis of the classification of these plants
to a separate taxon. The research discussed above
(Wasowicz et al. 2014, Wierzbicka et al. 2015,
2017, 2020) showed that B. laevigata from the
waste heap in Bolestaw has been evolving for
a long time in isolation from the population of
this species from the Tatra Mountains. The dif-
ferences between these two populations are so
large that the population of Bolestaw was given
the rank of subspecies — B. laevigata subsp.
woycickii (Wierzbicka et al. 2020, Bemowska-
Katabun et al. — Chapter 6 of this volume).
It is a relict subspecies, probably endemic in
nature. These plants have numerous features
(mentioned previously in the text) which enable
them to grow in extremely difficult conditions
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of areas heavily contaminated with heavy
metals. Thus, this subspecies is particularly
valuable for further research into the mecha-
nisms of tolerance to heavy metals in plants.
It seems that it can also have practical appli-
cation for the restoration of brownfield sites
(Muszyriska et al. — Chapter 7, Wiszniewska
et al. — Chapter 8 of this volume). Given the
very limited area in which B. laevigata subsp.
woycickii occurs, to the heaps of the Olkusz
region only (Bemowska-Katabun et al. —
Chapter 6 of this volume), and the rapid trans-
formation of this area, which is associated with
natural changes in vegetation as well as human
activities (Jedrzejczyk-Koryciriska and Szarek-
Lukaszewska — Chapter 10 of this volume),
there is an urgent need to protect these valu-
able plants.
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