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ABBREVIATIONS

A.: Arabidopsis

A: available form

g standardized chlorotypic allelic richness

As: mean allelic richness

BF: bioaccumulation factor

cpDNA: chloroplast DNA

CV: coefficient of variation

d. wt: dry weight

Fis: inbreeding coefficient

He: expected heterozygosity

Hs: chlorotype diversity

IM: isolation with migration model

M: metalliferous sites, metallicolous populations
MCMC: Markov chain Monte Carlo algorithm

MS: mean square

MST: minimum-spanning tree

ni: number of studied individuals per population
NJ: neighbour—joining tree

NM: non—metalliferous sites, non—-metallicolous pagaons

NMp: non-metallicolous populations from pollutedjian
NNM:  “new” non—metallicolous populations

ns: not significant
O: organic form
PC: Principal Component

PCA: Principal Component Analysis
QTL:  Quantitative Trait Loci

S/IR: a ratio of metal concentration in shoots tecemtration in roots
SD: standard deviation

TI: tolerance index

X average

VE: environmental variance

V! genetic components of phenotypic variation

Ve phenotypic varianc
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ABSTRACT

The present study attempted to provide a bettecrgion and understanding
of the origin and the evolution of Zn tolerance aedumulation ability irArabidopsis
halleri populations from southern Poland, and clear uphisiery and colonization
patterns of this species in investigated area. Harsouthern Poland, metalliferous (M)
and non—metalliferous (NM) sites occur within redaly short distances. This fact makes
from this part of Europe the only known area whgeme flow between two different
edaphic types oA. halleri populations can be studied. Interms of research
on adaptation to extreme environments and coldoizaf metalliferous sites in southern
Poland is therefore a unique and particularly ggéng area.

The research was carried out on plant materiah ft& A. halleri populations,
originated from both metalliferous (Silesia and @k region) and non—metalliferous
(Niepotomice Forest and Tatra Mts.) sites. Planteni@ collected directly from field
was used in physic—chemical and genetic analyséde wwlant material from seeds
collected from fields and grown under controlledeeggrhouse conditions was used
in tolerance and accumulation tests. Physic—chénainalyses of field soil and plant
samples were performed in order to charactehizballeri habitats and plants’ behavior
in southern Poland. Then, genetic analyses usintralemolecular markers (performed
on nuclear and chloroplast DNA) aimed to resolvaeegje structure and to reconstruct
phylogeography oA. halleri populations from investigated area as well aswaltb
to reconstruct migration routes which enabléd halleri to colonize metalliferous
and non—metalliferous sites in southern Poland. eErpents in controlled conditions
(tolerance and accumulation tests) aimed to chécielationships between tolerance
and accumulation of heavy metals abilities exidtudied species.

Variation of soil properties and population beloavvithin M type of sites was
higher than within NM type. Moreover, this studyosted that M and NM sites differed
significantly not only in terms of heavy metal centration but also other physic—
chemical soil parameters (i.eoN, P, K, Mg, Fe). Contrasting selection regimas tb
different conditions in M and NM habitats might edt behavior of plants and then
differentiated populations from different sites.eféfore, local M and NMA. halleri
populations should be specifically adapted to toall soil metal composition as well as
to other sites’ properties.

Investigation of neutral nuclear markers showeat gopulations ofA. halleri
in southern Poland were clustered into two groupainly corresponding to geographic
location. The results suggest that M populatiomenfrSilesia and Olkusz region have
diverged independently, however from common ance@t®. Tatra Mts. populations).
Moreover, two types of NM populations were ideetifi (1) ancestral “ancients” NM
populations in nhon—contaminated natural speciegtdtabin Tatra Mts., (2) evolved
recently, as a result of two successive episodeolohization: first one on M sites
and second one on NM sites beyond the mountain$1(pNpulations in Niepotomice
Forest). In this study, for the first time it wasos/n that foundation of NM populations
by M is also possible and it was proposed to nahese recently evolved NM
populations as “new—NM" (= nNM) populations. Theimstions of time of divergence
shown thatA. halleri populations in Silesia region were founded propaibl 14th
century M, in Olkusz region in 17th century, whikecently, in 18th century M
populations from Olkusz region have been split MM populations in Niepotomice
Forest.
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In the field, populations from different edaphigpés accumulated Zn at very
different level, while in the pot experiment, undeiform controlled conditions, most of
populations accumulated Zn at similar level. It vediserved that in the field some of
populations showed the capacity to mobilize and ceotrate metal in shoots
(Niepotomice Forest’'s and Tatra Mts.” populationshile the others have been limited
the uptake of metal (Silesia and Olkusz regiongypations). Finally, it was shown that
accumulation is genetically determined, so thatavere observed between populations in
the field was both genetics and environment—depgndecumulation is then the result
of interaction between genotype and environment.

New approach for phenotyping hydroponic experimed been worked out in
this study. The main advantages of proposed metinedhe assessment of genetic and
environmental variance components on tolerancdtiabjlas well as the investigation of
the same genotypes in several independent expesmdoreover, it was shown that the
use of this test at the within—species level is ratigrized by relatively high
discriminating capacities.

In controlled conditions, NM populations & halleri were significantly less
tolerant and accumulated Zn to significantly higltencentration as compared to M
populations. This research allowed also to identihe most tolerant genotypes
(particularly interesting interms of phytostakalien) as well as the most
hyperaccumulating populations (useful in reseanciploytoextraction). Further detailed
studies of these selected genotypes could be usefigntification of genes (or genome
regions) involved intolerance and accumulatiohedvy metals. Reciprocal
transplantation experimenits situ are also needed to measure the “cost of toleraaue”
convincingly demonstrate local adaptation of PoAsinalleri populations.
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l. INTRODUCTION
1. Heavy metals in environment

Areas with naturally elevated content of heavy atsetin soil are known
from many different places on Earth. Insuch placesoil can vary
in composition and concentration of metals. Whikeplaces rich in nickel, chromium
and cobalt serpentine soils evolved (Peeper & NodvR001), different soils are also
present where copper ore deposits are abundanherevzinc and lead are predominant
metals is substrate composition (Ernst 1972, 1988)in 19th and 20th century in areas
rich in ores and other mineral resources miningustiy began to develop, geographic
range of occurrence of metalliferous sites broadarsstantially. Intense development
of industry and increase in industry—related palui{ore mining, polluted dust
from furnaces, galvanisation, car fumes, fungicided pesticide usage) gave rise
to formation of metal-containing soils even outsidédes with natural occurrence
of heavy metals (Antonovicg al. 1971; Macnair 1993; Saxeeaal. 1999). Heavy metal
pollution impacts the whole natural environmentingeinorganic compounds, heavy
metals do not undergo the process of biodegradatidrthey can persist in soil for tens,
hundreds or even thousands of years (Kabata—Pefadtandias 1999).

In soils under impact of industry heavy metals tanpresented in exceedingly
high concentrations and thus causing toxic effeat the most of plant species
as well as for soil fauna (Ernst 1990). Metals legstress factors there. Among negative
effects of soil polluted by heavy metals, decreasemicroorganisms number,
deterioration of plant growth and in harvest vyieldsic Grath 1994), substantial
disequilibrium in  ecosystems through drastic reduct of biodiversity
(Banasovaet al. 2006) as well as serious health hazard to the Iduahan
population (Jarup 2003) could be enumerated. Asagaplants are concerned the level
of toxicity depends on the type of soil and its giby¥chemical characteristic, on activity
of microorganisms, on the plant species, genotyped oa many other factors
by which organism’s response to the toxic dose etiats can be modified (Siedlecka
al. 2001). Numerous studies proved that there exattjsl defense mechanisms against
noxious impact of heavy metals. These processebleenalants to persist in harsh

environmental conditions.
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2. Tolerance to heavy metals and their accumulatiohy plants

2.1. Metallophytes, pseudometallophytes — the claBsation of plants
from metalliferous habitats

Tolerance to heavy metals is defined as “planbgitg to grow and reproduce
on soils polluted with heavy metals, where mostplaht species can not survive
by reason of the toxicity of environment” (Antonosiet al. 1971; Macnair & Baker
1994; Macnairet al. 2000). The tolerance evolved as a response togstselective
pressure caused by high concentration of heavy lsngtaoil. It occurs only in limited
number of species usually memberd-abaceaeandPoaceae(Antonovicset al. 1971,
Baker 1987). Tolerance to heavy metals was degtfirethe first time by Pratt in 1934,
who observed this phenomenorSiivestre Melandrium (= Silene vulgariy
(Willems 2006). Pratt noticed that, under uniforrmanditions and in soil artificially
contaminated with copper plants, from seeds gathdrevicinity of copper mine
were developing better than plants from seeds k&taen non—polluted sites.

Plants, which are able togrow andreproduce omg soils with high
concentrations of heavy metals are called metajtigsh (Antonovicset al. 1971,
Lambinon & Auquier 1964). Lambinon and Auquier (49@livided metallophytes into:
(1) absolute metallophytes — able to grow only aifssrich in metals €.g. Viola
calaminaria, Thlaspi calaminare, Minuartia verna psshercynica and (2) local
metallophytes — able to grow on metal contaminaseds only within a particular
region while outside the area colonizing non—peliutsites €.g. Armeria maritima
The pseudometallophytes - taxa able to grow on Ihfetaus
as well as on non—metalliferous soils within oneaar— form the second group
in classification proposed by Lambinon and Auqui€i964). The authors divided
pseudometallophytes into three groups: (1) eleciseudometallophytes — presenting
particular vitality and abundance on metallifersods €.9. Agrostis tenuis, Campanula
rotundifolia, Polygala vulgaris, Thymus pulegioiddsumex aceto3a (2) indifferent
pseudometallophytes — growing on metalliferousssbilit showing neither abundance
nor particular vitality €.g. Plantago lanceolata, Avena pubescens, Genistaria,
Linum catharticuny (3) accidental metallophytes — common ruder&cis occurring
sporadically on metalliferous soils and presentliegreased vitality. In current literature
pseudometallophytes populations on metalliferouts sre called metallicolous while

these on non—metalliferous soils — non—metallicelon this work, metalliferous sites

4
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as well as metallicolous populations will be markedth the letter M while
non—metalliferous sites and non—-metallicolous pafpahs are marked with NM
(Pauwels et al. 2008). There is multitude of different metallopdsyt classifications
(Duvigneaud & Denaeyer de Smet 1963; Lambinon& wWeqg 1965;
Antonovics et al. 1971; Garcia—Gonzalez & Clark 1989; Baker & Prpci®90).
Their authors divided the group in different wayigirgg often new names to groups
of plants previously recognized by other authordemrdifferent names. Because of that,
one group of plants within metallophytes could h@esn known by several different
names depending onthe author. A review on metajtis was presented
by Pollardet al. (2002). They proposed a schematic division of tpkpecies regarding
their tolerance abilities andtheir geographical ngea on metallicolous
and non—metallicolous sites (Fig.1). The authorgddd plants into strict (= obligate)
nonmetallophytes — having only NM populations — aretallophytes. Among
metallophytes two groups were recognized: (1) fative metallophytes
(pseudometallophytes) — species with both M and Népulations and (2) absolute
(= strict = obligate) metallophytes (eumetalloplsyte species with M populations only,
endemic to metalliferous habitats. It was pointat] that predominant majority of plants
belong to nonmetallophytes (species A in Fig. 1Dede plants are sensitive to toxic
impact of heavy metals and their range is stritithyted to soils with only trace content
of metals. There are no tolerant genotypes witbputations of nonmetalophytes.
Another group, the most numerous and the most astiig (especially in genetic
context), is formed by plants able to tolerate peametals — pseudometallophytes.
Pollard et al. (2002) recognized two categories of pseudometajitgs: species
with predominance of populations occurring on noetatiiferous soils (species B)
and species with predominance of populations omgyrmainly on metalliferous soils
(species C). Among the group of pseudometallophyte#th predominance
of NM populations, the majority of plants is sen&tto toxic impact of heavy metals.
However, there are some tolerant genotypes witteir tpopulations (light shading
in Fig. 1). These genotypes are favored (by natusslection) during
colonization of metalliferous areas (heavy shadind-ig. 1). The following species
belong to this groupAgrostis capillaris, Plantago lanceolata, Mimulusttatus, Silene
vulgaris (Pollard et al. 2002). The phenomenon of metal tolerance is thezef
not restricted only to plants from M populations far as the second group is concerned

(with predominance of M populations) all the gematy are tolerant (also genotypes

5
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from NM populations) (intermediate shading in Fig. Thlaspi caerulescens, Thlaspi
goesingense, Thlaspi montanumndArabidopsis halleri belong to this group.
The last group according to Polard’s classificat®oalled eumetallophytes (species D).
These plants, endemic to metalliferous areas,atddrigh concentrations of heavy metals
within the whole species. Numerous accumulatorsiakel such as different species
from Alyssumgenus are in that group (Brooéssal. 1979).

According tolaw regulations in Poland (Monitor |80 No 23, 1986)
in non—metalliferous soils total content of zinead and cadmium should not be higher
than 300 mg-kd, 100 mg-kg, 3 mg-kg', respectively. In opposite, when above
mentioned norms are exceeded, these soils cambednaetalliferous.

Metal tolerance of plants
Non-tolerant . Metal tolerant

Frequency of genotypes

)
Ll Bt

A J

A

Non-metalliferous Metalliferous
Metal concentration in soil

A —nonmetallophytesv = 0; C —pseudometallophytes > NM
B —pseudometallophytesiM > M D —eumetallophytesNM =0

Fig. 1. Schematic division of theoretical plant species; B, C, D. Freqguency
of metallicolous (M) and non—metallicolous (NM) pogtions
as well as frequency of tolerant and non—toleragmotypes was presented.
Zones of light, intermediate and heavy shading sitlate the minority
of genotypes within the species, as discussed ie thext (according
to Pollardet al.2002).

2.2. Genetic basis of metal tolerance

Measuring tolerance

During last twenty years numerous researches has benducted on tolerant

and hyperaccumulating (having high concentratiohmetals in above—ground parts)

6
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species. Thatisdue totheir potential use inlteation of degraded areas
(Saltet al.1998; Kramer 2005). Developing conception of pcaifion
and stabilization of post—industrial areas requiré®wever, knowledge on genetic
as well as physiological basis of tolerance andehgcumulation (Brooks 1998;
Macnair et al. 2000; Macnair 2003). During many years, scientigtsre unable
to meet the challenge of describing these phenonmegenetic terms because of the lack
of appropriate research tools. Initially studiestalerance were based on observations
of plants growth on contaminated soils under bodhtrolled and natural conditions.
From the results of these experiments it was plessito draw some deductions
on absence or presence oftolerance (Bradshaw 18ndpnovics et al. 1971).
First surveys took into account tolerance to zina Agrostis capillaris
(= A. tenui§ (Bradshaw 1952). Experiments proved thatthe rateoot growth
was a sensitive indicator of the presence of meta. Different root tests of tolerance,
commonly employed incontemporary research, basegon this conclusion
(Wilkins 1978; Macnair 1983; De Koet al. 1992; Schat & Ten Bookum 1992a).
The method of root test enables not only toindicahe presence of tolerance,
but also to assess its degree. Seedlings are pladegbroponic culture in solutions
of different concentrations of metals. On the ba$idegree of inhibition of root growth
in different solutions the value of tolerance indean be determined. Tolerance index
(T1) mirrors various plant responses to ion strésswever, the validity of the tolerance
index was vigorously challenged because this tolsrameasurement was believed
to exhibitan inherently high level of statisticalnoise  (Macnair 1983,
Schat & Ten Bookum 1992b; Macnair 1993). Indeed,ttierance index was a quotient
of two variables with presumably differently skewegrobability distributions
and additionally, affected by innate variation obt growth, and thus by genes other
than those that were supposed to govern tolerancéacn@air 1983;
Schat & Ten Bookum 1992b). In order to provide mareurate estimates of tolerance
Macnair (1983) introduced the single concentratemt, in which tolerance
was evaluated by the ability of cuttings to produczots at a certain fixed metal
concentration. To overcome the limitations inher¢otthe single concentration test,
the multiple concentration test was adopted. Ih dina, clones were exposed to different
metal concentrations and tolerance correspondebdetooncentration, at which growth
was reduced to 50% of control root growth (Macri&i®3). However, this tolerance test

was relatively time—consuming, because of seriesmeifl concentrations,
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at which tolerance had to be estimated, as wellthesgeneration time necessary
for the production of clonal replicates (Schat &nTBookum 1992a; Macnair 1993).
In order to avoid the cloning of individual plants alternative type of the multiple
concentration testj.e. the sequential exposure test (Schat & Ten BookurA24p
was established, in which each individual plant egsosed toa test solution
in which the metal concentration was increased inet ina stepwise manner.
The tolerance level corresponded to the lowest enation at which root growth
was completely inhibited (Schat & Ten Bookum 1992d)ltiple concentration tests
might be considered to be the most suitable fores$ihg the genetic determinism
of heavy metal tolerance (Beet al. 2000; Assuncaet al. 2003b; Bertet al. 2003).

In this kind of research crosses between plantsepteng extreme phenotypes are often
employed (Macnaiet al. 1999; Assuncaet al. 2003a; Frerogt al. 2005; Willemset al.
2007, Courbotet al. 2008). Observations of differences between testelviduals
became possible due tothe progress of techniqigdard cultivation in uniform

and controlled conditions in order to eliminate ieomwmental variation.

Tolerance to several metals

As in metalliferous soils elevated concentratibsingle metal is rather rare,
while situation when at least several metals atsdant is quite frequent, metallophytes
usually are able to tolerate not only one but aswveral metals. Two hypotheses
were proposed to explain this phenomenon: (1) dolee toseveral metals
can be determined by different, independent meshaione mechanism — one metal)
and (2) tolerance is a pleiotropic phenomenon (orechanism determines tolerance
to different metals). In the first case, the pheanon should be called multiple tolerance,
while in the second one co—tolerance (Schat & \&t©§97; Tilstone & Macnair 1997,
Schatet al. 2000).

On one hand, according to several authors (Antosou971; Ernst 1982;
Karataglis 1982) plants are able totolerate sévemsetals, but only under
conditions that they grow on soil where all the algethave high, toxic concentrations.
On the other hand, according to other authors @ud®69; Allen & Sheppard 1971;
Hogan & Rauser 1979; Cox & Hutchinson 1979, 198iné&onidiset al. 1985; Verkleij
& Bast—Kramer 1985; Verkleij & Prast 1989; SchatT&n Bookum 1992b) plants

are able to tolerate several metals also when grew on soil with relatively small,
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non toxic concentrations of these metals. Recemeldpments in research techniques
have allowed testing tolerance to different metalglodern methods enable
to differentiate between multiple and co—tolerang&chat & Vooijs 1997,
Tilstone & Macnair 1997; Beret al. 2003). To achieve that, tolerance tests on progeny
from crosses of tolerant and non-tolerant indivislua (from the same

or closely related species) or progeny from crodsssveen individuals with different
levels of tolerance (within the same species) adopmed. Research on metallicolous
populations ofSilene vulgaris employing crosses between individuals has proved
that tolerance to zinc and copper is under the robnof different genes (multiple
tolerance). This phenomenon is also accompanigdlésance to zinc, nickel and cobalt
(Schatet al. 1996; Schat & Vooijs 1997). Similarly, co—toleranto zinc and cadmium
was discovered iArabidopsis halleri (Bert et al. 2003). Studies on genetic
basis of tolerance to copper Mimulus guttatus (Tilstone & Macnair 1997)
as well as tolerance to zinc, cadmium and nickd@lhlaspi caerulescen@ssuncécet al.
2003b) have proved that these plants possess hggdgific mechanism of tolerance
to each tested metal.

Results of first studies on genetic bases ofaolee suggest that, in plants,
tolerance is a polygenic trait (determined by nwusrgenes) (Antonoviost al. 1971).
However, recent studies show that tolerance igu@ted by one or two major genes
(Macnair 1990, 1993). Studies carried out on cross@port the idea of one or two major
genes responsible for determination of tolerancehetvy metals. It was found,
that tolerance to copper Mimulus guttatuss determined by one gene (Macnair 1983).
Tolerance irSilene vulgariswas found to be determined by one or two majoregen
(depending on population) (Schat & Ten Bookum 199&xhat et al. 1993).
Among grasses tolerance to arsenicHolcus lanatusis determined by one gene
(Macnair 1993) as well as itis Agrostis capillaris (Watkins & Macnair 1991).
In case of tolerance to zinc 8ilene vulgaris involvement oftwo major genes
was proved (Schadt al. 1996). All above mentioned studies have provedttiarance
is a dominant traitcoded byone or two major genemd usually
by one or few modifier genes (Watkins & Macnair 199Schat et al1996;
Macnairet al. 2000).
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(Hyper) accumulation as a strategy of toleranc@éavy metals in plants

Two major strategies evolved among plants fromasre with high
concentration of heavy metals: exclusion and actation (Fig. 2) (Baker 1981).
A strategy of excluding metals from above—groundrtga(shoots, leavesetc)
is the most widespread (Willems 2006). The strategwolves metal uptake
and accumulation in roots by limitation of metakrtsport to above—ground parts
(Baker 1981). Constant andlow concentration ofatsetin shoots is maintained
in this way until a critical dose of metal in sa8 exceeded. The second strategy —
accumulation — is present only in limited numbeplaint species. This strategy involves
metal accumulation in above—ground parts in comagahs higher than inroots
(Baker 1981, 1987), Hyperaccumulationisa speciakample of the strategy
of accumulation (Brook®t al. 1977). There is also another group of speciesogbor
species), in which metal content in above—grounditspais proportional to metal

concentration in soil.

accumulator

\C}&(é ad
.\‘\é/ o
e

excluder

metal content in above-ground plant parts

metal contenet in soil

Fig. 2.Tolerant plants’ reactions to concentrations a@hiye metals in soil (according
to Baker 1981).

Phenomenon of hyperaccumulation was first desgrilmel1865 during research
on Thlaspi calaminarg= T. caerulescens- a species able to grow on soils rich in zinc
(Sachs 1865). The term “hyperaccumulator” was fused by Brookset al. (1977)
to describe plants accumulating more than 100e&kgntof dry weight (d.wt) of nickel.
Further research made possible to define threskolicentrations for other metals.
ltis widely accepted that they equals 10 koot d.wt for mercury (Hg),
100 mgkg™ d.wt for cadmium (Cd), 1000 mgj " d.wt for lead (Pb), cobalt (Co), copper
(Cu), arsenic (As), selenium (Se), nickel (Ni) 40900 mekg™ d.wt for manganese
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(Mn) and zinc (Zn) (Brookst al. 1977; Baker & Brooks 1989; Baket al. 2000; Reeves
& Baker 2000).

There are also other criteria for evaluating hgpeumulation: a ratio
of metal concentration in above—ground parts taeotration in roots (S/R ratio)
(Salt & Kramer 2000 and literature cited thereimdaa ratio of metal concentration
in above—ground parts to metal concentration in @F — bioaccumulation factor)
(Bakeret al. 1994). Plant can be perceived as hyperaccumulatimen value of these
ratios stands above one.

However, these two definitions of hyperaccumulatan generate contradictory
conclusions according to the metal concentratiahénsoil. Indeed, the same plant
individual, grown in a less polluted soik.§. contained 300 mikg™ d.wt of Zn)
and contained high amount of metal in above—grquarts €.9.4000 mgkg™ d.wt of Zn),
could be considered as non-hyperaccumulator acwprdio definitionsensu
Brooks et al. (1977), either hyperaccumulatesensuBaker et al. (1994). The opposite
situation is also possible, when the same plantwgroin highly polluted soil
(e.g. 20000 mckg™ d.wtofZzn) and accumulate very high amount ofahet
(e.g. 12000 mdkg™ d.wt of Zn) in its above—ground parts. Therefatee definition
of hyperaccumulation should stress the hyperaccaton's behavior
which is characterized by a capability of planheitto concentrate the metal in its aerial
parts at high amounts when plant grows on lessugsall soils, or to control
and maintain metal accumulation on plateau much herig than those observed
for non—hyperaccumulating plants in the same candit when plant grown on highly
polluted soils (Rooseret al.2008).

In spite of numerous studies in hyperaccumulationly little is known about
its mechanisms. Six hypotheses proposed so faederitbe mechanisms and reasons
for which plants accumulate high amounts of heavyetals were reviewed
by Boyd and Martens (1992) and Boyd (1998). Firsypdthesis assumes
that hyperaccumulation prevents heavy metals fremgoabsorbed inside a plant cell.
Even if metals are absorbed, they are transpodgdates where they are sequestrated
and can not disturb metabolic processes (cell waltuole) (Antonovicset al. 1971,
Baker 1981, 1987; Kruckeberg & Reeves 1995). Adogrtb another hypothesis, metals
are eliminated from root cells by transporting thémthe oldest leaves. When leaves
desiccate accumulated metals can be removed frambt gErnst 1972; Wild 1978;

Boyd & Martens 1992a). Heavy metals can be alsmieéted via leaf epiderma
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and glandular hairs (Farago & Cole 1988; Clemersl20The other hypothesis assumes
a relationship between changes in water relationa plant cells
and hyperaccumulation (Severne 1974; Baker & Walk&90; Robertson 1992).
In plants adapted to drought cell water potentsainuch lower than in other species.
Low water potential is due to high concentrationoofs and other substances in cell sap.
According to Baker and Walker (1990), heavy met@ach as nickel for example)
may be perceived as water—potential-decreasing t@agefor that reason
hyperaccumulation may be beneficial to plants gngwiunder drought conditions.
There is also another hypothesis according to whigh concentrations of metals
in above—ground parts isa side effect ofa phggichl processes different
than tolerance (Baker & Walker 1990). Here accutmuidas seen as a non-desired
consequence of chemical affinity of heavy metalsother elements that are taken
upby plants (Boyd & Martens 1992b). In terms of asens
of hyperaccumulation it is hypothesized that hypewanulator influence other plants
by enriching soil with metals and thus creatingkitoenvironment” in which other plant
species can not develop (Baker & Brooks 1989; Wilko Agnew 1992;
Boyd & Jaffré 2001). Among other reasons of hypewawulation we can consider
defense against herbivores and damages caused thmgpas. High tissue
concentration of metals can have toxic effect otnbderbivores and pathogens
(Ernst et al. 1990; Boyd 1998; Sagnest al. 1998). The last hypothesis is currently
the most tested (Boyd & Martens 1992b; Boyd & Mast@€002; Noreét al. 2005).

Hyperaccumulators are usually able to accumulatear several metal elements.
Currently 418 species of hyperaccumulating plamés kamown including accumulators
of Ni, Zn, Cd, Pb, Cu, Co and Mn (Reeves & BakelO®0 Nickel accumulators
constitute predominant majority in this group (3kpecies; Bakeret al. 2000).
Today we know 36 species of Co hyperaccumulatods,sfecies accumulating Cu,
18 accumulating Zn, 8 accumulating Mn, 5 accumatpatPb, 3 accumulating Cd
(Baker et al. 1992; Brooks 1994; Prasad & de Oliveira Freita®3)0Brassicaceae
family houses the highest number of hyperaccummgdatspecies. Within 11 genera
87 species of hyperaccumulators are known  fronBrassicaceae
(Prasad & de Oliveira Freitas 2003). Here beldh@bidopsis halleriandThlaspi
caerulescens, whichvere proposed as model species in research oanoke to zinc
and cadmium (Assuncat al. 2003a; Kramer 2003).
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2.3. Adaptations to metalliferous habitats

It is accepted that heavy metal tolerance in glastone of the best examples
of adaptation and microevolution (Antonovicet al. 1971). Local adaptations
in populations from metalliferous areas evolve dodoxic concentrations of heavy
metals in soil what maintain high selection pressur (Turner 1969;
Antonovicset al. 1971; Macnair 1987). As soil pollution caused lyans is a relatively
recent phenomenon it became possible to track dgnahlocal adaptations almost
in statu nascendiResearch on evolution of zinc tolerance in NMngn—metallicolous)
populations oRAgrostis tenuis remains one of the best examples of the process.
In close vicinity of natural populations Afyrostis tenuisa zinc smelter was sited,
causing soil pollution (Al-Hiyalyet al. 1988). After few years,Agrostis tenuis
populations from the area were found to possessatibn abilities to zinc comparable
with populations from much older metalliferous sitéocated in post-mining area.
In research orAgrostis stoloniferaafter four—year exposure investigated populations
showed higher tolerance than NM populations (#¥wal. 1975). It seems that tolerance
could evolve rapidly. Different studies have provetit level of tolerance depends
on the time of metal exposure: the longer timexpiosure was, the more tolerant plants
were (Wuet al. 1975, Al-Hiyalyet al. 1988). An hypothesis was proposed that initially
selection in major gene or genes plays a key mdigcfiair 1993). The selection enables
plants to colonize metalliferous areas. Differendeshe level of tolerance between
M (= metallicolous) populations evolve subsequentlg a result of selection
on hypostatic modifier genes (Macnair 1997). Theepaof evolution of tolerance
to heavy metals depends on the strength of seteptessure and gene flow rate between
M and NM populations (Macnair 1993). Colonizatidmeetalliferous soils is possible
due tostrong directional selective pressure onidamt gene coding the trait
of tolerance. =~ Above mentioned mechanisms allow dian of tolerance
and thus establishment of M populations even whenegflow from neighbouring
NM populations is not restricted (Lefebvre & Verd®90).

Exclusion is the most common strategy of toleratzdieavy metals in plants
(see chapter 2.2 and Fig. 2). Among pseudometaitephshowing this strategy,
inter—populational differences in metal toleranceme from extremely different
concentrations of the metal in soil from M and NMes. Exclusion strategy evolves
in M populations and it is strictly connected wstilection pressure caused by toxic
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concentrations of metals (Matthewes al. 2005). Tolerance in plant populations after
exposure to high doses of metals in solil is cadlddptive tolerance (Antosiewicz 1995).
In contrary to exclusion the impact of differencésnetal concentration on accumulation
ability is less obvious. Thevast majority of hypectumulators is endemic
to metalliferous sites (Kruckeberg & Rabinowitz 598 Kruckeberg 1986)
as in case of nickel tolerant species on serpenfiiney are absolute metallophytes,
with natural range strictly limited to sites witigh concentration of metals in soil
(see chapter 2.1 and Fig. 1). There are also hgpensulating species, known
as pseudometallophytes, which occur in both M akt 8ltes. Here, among others,
belong Thlaspi caerulescengLloyd — Thomas 1995; Meerts & van Isacker 1997;
Reeves et al. 2001), T. goesingense(Reeves & Baker 1984)T. montanum
(Boyd & Martens 1998b)Arabidopsis halleri(Bert et al. 2000). Thlaspi caerulescens
andArabidopsis halleriare among the most investigated species. Recénthps shown
that heavy—metal tolerance in both species is ttatige (Meerts & van Isacker 1997,
Bertet al.2000),i.e. concern all genotypes, whatever their edaphicrrigi

Thorough research on genetic basis of hyperacationlin plants may have
practical applications as, for example, improvemienphytoremediation. Predominant
number of known hyperaccumulators produces only lbwmass. Furthermore,
the most of taxa show hyperaccumulation of one netdle areas polluted with heavy
metals usually contains at least several metal &hésnin toxic concentrations. Currently,
numerous researches are carried out inorder tease growth rate, biomass
production and tolerance in several plant speciegestigation aims also at making
plants able to take up more than one metal (Me§aBailow 2001). Discovery of genes
underlying hyperaccumulation might result in pradlue of transgenic plants having
all the essential features of ideal phytoremed&at@haneyet al. 2000; Lasat 2002;
McGrathet al. 2002).

2.4. Recultivation of post—industrial areas

Heavy metals disturb biological equilibrium oflsorherefore, a need exists
to remove them from polluted soils or change themo forms which are unavailable
for living organisms (Pilon—Smits 2005). It can tene with usage of bacteria, fungi
or plants and this method is called bioremediatMhen plants are employed in order
to remove noxious metals from soil the method can dalled phytoremediation
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(Salt etal.1998). Phytoremediationcan be divided into phytigetion,
phytostabilisation and phytovolatilisation (Raskin al. 1997; Salt et al. 1998).
Phytoextraction uses plant’s ability to accumulaeavy metals in above—ground parts
(Galiulinet al. 1998; McGrath & Zhao 2003). After a period of gtbwnature plants
are removed from polluted soil and thus reductioadil metal concentration is gained.
Among features ofideal plant suitable for phytoagtion we can enumerate:
high growth rate, high biomass production and tolee to harsh environments
of post—industrial wastelands (Kramer 2005; McGi&tAhao 2003; Raskiet al. 1997;
Salt et al. 1998). Plants seem to be the most suitable catedid@r phytoextraction
because of their natural abilities to accumulatghhiamounts of heavy metals
in above—ground parts. However, low rate of growatid low biomass yields strongly
limit their broad use (Clemens 2001). To date ofgyv species have been used
in phytoextractionThlaspi caerulescensave been used in recultivation of areas polluted
with zinc and cadmiumrThlaspi rotundifoliumhave been found suitable in lead removal
while species fromhlyssum have served in recultivation of nickel—pollutedtesi
(Siwek 2007 & literature cited therein). Anotherchaique of phytoremediation —
phytostabilisation — bases upon decreasing bicawétly of metals and thus minimizing
the risk of their accumulation in food chains. histtechnique tolerant plant species
are also employed. Immobilization of metals entailtheir sedimentation
or reduction by chemicals released by robestuca rubra, Sesbania rostrasmdTypha
latifolia are sometimes mentioned as suitable phytostatsilisgSiwek 2007).
A process in which some non-organic compounds akent up from soil, reduced
in plant tissues andthen released to the atmosphercalled phytovolatilisation.
The method was found useful in purifying soils ptdd with selenium g.g. using
Brassica juncep mercury €.g. using transgenicArabidopsis thalianp and arsenic
(Pteris vittatg (Raskinet al. 1997; Salet al. 1998).

Low costs and lack of negative impact on soil emwinent are the most important
advantages of phytoremediation (Kramer 2005). Egpip plants in process of heavy
metal removal limits considerably their possiblaesg to the atmosphere and water

as roots penetration in soil causes its stabibpatind thus decrease the risk of erosion.
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3. Arabidopsis halleri— biological characteristics
3.1. Taxonomic position, geographic distribution ad habitat

The name Arabidopsis was first used byde Candolle in 1821
for one section fronsisymbriungenus (de Candolle 1821). Twenty years later Helghh
consideredArabidopsisas a distinct genus comprising one spedkeabidopsis thaliana
(Holl & Heynhold 1842). During 19th and 20th cemnturmany different species
were included td\rabidopsis thus making ita very heterogeneous taxon.
On the basis of morphological and molecular ingegion O’Kane and Al-Shehbaz
(1997, 2003) recognized only nine species withengbnus (Fig. 3)Arabidopsis halleri
is one of them. Withilrabidopsis hallerithree subspecies were recognizAd:halleri
subsp. halleri, A. halleri subsp. ovirensis (Wulfen) O'Kane & Al-Shehbaz
as well asA. halleri subspgemmifera(Matsumura) O'Kane & Al-Shehbaz (Al-Shehbaz
& O’Kane 2002). Kolnik and Marhold (2006) basedstadies on morphology, kariology
and molecular biology recognized two additional spdries:A. halleri subsp.tatrica
(Pawt.) Kolnik andA. halleri subsp.dacica(Heuff.) Kolnik. The authors stated that four
subspecies occur in Europ&: halleri subsp halleri, A. halleri subsptatrica, A. halleri
subsp.dacica and A. halleri subsp.ovirensis they stressed, however, that taxonomic
status ofA. halleri subsp.ovirensisis not clear and requires special attention iariit

research.
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Fig. 3. Phylogenetic tree of thArabidopsisgenus (Al-Shehbaz & O’Kane 2002).
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Arabidopsis halleri subsp. halleri is widespread in Europe while occurrence
of other subspecies is restricted only to mourga@as Arabidopsis hallersubsptatrica
occurs in western part of Carpathians (to whigh @ndemic), subspdacica occurs
in eastern and southern Carpathians while suigpensisis said to occur in both Alps
and Carpathians (Kolnik & Marhold 2006) (Fig. 4).

Fig. 4. Distribution map ofArabidopsis hallerisubsp. halleri in Europe (according
to Atlas Florae Europeaesoftware by Botanical Museum, Finnish Museum
of Natural History; modified);
http://www.fmnh.helsinki.fi/english/botany/afe/puditing/database.htm.

In Poland three subspecies occi: halleri subsp.halleri, A. halleri subsp.tatrica
andA. halleri subsp. ovirensis. Their natural range is restricted only to southern
part of the country (Fig. 5) (Kolnik & Marhold 20p6Arabidopsis hallerisubsp halleri
has the widest distribution occurring in CarpatijanSudetes, Slasko—Krakowska
Upland as well as in some lowland areas (Niepotenkiorest, Sandomierska Lowland)
(Zajac & Zajac 2001).Arabidopsis hallerisubsp.tatrica grows in Tatra Mts., Beskid
Zywiecki Mts., Pieniny Mts. and Orawa — Nowy TargsBa(Kolnik & Marhold 2006;
Zajac & Zajac 2001). Distribution oA. halleri subsp. ovirensis is the matter

of controversy. All three subspecies grow on acidie well as on alkaline soils
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both calcareous and dolomites which are frequentiyurally rich in heavy metals
(Bert et al. 2002). They occur mostly in shady areas in grasslameadows, shrubs,

forest margins and forests.

16°E 20°E 24°E
54'H] 54°N
52°N 52°N
50°N 150° 1N
6B 2o a4

Fig. 5. Distribution map ofArabidopsis halleri subsp. halleri in Poland (according
to Zapc & Zajac 2001; modified).

3.2. Species characteristic

Plant material used in present study representspsgiesArabidopsis halleri
subsphalleri. Below its detailed characteristic is given.

Perennial herb with stolons. Stems (7) 10 — 53 @) tall, branched above,
with simple or 1-forked trichomes, rarely glabroasal leaves rosulate with long
petioles, pinnatifid to lyrate—pinnatifid, with tamal lobe much larger
than (1) 2 — 6 (7) leteral lobes. Stem leaves Bhpdtiolate, coarsely toothed, gradually
reduced in size upward. Lower and central stemeleawal to oblong, distantly toothed.
Leaves covered with simple of 1-forked trichomsperpleaves often glabrous. Flowers
abundant (6) 8 — 33 (37), petals white or lilacl1}44.5 — 7.5 (8.1) mm long
and (1.9) 2.2 - 3.8 (4.1) mm wide. Sepals greergréen—purplish, glabrous

or with few simple trichoms apically. Siliques lare(1.2) 1.4 — 2.6 (3) cm long
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on pedicells (0.5) 0.6 — 1.2 (1.3) cm long. Flowgriand fruiting May — August
(Al-Shehbaz & O’Kane 2002; Kolnik & Marhold 2006).

Fig. 6.Arabidopsis hallerion metalliferous site in southern Poland. VicirotyBolestaw
Mine and Metallurgical Plant.

Arabidopsis halleri isan enthomophilic species (Beret al. 2000;
Van Rossunet al. 2004; Castric & Vekemans 2004). The impact ofetghces in petal
color on reproduction success innot known (Maria Kbch 2006). The species
can reproduce also vegetatively by stolons (Al-$heh& O’Kane 2002) no longer
than 1 m (Van Rossuet al. 2004).Arabidopsis halleris a diploid species having basic
chromosome number 2n = 16 (Al-Shehbaz & O’Kane 26@#nik & Marhold 2006).
DNA coding regions show high homology (90 — 95 #tabidopsis thaliana- a model
species in molecular biology (Kodt al. 2001; Webetet al. 2004). Close relationship
between both species made it possible to use kdgeldromA. thaliana studies
in research ow. halleri (Mitchell-Olds 2001; Feder & Mitchell-Olds 2003).

Arabidopsis halleri occurs on both metalliferous (rich inZn, Cd artgd P
and non—metalliferous soils and can be theref@esdied as pseudometallophyte
(Bert et al. 2000). Although all the populations of the specissudied
to date (metallicolous and non—metallicolous) shtolerance to high concentrations
of heavy metals in soil (constitutional tolerandeauwelset al. 2005) they differ
significantly in terms of the level of the toleran{@acnair 2002; Pauwekst al. 2008).
Arabidopsis halleri isone oftwo known Cd hyperaccumulators (Brook398t
Klpper et al. 2000) and one of morethan ten known Zn hyperaatabors
(Macnair 2002). To date research carried out ossa® between tolerart. halleri
and non-toleranA. lyrataindividuals have shown that hyperaccumulation aetéance
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of Zn and Cd irA. halleri are encoded by several genes (Macnetir al. 1999;
Bert et al. 2003, Willemset al. 2008, Courbotet al. 2008). Numerous researches
are currently conducted to identify genes undegyitolerance and accumulation.
The species was accepted as a model in studies @avyh metal
accumulation and tolerance in plants (Mitchell-Old¥901; Weber et al 2004;
Lexer & Fay 2005, Pauwett al. 2008, Roosens 20G# al. 2008).

4. Research aims and hypotheses

Why to study A. halleri populations from southeotadd? Hitherto knowledge

Studies conducted to date A halleri have shown that although Zn tolerance
is assumed to be constitutive in the specgspulations differ significantly in terms
quantitative values of tolerance to zinc (Pauwetisal. 2005). It should be stressed
that the observed quantitative polymorphism is ergmuisite for allowing diversifying
selection to adapt populations to local conditiondatta 1998). However,
the evolution of local adaptation is under influenof gene flow, population history
and the reproductive system. Therefore, to gentwkinferences about the role of local
adaptation in shaping phenotypic differentiationattgrns of genetic variation
for quantitative selected traits should be compaweth that for neutral molecular
markers.

Both selected phenotypic and neutral genetic diffeation between
M and NM A. halleri populations has been already studied (Pauetetd. 2005, 2006).
Genetic approach, using molecular markers, wa®peedd at a large geographic scale
in which investigated populations were isolatedsbyeral hundred kilometers. Genetic
gaps could have occurred among the sampled regindgherefore, the causal effect
for the phenotypic differentiation observed among avid NM populations are steel
poorly known: phenotypic differentiation could beelated either to evolutionary
relationships between the two types of populati@msto existence of specific local
adaptation of populations to metal contaminatioowklver, the phylogeographic study
using cpDNA (Pauwelset al. 2005) showed tha. halleri population structure
was related to geographic isolation rather tharZntoexposure in northern Europe.
On this basis it was supposed that M sites in Eeiropere colonized b#. halleri

due to plant migration from the nearest NM sitead #hose distant M populations
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have evolved independently. Consequently, becankaneed tolerance was confirmed
tobe a general feature of M populations, it wgsdtyesized that natural
selection towards enhanced tolerance could haveedacduring the recent
colonization of polluted areas. Authors also sutggeshat Zn tolerance . halleri

is still submitted to selectiorMoreover, by cultivating progenies in growth chamshe

under uniform environmental conditions, Pauwelst al. (2006) showed

that the most tolerant populations were those éutabn the most polluted soils,
which might suggest that the strength of seleasaelated to the local degree of heavy
metal contamination of the soil. However, these eeixpents have been performed
with plants from very distant sites (several huddk#dometers), among which genetic
exchange was unlikely. Therefore, itis difficult o grecise if phenotypical

differentiation observed betweenA. halleri populations have tobe related
to the geographical distances which strongly/or pletely isolate the populations,
or to the selection which generates processes odaf | adaptation. Itis, therefore,
essential to study gene flow between M and NM patns, that can physically
exchange genes through pollen and/or seed floweriéy above mentioned hypothesis.
As distances between previously studied populatiegse too big, this kind of study
was impossible.

The respective role of gene flow, drift and sktetin shaping life history
differences between ecotypes can be addressed andVPNM populations located
in close proximity by contrasting patterns of vaada for selected quantitative traits
and neutral molecular markers in response to soilc@gncentration. It should be also
stressed that the selective forces promoting gendliferentiation of traits likely
to be involved in local adaptation can be effidigrdnalysed by reciprocal transplants
and common garden experiments (Kawecki & Ebert 2004

The occurrence of quantitative polymorphism fotahetolerance separating
NM and M populations in response to natural sededbas recently been sustained
in Thlaspi caerulescens(Jiménez et al. 2007; Dechampset al. 2007, 2008).
Data from field observations, common garden expemim manipulating soil
Zn concentration and light availability, and miatslite molecular variation
were contrasted fora set of neighbouring metdtie® and non—metallicolous
populations (Jiménezt al. 2007). Itwas shown thatM and NM plants differed
in response to soil Zn concentration. A predominaoke in shaping life history

differences between ecotypes has had related ltotepicity divergent selection.
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Interestingly, despite geographical proximity gerfow between populations
was weak and then local adaptation was opposed walsakly. However, authors
suggested that to take into account the impactl @&ironmental components on plant
fitness, and then to verify if populations betwenl within ecotypes are locally adapted
to their own sites, the field reciprocal transpéions of M and NM populations
are needed. Such experiment was recently perforifigechamps et al. 2008).
It was shown that the local adaptations of metlitius and non—metallicolous ecotypes
of T. caerulescensto their own environments are not equal. Seledtomd
in the metalliferous environment was strong andiige and then the colonization
by a foreign genotype wasthere extremely difficullherefore, colonization
of the non—metalliferous environment by the matalbus ecotype was considered
as more probable than the colonization of the riketaus environment
by the non—metallicolous ecotype. However, the thebéous ecotype showed decreased
fitness in the non—metalliferous environment, whitdly arguably represent

a cost of adaptation to the metalliferous environine

Aims of this work

The present study attempted to provide a bettacrgeion and understanding
of the origin and the evolutionary dynamics of Zoletance and accumulation ability
in A. halleri populations from a single geographic region oftsetn Poland,
and clear up the history and colonization patteofshis species in investigated area.
The research on relationship between phenotypicgandtic structure in metallicolous
and non—metallicolous populations was undertookva expected that in geographical
low—scale study differences in discussed trait§ lvalmirrored by genetic differentiation,
because of supposed gene flow. The research wasdcaout on plant material
from 15A. halleri populations from southern Poland. As the areagisiy differentiated
regarding habitats, it was assumed that it wilkhe most appropriate and representative
for this study. Here, in southern Poland, metaltifess and non—metalliferous sites occur
within relatively short distances. This fact makesn this part of Europe the only known
area where gene flow between two different edapypes ofA. halleri populations
can be studied. Interms ofresearch on adaptaiiertreme environments
and colonization of metalliferous sites southernlaRdis a unique and particularly

interesting area.
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Research aimed to gain a better insight into psoces plants adaptation
to extreme environments. Experiments were perfornoedplant material collected
directly from field as well as on plant materialorm seeds collected from fields
and grown under controlled greenhouse conditiorngisie—chemical analyses of field
soil and plant samples were performed in order haracterize A. halleri habitats
and plants’ behavior in southern Poland. Then, gem@@alyses using neutral molecular
markers (performed on nuclear and chloroplast DEif)ed to resolve genetic structure
and to reconstruct phylogeography Aof halleri populations from investigated area.
It was expected that this research should allowre¢onstruct migration routes
and processes which enablad halleri to colonize metalliferous and non—metalliferous
sites in southern Poland. Then, experiments inrotb@tl conditions (tolerance
and accumulation tests) aimed tocheck if relatiggss between tolerance
and accumulation of heavy metals abilities existstudied species. Both, genetic
and phenotypic analyses were performed on the sgopulations from particular
region of southern Poland. It was expected thatdbearch will enable to characterize
adaptive abilities of each studied population asll was to determine the level
of phenotypic plasticity.

Opportunity to find genotypes suitable for expeniseon genetically modified
plants for phytoremediation was additional aspedttheresearch. It was expected
that genetic study would allow to identify the mdsterant genotypes (particularly
interesting in terms of phytostabilisation) as wels the most hyperaccumulating
genotypes (useful inresearch on phytoextractidi)rther detailed analysis of these
selected genotypes could be useful inidentificatibgenes (or genome regions)

involved in tolerance and accumulation of heavyatset

The thesis comprises of 5 main parts:

— introduction in the topic and state the probleniafter 1),

— studies orArabidopsis halleripopulations in the field — chemical analysis ofnta
and their habitats (chapter II),

— studies on neutral genetic diversity using molecoiarkers in examined populations
(chapter 111),

— studies on selected genetic diversity using vangith accumulation abilities

in examined populations (chapter 1V),
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— studies on selected genetic diversity using vaneith tolerance abilities in examined
populations (chapter V).

The following questions were addressed:

1. Are metallicolous and non—metallicoloug\rabidopsis halleri populations
occurring in southern Poland differentiated by pdamicro— and macro—elements,
and heavy metal content?

2. Which was the migration route during colonisatidmneestigated area
of southern Poland? Are non—metallicol@ushalleri populations from Tatra Mts.
ancestral in investigated area?

3. Is there any detectable relationship between groaticumulation and tolerance
abilities in plants’ of studied populations?

4. Is there genetic variation betweefirabidopsis halleri individuals for zinc
accumulation and/or tolerance?

5. Do analyses of variation for selected  quantitativdraits  (tolerance
and accumulation) and neutral molecular markersowallinferences about

the putative role of gene flow and selection inpsh@ those differences?
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Il STUDIES ON ARABIDOPSIS HALLERI POPULATIONS IN THE FIELD
— CHEMICAL CHARACTERISTIC OF SOIL AND PLANTS

One of the basic aims of this study was to chareset the sites in southern
Poland in which investigated species occurs amal the characterize the plants’
behavior in relation to sites’ conditions. On thehey hand, this knowledge
was also essential to infer, more precisely than ftime hitherto studies,
about adaptation to heavy metal contaminated sitesleed, data concerning
accumulation abilities iA. halleri populations in the field, which were an objective
of presented above chapter, were then comparedxperimmental observations
of shoot zinc concentrations in the controlled dbods (see chapter IV of this study).
Both, field and experimental observations, in terofgphenotypic variation, could
contribute to the achievement of a better knowledgé adaptive value
of zinc (Zn) accumulation and its phenotypic vaoiat

1. Materials and methods

1.1. Studied sites

As much as 15 sites with occurrenceAddbidopsis halleri were included
to the present study. They were all located infseurt Poland (Tab. 1; Fig. 7). Numbers
of investigated sites (32, 33, 12, 13, 14, 22, 24, 28, 29, 15, 17, 19, 30, 21)
were given following the method of coding of ther@aean populations &. halleri
used in GEPV laboratory in Lille.

Table 1 Studied sites in southern Poland.

Site number Location Geographic coordinates Altitude
N E a.s.l. (m)
32 Western Tatra Mts. 49°16'26.94" 19°5781 970
33 Western Tatra Mts. 49°17'32.52" 19°5536 876
12 Niepotomice Forest 50°06'24.36" 20°2185 226
13 Niepotomice Forest 50°06'35.64" 20°2180 206
14 Niepotomice Forest 50°06'31.80" 20°23882 188
22 Bukowno 50°16'58.08" 19°28'43.38" 339
24 Bolestaw 50°17'00.18" 19°29'05.64" 334
27 Galman 50°11'36.78" 19°32'15.12" 447
28 Galman 50°11'54.12" 19°32'19.74" 471
29 Galman 50°11'54.06" 19°32'30.96" 496
15 Welnowiec 50°17'12.96" 19°01'32.04" 230
17 Welnowiec 50°16'57.12" 19°01'46.98" 729
19 Miasteczk@lqskie 50°30'12.84" 18°56'08.34" 308
30 Miasteczkaslaskie 50°30'10.03" 18°56'20.02" 325
21 Bibiela 50°29'45.66" 18°59'00.12" 300
25
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Fig. 7. Studied sites and their location in southern Paland

Sites from non—industrial areas

Sites 32 and 33 (Fig. 8) are located in westerhgddl atra Mts. in spruceP{cea
abieg forest near “Droga pod Reglami” road andi&ieliska valley.
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Fig. 8.Sites 32 and 33 in western part of Tatra Mts.

Sites 12, 13 and 14 (Fig. 9) are located in Niepwtée Forest about
20 km eastwards from Krakow between two rivers: f&/ignd Raba. The area
iIsas big as 10000 ha. All the investigated sites bbcated in northern part
of Niepotomice Forest in “Grobla” range in oak—heeam forest.

Fig. 9.Sites 12, 13 and 14 in Niepotomice Forest.

Sites from industrial areas

Sites 22, 24, 27, 28 and 29 (Figs 10-12) areatémt near Olkusz — the area
housing the richest zinc and lead ore deposits ofarfdl. According to historians,
ore mining started here as early as in 13th centuwcinity of Bukowno and Bolestaw
(Molenda 1963). Initially ores were extracted byoppit mining, then (following
development in mining techniques) shaft mining begaa predominant method
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of extraction. Mining area is surrounded by diffdére factories connected
with metallurgical industry. Among them Bolestaw ridi and Metallurgical Plant
is the biggest. All the mining activities causediege damage to natural environment
of this area. Here, in the nearest vicinity of deposits near Bukowno and Bolestaw
sites 22 and24 are located. Site 22 (Fig. 10) itusted about
100 m from the metallurgical plant inthe edge ofiyg (about 20 years—old)
anthropogenic forest. Site 24 (Fig. 11) is locadddut 500 m from the metallurgical
plant on meadow. Both sites are under impact of dostaminated with heavy metals
and originating from the Bolestaw Mine and Metatjieal Plant.

Fig. 10.Site 22 in Bolestaw.

Fig. 11.Site 24 in Bukowno.

Sites 27, 28 and 29 (Fig. 12) are located betw&dkusz and Trzebinia
in “Galman” forest (about 70 years—old anthropogednrest). In 19th century, mining

was carried out here inopen—pit mine “Katarzynailining activities ceased
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in 1912. Even nowadays sings of mining can be s&serywhere around.
Within the area of 8 kfmore than 400 pits can be found. Each pitis suded
by small waste heap. This pattern of pits and smdog heaps is called in Polish

“warpie”.

e R

Fig. 12.Sites 27, 28 and 29 in ,Galman” forest.

Sites 15 and 17 (Figs 13, 14) are located in Weleo — a quarter of Katowice.
Here a large waste heap fromzinc smelter starteeéxist in the first half
of 19th century. The heap has never been recudtivand all the plant colonizing
this place can be considered as spontaneous fleite. 15 (Fig. 13) is located
at the top of the heap in dry and sunny place. Aryago, this site was destroyed
as the most of the deposits from waste heap wak us® a material inroad
construction activities. Site 17 (Fig. 14) is lasdtin lower part of the heap, in partly

shadowed and moist place.

Fig. 13.Site 15 in Wetnowiec.
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Fig. 14.Site 17 in Wetlnowiec.

Sites 19 and 30 (Figs 15, 16) are located in Misto Slaskie, 30 km north
westwards to Katowice in Tarnowskie Gory regione Hnea is clearly one of the most
polluted in whole Silesia (Siebieleet al. 2004). Since middle ages, the area
was a centre of zinc and lead mining. MiastecAtaskie foundry is the biggest
industrial plant in this region. The foundry wasfioed in 1966. Site
number 19 (Fig. 15) islocated just 50 m from tkenfdry fence. The place
Is inhospitable to living organisms as here patiatwith a dust containing heavy metals
and originating from the foundry is the highesteT®rea around the foundry was being
recultivated by planting shrubs and trees. As pioltuin the nearest neighborhood
of the foundry is extremely high only several ptamtas able to survive. Conditions
good enough for growth and development of plantsioat least 300 m from chimneys.
Here, about 500 m from MiasteczRtskie foundry, site 30 is located (Fig. 16).

Fig. 15.Site 19 in Miasteczk8laskie.
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Fig. 16.Site 30 in Miasteczk8laskie.

Site 21 (Fig. 17) is located in the edge of 70rsreald forest, in Bibiela village,
about 7 km from Miasteczk8laskie foundry. As distance from foundry is relativel
small, this site is probably under the influenceinofustrial emissions of Miasteczko
Slaskie. In 1880’s huge deposits of iron and silversavere discovered in close vicinity
of Bibiela village and between 1889 and 1917 an noree was working here

(Nowak 1927). After a catastrophic flood, whichtideged the mine in 1917, mining
has never been started again.

(SEUU———

Fig. 17.Site 21 in Bibiela.
1.2.  Soil and plant sampling

Soil and plants were sampled from 15 sites (sde Taduring flowering period
of Arabidopsis halleri in May 2005. Ineach site a 60 m long transect

was set out. The transect was sampled each 12 am €&ach site, 5 individuals
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of A. halleri plants (5 samples ofroots and5 samples of algyeend parts)
were obtained. Rhizospheric soil (5 samples peg) sitas sampled using cylinder
of the diameter of 7 cm to a depth of 10 cm.

In order to precisely characterize the studieessia lot of physic—chemical
soil parameters have been investigated. Firstlye stil pH was determined
as a parameter whichinfluence on metals’ andenisi biodisponibility.
Then, the micro— and macroelements as well as he@tpl content were appointed.
Both, nutrient and heavy metal content might be itihng factors for plants,
and so are essential to know in study of the plaataptation to growth in metalliferous
soils. At last, to verify if populations from diffent sites differ in nutrient demands
and their behavior, the same elements which debeanin soil, have been appointed

in plant material.

1.3. Analysis of soil samples

Samples were dried ina room temperature, passexugh a 2 mm sieve
and ground with an agate mortar and pestle. Theterimhwas dried at 2C in order
to keep the weight of the sample stable.

Soil pH was measured in distilled water by meahgotentiometric method
using pH—meter Mettler—Toledo MP 125. Samples wefdried soil (2.5 g) were mixed
with 10 ml of deionised water and left for 24 h. phklas determined
in solution from above sediment at °22 using standard solutions with known
pH of 7.2, 4.01 and 9.21 (Mhalewski 1999).

1 g samples ofground soil were mixed with pemdblo acid
HCIO; (10 ml) and left for 24 h. Then each sample wasenalized during
48 h at temperature gradually increasing up t@@7@\fter mineralization, sample
volume wasset at 100 ml with deionised water. his $olution total
concentration of zinc (Zn), lead (Pb), cadmium (Cpdtassium (K), sodium (Na),
calcium (Ca), magnesium (Mg) andiron (Fe) wasmeteed using atomic
absorption spectrometry (AAS, Varian 220FS).

0.5 g samples of ground soil was mixed with sufgthuacid (HSOy)
(12 ml) and copper sulphate (Cug@2 tablets Kjeltabs). Mineralization was carried
out in446C during 1 h. Inso—prepared samples nitrogen (Nhcentration
was determined following the Kjeldahl's method (kge 2003 analyzer).
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Phosphorus (P) concentration was determined bgdram—molibdenium
method. 0.05 g samples of ground soil weredissblven 100 ml
of 1 % solution of hydrochloric acid (HCI). 10 mi @ach sample was mixed with water
(30 ml) and vanadiummolibdenium mixture (10 ml).tekf 10 min, absorbance
of the tested sample was measured at 415 nm agasashple of reference.

0.1 g samples of ground soil were burnt in oved®@PC. Then sulphur (S)
concentration was determined using coulometric ote{iCS30 analyzer).

Organic carbon (§) concentration was determined by Turin’s methaanfles
of 0.1 — 0.5 g of sieved soil were mixed with 10ahpotassium dichromate ¢Er,O7)
and boiled during 5 min with mercury sulphate (HgB@s a catalyst. Excess
of KoCr,0O;was titrated with Mohr’s salt (FeQMNH,)2 (SOy)2 6H,0).

Available forms of zinc (Zx), lead (PR) and cadmium (C¢ were determined
by vortexing soil solution with EDTA (Escarreet al. 2000). Soil samples
(5 g from metallicolous sites and 20 g samples frmm—metallicolous sites)
were mixed with buffer solution (0.5 M GHOONH, + 0.5 M CHCOOH + 0.02 M
EDTA) in volume of 50 and 100 ml respectively. Eagdimple was vortexed during
30 min. The solution was then filtered (SchleiderS&hull filter paper no. 595 %)
and metal concentration was determined by atomisorgtion spectrometry (AAS,
Varian 220FS).

1.4. Analysis of plant samples

Samples of plant material were divided in two garbots and above—ground
part and subsequently washed with deionised w&eats were additionally washed
in ultrasound bath. Each sample wasdried at rooempeérature and then
at 70C in order to keep the weight of the sample stab2.g samples of ground tissue
were mixed with 5 ml of nitric acid (HN§p and perchloric acid (HCI{ (both acids
were mixed in proportion 4:1 respectively) and lééir 24 h. Then each sample
was mineralized during 48 h at temperature graguallincreasing
up to 276C. Mineralized samples weredissolved up to volume
of 100 ml with deionised water. Ineach sample Itotaoncentration
of Zn, Pb and Cd was determined by atomic absor@p@ctrometry (AAS, Varian 220
FS). Furthermore, in shoots total concentratiocabfium (Ca), magnesium (Mg)

and iron (Fe) was determined following the samehogbt
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0.5 g samples of ground tissue were mixed witiml ®f sulphuric acid (HSQOy)
and two Kjeltabs tablets (Cu$Oand mineralized during 1 h in 44D In so—prepared
samples N concentration was determined  following e Kfeldahl’'s  method
(Kjeltec 2003).

Phosphorus concentration was determined by vamadnolybdenum method.
0.2 g samples of ground tissue were dissolved thriDof 1% solution of hydrochloric
acid (HCI). 10 ml of each sample was mixed withadiommolybdenum mixture
(10 ml) and water (30 ml). After 10 min, absorbantéhe tested sample was measured
at 415 nm against a sample of reference.

0.1 g samples of ground soil were burnt in overi@GRFC. Then sulphur (S)
concentration was determined using coulometric ote{iCS30 analyzer).

1.5. Data analysis

Abilities of A. halleri to accumulate Zn and Cd was determined on thes basi
of S/IR parameter. It is a ratio of the metal cotr@ion in shoots to the concentration
in roots. The parameter is commonly used in studmsnetal accumulation in plants.
Itis accepted that plants with the ratio above Ye ahyperaccumulators
(Kramer et al. 1996; Lasatet al. 1996; Shenet al. 1997; Lasatet al. 1998;
Schatet al. 2000). Bioaccumulation factor (BF; Bakefral. 1994) was also determined
for all tested plants. Itisa ratio of the metabncentration in shoots to the total
concentration of the metal in soil.

1.6.  Statistical analyses

Assessment of soil and plant characteristics: noapetric tests and PCA analyses

The differences of total and extractable concéioima of metals in soil between
sites were assessed. Because of small samplersnparametric Kruskal-Wallis test
(p < 0.05) have been performed using Statisticar@e@rated package.

To reduce the number of variables explaining théance between sites
and populations, and to appoint combination of patars explaining differentiation
between tested sites, a Pearson correlation maimck PCA (Principal Component
Analysis) analyses were computed for all testechipaters and all investigated sites
as well as populations. Graphic presentations aaflte were achieved in order to verify
distribution and separation of samples  originatedromfdifferent  soil  types.
In case of soil analysis, first component PC 1 rtyeaeparated metal-contaminated
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and non—contaminated soils and then the parameterslated with PC 1 (with factor
loadings higher than 0.50) were considered as wvegplto the sites separation.
Then, on the basis of such chosen parameters toeaessive PCA analyses have been
performed on M and NM types of soil independenthis allowed to thoroughly
characterize the properties of both (M and NM) gypef soil. Analyses were
carried out using Statistica 8.0 integrated package

For parameters selected by first PCA analysis, ctiedficient of variation
(CV) was computed. This statistics was used to @mp standard deviations
of investigated elements between contaminated andaontaminated sites.
In this analysis, data from different types of sieere treated independently.

Comparison of different data sets: linear regreasio

The comparison of mean metal concentrations iwvexsground plant parts
to that in their roots was achieved for each pdmnaby linear regression.

Then, the influence of total as well as extractabktal content in soil on metal
concentration in above—ground plants’ parts waseseld for each site and their
occurred population. Analysis was performed in orgeverify the shape of the curve
of metal plant/soil relation.

Similar analysis, based on bioaccumulation fact®&F)( and total metal
concentration in soil, was performed in order tmpare the accumulation abilities
of populations in investigated sites. The BF, dsdinas a ratio of Zn concentration
in shoots to soil Zn concentration measured irrtieospheric soil (in this study:
the total Zn concentration in soil), isindeed Udlsuaused in order to estimate
quantitative expression of accumulation (Dertral. 2006).

All regressions were carried out using StatisBi€nintegrated package.

2. Results

2.1.  Physic—chemical analysis of soils — characteation of sites

Soil pH and heavy metal content

Values of pH, concentrations (total and availaleteYn, Pb and Cd in samples
from 15 investigated sites as well as percent slddravailable forms of metals
in their total content, were presented in TableS®il pH varied from 5.33 to 6.95.
The lowest pH value was measured in soil sampltas fdiepotomice Forest (sites 13,
14) while the highest in Bukowno (site 22) and Btdev (site 24).
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Table 2. Soil pH, total and available concentratiomsgkg™ dswt) of metals (Zn, Pb, Cd)X + SD) and the percent (%) of available forms
of metals intheir total content (Avail / Tot) ipik from studied sites. A — available form; M - mkiferous sites;
NM — non—metalliferous sites — see chapter II 3.1).§

. Total Extractable Avail / Tot
Site Type PH Zn Pb cd Zn Ph, Cah Zn Pb cCd
32 NM 6.04+0.13 125 + 1¢ 49 + 16 14+ 05 6+ 2 5+ 1 09 + 0.1 5 10 64
33 NM 5.89+0.08 109 + 8 56 + 16 0.8+ 0.1 6+ 1 5+ 1 0.6 + 0.1 6 9 75
12 NM 6.12+0.57 103 * 1z 9+ 2 02+ 0.1 8+ 2 6+ 2 0.2 + 0.0 8 67 100
13 NM 543+0.17 160 + 1C 25 + 2 05+ 0.1 18+ 2 11+ 1 04 =+ 0.1 11 44 80
14 NM 5.33+0.17 169 + 2C 28 + 3 05+ 0.2 18+ 4 11+ 2 04 + 0.2 11 39 80
22 M 6.95%0.33 3911 + 34( 1045+ 115 27.7+ 3.1 103 = 13 67+ 5 169 = 2.2 3 6 61
24 M 6.71+0.11 14964 + 439t 3315+ 840 91.0%x 27.0 348 + 20¢ 123+ 53 519 + 33.3 2 4 57
27 M 6.2610.37 35942 +2739! 10367 + 3956 182.2 + 112.0 3631 + 824 3446 + 761 493 + 5.8 10 33 27
28 M 6.0920.34 23664 +1476: 3323 + 1935 158.0 + 103.0 3974 +155F 1617 + 673 74.7 = 32.5 17 49 47
29 M 5.67%0.37 5390 + 174: 1804 + 955 519+ 18.6 749 + 49¢ 668 + 388 36.2 = 11.9 14 37 70
15 M 6.25+0.13 10163 + 508t 3109 + 1667 68.7 =+ 445 311 + 20C 504 + 331 39.1 = 21.3 3 16 57
17 M 6.46+0.09 10642 + 414¢ 6396 + 1553 379 134 184 + 65 4613+ 747 21.0 £+ 55 2 72 55
19 M 6.22+0.43 1167 = 73: 925+ 574 204+ 10.7 47 + 32 84 + 53 158 =+ 9.1 4 9 77
30 M 6.04%0.13 1481 + 88: 1398 + 1088 21.6 + 10.6 47 + 23 97 + 72 150 = 6.1 3 7 69
21 NM 5,76 0.39 327 + 13¢ 219+ 99 51+ 23 7+ 3 6+ 1 1.2 + 04 2 3 24




Thése d'Alicja A. Kostecka, Lille 1, 2009
Il. STUDIES ONA. HALLERI...

Total concentrations of heavy metals varied brpadbor Zn from
103 to 35942 mgg " d.wt, for Pb from 9 to 10367 migj ™ d.wt, and for Cd from
0.2 t0 182.2 mgg™ d.wt. The lowest concentrations were measurediép®omice
Forest (sites 12, 13, 14) andin Tatra Mts. (sit&3 33), while the highest
concentrations of heavy metals were found in smimfGalman (sites 27, 28, 29).
In Bibiela (site 21) intermediate concentrationsineestigated metals were found:
several times higher than in soils from Niepotomiest and Tatra, but much lower
than in samples from MiasteczkoSlaskie, Wetnowiec, Bukowno, Bolestaw
and Galman. In soils from industrial areas averegecentrations of Zn was 70 times
higher and concentration of Pb was 50 times highan in non—-contaminated soils.
Content  of available forms of heavy metals varied roadly from
6 t0 3974 meg™’ d.wtincase of Zn, from5 to 4613 rkg™” d.wtin case of Pb
and from 0.2 to 74.7 mkg™ d.wt in case of Cd. In soil samples from Tatrabi@i
and Niepotomice Forest (sites 32, 33, 21, 12, 148) the lowest concentrations
of available forms were found, while the highestuea were determined for Galman
(sites 27, 28). Percent of available forms of Znedfrom 2 to 17 %. Zinc was the least
available in Wetnowiec (site 17), Bibiela (site 2drd Bolestaw (site 24) while being
the most available in Galman (site 28). Availaldeis of Pb comprised from 3 to 72 %
of total Pb content. In Bibiela (site 21) and Béd@s(site 24) Pb was the least available,
while in Wetnowiec (site 17) was the most available case of Cd, percent share
of available forms varied from 24 to 100. In soé&ngples from Bibiela (site 21)
Cd was the least available while in samples frompidiomice Forest (sites 12, 13, 14)
the most available.

Analysis carried out on data from non—contaminatew contaminated sites
revealed that thistwo major groups of sites déterinterm of homogeneity /
heterogeneity of heavy metal content in soil sasygiencerning each site. In general,
variability within sites from non—contaminated eaeavas much less than those

within contaminated sites (Fig. 18).

(a)
1ooooo§ 100000§ abcabc  bcd . d
_ E . 3 e Theade
F'E’ 10000 b :@ 10000 @ acf T a_bCf TD ¥
S 100k = - 57 = = S 100f
i 10l
21 12 13 14 32 33 19 30 15 17 22 24 27 28 29
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Fig. 18.(a) Total concentrations (ma™ d.wt) of metals (Zn, Pb, Cd) in soil
from investigated sitesX{ £ SD). (b) Available concentrations (mkg — d.wt)

Macroelements content

of metals (Zn, Pb, Cd) in soil from investigatedesi (X + SD). Different
letters indicate a significant difference at 5 %ele(Kruskal-Wallis test).
M — metalliferous sites; NM — non—metalliferousesit- see chapter 1l 3.1).

In Table 3 concentration of organic forms of Cvesll as total concentrations

of N, K, P, S, Ca, Mg and Fe in soil samples wess@nted.
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Table 3. Total concentrations (% d.wt) of macroelem
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NM — non—-metalliferous sites — see chapter I3y organic form.
o
(]

ents oih §rom investigated

sites X+ SD). M — metalliferous sites;

Site  Type Co N P K S Ca Mg Fe

32 NM 292+ 0.29 0.320.09 0.0¢+ 0.01 0.65 = 0.04 0.032+ 0.005 0.66 + 0.28 0.75% 0.10 2.72 +0.39
33 NM 250+ 0.25 0.360.04 0.1z+ 0.01 0.60 =+ 0.01 0.027+ 0.005 0.24 + 0.04 0.65% 0.03 2.28 +0.07
12 NM 1.70x 047 0.180.02 0.0¢+ 0.01 0.41 = 0.13 0.013%+ 0.003 0.22 + 0.10 0.43%0.13 1.07 £0.27
13 NM 203+ 0.24 0.24#0.01 0.0¢+ 0.01 0.78 + 0.09 0.012+ 0.002 0.27 + 0.08 0.68% 0.09 1.52 +0.14
14 NM 3.00x 0.69 0.3@0.02 0.0:+ 0.01 0.88 =+ 0.12 0.028%+ 0.003 0.57 £ 0.34 0.79+0.14 1.70 £0.17
22 M 322+ 134 0.190.06 0.0¢+ 0.01 0.16 =+ 0.08 0.042+ 0.025 0.82 + 0.22 0.54%0.16 1.22 +0.10
24 M 814+ 3.16 0.4%0.21 0.1y+ 0.03 0.16 £+ 0.02 0.082+ 0.035 4.35+ 0.69 1.92+0.46 2.76 £0.71
27 M 18.20+ 7.28 0.680.26 0.1t+ 0.01 0.12 + 0.03 0.042+ 0.014 6.07 + 2.14 3.5941.53 1.93 +0.36
28 M 20.01+ 880 0.7540.33 0.1:+ 0.04 0.14 =+ 0.04 0.049+ 0.028 5.44 + 292 3.06%1.79 1.42 +0.29
29 M 26.73+ 6.87 0.8&0.06 0.1t+ 0.06 0.18 + 0.04 0.104% 0.045 453 + 239 2.73+1.83 1.59 +0.19
15 M 9.63%x 534 0.320.10 0.0¢+ 0.02 0.30 £ 0.10 0.070+ 0.052 0.48 £ 0.27 0.294 0.13 1.99 +0.82
17 M 1150+ 2.62 0.320.10 0.0¢+ 0.01 0.37 =+ 0.21 0.074% 0.012 0.70 £ 0.24 0.54%0.14 2.10 +0.40
19 M 173+ 086 0.140.07 0.0t+ 0.01 0.04 =+ 0.04 0.021%+ 0.009 0.10 £ 0.03 0.07¢#0.01 0.35 +0.06
30 M 174+ 049 0.080.03 0.0c¢+ 0.01 0.05+ 0.01 0.021+ 0.011 0.29 + 0.17 0.08% 0.03 0.29 +0.08
21 NM 2.74+ 0.57 0.140.02 0.0¢+ 0.02 0.03 £ 0.01 0.084% 0.025 0.30 + 0.23 0.06% 0.03 0.26 +0.04
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Content of @ varied from 1.70 to 26.73 % d.wt. The lowest coniion was found
in Niepotomice Forest (site 12) and Miastec&kgskie (sites 19, 30) while the highest
in samples from Galman (27, 28, 29). Total conteot N varied from
0.08 to 0.86 % d.wt. The lowest contents of N wietend in samples from Miasteczko
Slaskie (sites 19, 30) and Bibiela (site 21), the bith in soil from Galman
(sites 27, 28, 29). Total content of P varied fi@®3 to 0.17 % d.wt. The lowest
concentration was found in samples from Miastecsdkskie (site 30) and Niepotomice
Forest (site 12), while the highest in soil fromi&aw (site 24).

Total content of K varied from 0.03 to 0.88 % dwith the lowest values found
in soil samples from Bibiela (site 21) and MiastexzSlaskie (sites 19, 30)
and the highest values in soil from Niepotomicedsb(sites 13, 14) and Tatra (sites 32,
33). For S content range was from 0.012 to 0.1CWt. The lowest values were found
in Niepotomice Forest (sites 12, 13) while the leigthin samples from Galman (site 29).
Total content of Ca varied from0.10 to 6.07 % d.wiile content of Mg
from 0.07 to 3.59 % d.wt. The lowest concentratimidoth elements were found
in MiasteczkoSlaskie (site 19) while the highest in samples frontin@a (sites 27, 28,
29) as well as from Bolestaw (site 24). Total comteof Fe varied from
0.26 to 2.76 % d.wt. The poorest in Fe was soinfRibiela (site 21) and Miasteczko
Slaskie (sites 19, 30) while the richest were samfit@s Bolestaw (site 24) and Tatra
Mts. (sites 32, 33).

Soil classification — contaminated and non—contated type of soil

Presented above chemical analyses shown thadsitesssignificantly in heavy
metal content and then indicate the occurrence @hain subgroups of investigated
sites: heavy metal contaminated and uncontamindteokder to test if the subgroups
differ also in term of all determined physic—cheahiparameters and then they possess
different properties, a principal component analyBICA) was performed on a data
matrix covering information about all investigatiedtors (pH, G N P K, S Ca Mg,

Fe Zn Pb Cd, Zm Phy Cda) in soil samples from all scrutinized sites (Ta&b.
The two first principal components (PC) explained.07 % of the total variance
(56.59 % and 20.48 % explained by PC 1 and PC speuntively; Fig. 19). The first
principal component separates sites towards toJyK, S, Ca, Zn, Pb, Cd, ZnPly,
Cda. The heavy metals (total as well as available) texn is the major source
of variation along this axis. The PC 2 was relatethe G, N, P, K, Mg, Fe and Zn.
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Table 4.

Fig. 19.

PCA loadings ofall investigated physic—chemicalilsso parameters.
The analysis was carried out for all 15 studiedssitPC 1, PC 2 — two first
Principal Components; O — organic form; A — avd#éalorm. Factor loadings

higher than 0.50 were given in bold.

Parameter PC1 PC 2
pH 0.53 -0.22
Co 0.71 0.57
N 0.33 0.82
P 0.38 0.76
K -0.63 0.59
S 0.59 0.36
Ca 0.60 0.67
Mg 0.45 0.70
Fe 0.05 0.85
Zn 0.96 0.12
Pb 0.97 0.00
Cd 0.98 -0.04
Znp 091 0.20
Pbn 0.89 0.18
Cda 097 0.04

Explained

varl?ation (%) 56.59 20.48

2

A ¢ [}

l Af?A H o. °*
X A o ® oo
€ o 4 1 ‘....; %

8: A A o ® ¢
?') 1 A‘ [ s ¢ ’3
<>(< ] L/
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° o [ ]
-3
-2 1 0 1 2
Axis 1 (56,59 %
Principal component analysis of all investigatatess and all investigated

elements in soils. Axes 1 and 2 represent 56.59 nh28.48 % of total
variance, respectively. Blue triangles represemipas from non—industrial
sites (12, 13, 14, 32, 33), red circles — sampla® findustrial sites (19, 30, 21,
15, 17, 22, 24, 27, 28, 29), black squares — sasripten site 21 (industrial
area of Silesia region).

Figure 19 shows that the separation between metatiminated and non—contaminated

soils can be clearly seen in the two—dimensionacspdelimited by PC 1 and PC 2.
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However, the second component isnot resolving hecsttes separation.
And then, all the soil samples were divided into tmain groups across the PC 1.
First one, represented by blue triangles, contaga@dples from non—contaminated sites
(12, 13, 14, 32, 33), second one, represented doycrecles, contained samples
from contaminated sites (19, 30, 21, 15, 17, 22,24 28, 29). Largest differences
in reaction norms explained by PC 1 were found betw contaminated sites.
In particular, some M individuals displayed quiteowl negative values
on PC 1 and a majority of positive values on this,avhereas NM individuals showed
high negative values. Some samples, representbthbly squares, displayed quite low
negative values on PC 1 and then showed interneediaharacteristics.
These intermediate properties were found in site f&dm industrial area of Silesia
region.

Because of not resolving properties of the sea@mmdponent of presented above
PCA analysis, the parameters in which PC 2 waseela@ould be then considered
as inutile in present study of sites separatioreré&tore, to characterize two identified
type of sites (from contaminated and non—contarathareas) two other PCA analyses
were performed on the parameters to which the A@dlrelatedife. pH, G K, S Ca
Zn Pb Cd, Zm, Ph, Cd). It should be also stressed, that data from wiffe type
of sites (contaminateds non—contaminated) were analysed independently auBsc
of intermediate properties of site 21 (Bibiela), edb samples were excluded
from the present analysis.

In Table 5 factor loadings and total variance akmd by each principal
component were given.

Table 5. PCA loadings of chosen investigated physic—chemmails’ parameters.
The analysis was carried out on contaminated andgcomtaminated sites
separately. PC 1, PC 2 — two first Principal Congris; O — organic form;
A — available form. Factor loadings higher tharOOagere given in bold.

Non—contaminated sites Contaminated sites

PC 1 PC 2 PC1  PC2
pH 2001 085 000 -0.96
Co 0.85 0.25 082 047
K 0.46 0.78 054  -0.19
S 082  -0.15 070 018
Ca 0.74 0.29 084 000
Zn 0.22 0.92 091 -0.31
Pb 0.86 0.00 086 -0.17
Cd 091  -0.18 091 -0.10
Zna .0.31 0.90 091 015
Phy -0.28 0.91 077 016
Cda 088  -0.15 086 001
Explained 42.98 36.76 61.09  12.69

variation (%)
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During data analysis for non—contaminated sitesvag found that first principal
component explained 42.98 % and second 36.76 %talf variance. The following
parameters were highly correlated with first comgun G, S, Ca, PbCd Cda, while
pH, K, Zn, Zn and PR were highly correlated with second component.dsecof sites
from metal-contaminated areas, thetwo first ppaki components explained
61.09 % and 12.69 % of total variance, respectivelfe following parameters
were highly correlated with the first PCQy K S Ca Zn Pb Cd, Zm, Phy, Cda.
Soil pH was highly correlated with second principaimponent.

For both data sets (contaminated and non—contéeadiyna the coefficient
of variation (CV) was also computed. This statistias used to compare standard
deviations of investigated elementso(8 P K, S Ca Mg, Fe) between contaminated
and non—contaminated sites. Data from different etypf sites were analysed
independently. Because of intermediate propertiésit® 21 (Bibiela), samples
from the site were excluded from analysis. Highvedties of CV were obtained between
samples from contaminated sites (average CV = O0ff@n between samples

from non—contaminated areas (average CV = 0.33).(@r

Table 6. Coefficient of variation computed from distributermf investigated soil data
from contaminated and non—contaminated ai®asorganic form.

Investigated Coefficient of variation
elements samples from samples from
contaminated sites non—contaminated sites
Co 0.84 0.03
N 0.71 0.27
P 0.52 0.39
K 0.76 0.28
S 0.67 0.41
Ca 1.10 0.66
Mg 1.10 0.24
Fe 0.56 0.34
Average 0.78 0.32

2.2. Chemical analysis of plants: content of invegiated elements irA. halleri
field samples

Metal content in shoots and roots

Total content of Zn, Pb and Cd in shoots as wellirmsoots is presented

in Table 7. These concentrations varied broadlywéenh investigated sites.
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It was found that total content of Zn varied frodd9 to 21752 mg-Kg d.wt in shoots
and from 1199 to 13340 mg-Kgd.wt in roots. Concentration of Pb in shoots \drie
from 0.2 t0583.0 mg-kg d.wtandfrom0.3 t0995.7 mgRg d.wtin roots.
In green parts total concentration of Cd varied mfi@l to 493, while
from 20 to 277 mg-KJ d.wt. The highest concentration of Zn and Pb \fesed

in roots

in plants from MiasteczkcSlaskie (sites 19, 30), while the highest concentratio

of Cd was found insamples from Galman (site 28)d Miasteczko Slaskie

(sites 19, 30). The lowest concentrations of baitbva mentioned elements were found

in plants from Tatra Mts. (sites 32, 33).

Table 7. Total content (m&g™ d.wt) of metals (Zn. Pb. Cd) inshoots and roots
of A. halleri field samples X+ SD). M — metallicolous populations;
NM — non—metallicolous populations; NMp — non—migtalous populations
in industrial area — see chapter 1l 3.2).

- Shootcontent Root content
SiteType Zn Pb Cd Zn Pb Cd

32 NM 4247+1048 02+ 01 55+ 19 2386+ 523 06+ 04 20+ 8
33 NM 3449+ 65 02+ 01 31+ 5 119+ 66 03+ 01 20+ 1
12 NM 8383+1660 06+ 03 53+ 25 3917 +1976 431+ 202 64+ 36
13 NM 9724+ 1733 05+ 02 88+ 28 2863 +1304 167% 147 49+ 14
14 NM 14341+ 4707 03+ 02 123+ 65 4731 +1571 102+ 41 42+ 17
22 M 13720+ 2887 351+ 205 321+ 65 5924 £1799 748+ 758 197+ 24
24 M 10494+ 1818 504+ 198 186+ 59 3930 + 873 191.3+ 485 118+ 65
27 M 6751+ 3999 335+ 121 121+ 61 3669 +1306 1844+ 1245 84+ 31
28 M 14773+ 5109 471+ 341 493+ 361 5222 +2093 636.0+ 3575 252+18/
29 M 10078+ 693 141+ 81 118+ 71 5551 £1226 209.7+1288 79+ 57
15 M 11810+2933 200+ 6.0 116+ 78 6780 +2142 3428+2174 96+ 70
17 M 13964+ 3204 229+ 102 67+ 21 7396 £+5076 311.7+3001 52+ 17
19 M 21752+ 5605540.0+385. 486+ 111 1334( +2783 9854+ 6618 272+ 55
30 M 19372+ 72255830+359( 421+ 61 1258 +1773 9957+ 3469 277+ 59
21 NMp 13193+ 4475 700+ 460 152+ 39 7329+2608 593+ 196 90+ 39

In Figure 20 linear dependencies between metal P, Cd) concentrations

in shoots and roots iA. halleri plants were presented. In case of Zn the depegydenc
is described by equation y = 0.61x—1427. Highv&lue (R = 0.82; p < 0.001) indicates

that this function fits closely to experimental alaset. For Cd dependency is given

by equationy =

0.55x+10.34 {R= 0.95; p < 0.001). Incase of Pb no linear

correlation was found even after removal of extrerakies from experimental data set
(R*=0.36).
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Fig. 20.Regression lines presenting relationship betweenoncentrations
ofZn, Pb and Cd in shoots and roots Af halleri plant samples
from investigated sites.

Macroelements content in shoots

Concentrations of other tested elements (N, P,aSMg, Fe) in shoots of plants
from 15 investigated sites were presented in Tale These concentrations
did not varied broadly. Total content of N variedrh 2.20 to 3.95 % d.wt. The lowest
N content showed plants from Niepotomice Foredke (42) and Bukowno (site 22),
while the highest showed plants from Galman (si8. Zoncentration of P varied
from 0.20 to0.62 % d.wt with the lowest values dgamples from Wetnowiec
(sites 15, 17) and the highest in samples fromaTaifits. (site 33). Total content
of S varied from0.19 t00.61 % d.wthaving thedstv values insamples
from Bukowno (site 22) and the highest values m@as from Galman (site 29).
Content of Ca varied from 1.05 to 4.09 % d.wt. Towest content of this element
was found in plants from Galman (site 27) while highest in samples from Bukowno

(site 22). The lowest concentration of Mg was foumdamples from Wetnowiec (site
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17) while the highest in samples from Bukowno (8. Total content of Fe in plants
varied from 0.01 to 0.23 % d.wt having the lowestues in plants from Wetnowiec
(sites 15, 17) as well as from Galman (sites 27,v@@le in plants from Niepotomice

Forest (sites 12, 13, 14) having the highest values

Table 8. Total content (% d.wt) of macroelements in shodté.challeri field samples
(X+ SD). M - metallicolous populations; NM — non-—niétalous
populations ; NMp — non—metallicolous populationsndustrial area — see
chapter Il 3.2).

Site Type N P S Ca Mg Fe

32 NM 3.11+0.0¢ 0.3£+0.04 0.30+0.02 1.64+0.27 0.44+0.10 0.04+0.03
33 NM 3.4710.2z 0.6210.0¢ 0.30+£0.02 2.20+0.05 0.62+0.03 0.03x0.01
12 NM 2.39+0.3¢ 0.32+0.0¢ 0.48+0.06 1.56+0.47 0.43+0.08 0.21+0.18
13 NM 2.69+0.0¢ 0.31+£0.0¢ 0.52+0.09 1.29+0.14 0.47+0.09 0.23+0.12

14 NM 2.20+0.51 0.37+0.11 0.42+0.05 1.57+0.38 0.50+0.04 0.17+0.14
22 M 2.22+0.1t 0.44+0.0¢ 0.19+0.01 4.09+1.29 0.95+0.51 0.03+0.02
24 M 2.54%0.2¢ 0.2€#0.07 0.21+0.02 2.35+0.22 0.52+0.11 0.02+0.01
27 M 3.76+0.1t 0.3(+0.1: 0.41+0.02 1.05+0.38 0.49+0.13 0.01+0.01
28 M 3.46%0.4C 0.3C#0.0t¢ 0.34+0.08 1.61+0.19 0.81+0.32 0.02+0.01
29 M 3.95+0.4z 0.47+0.07 0.61+0.02 1.89+0.57 0.64+0.07 0.03+0.01
15 M 3.50+0.1¢ 0.2t +0.0¢ 0.46%20.04 1.86+0.63 0.53+0.17 0.02+0.01
17 M 2.99#0.1¢ 0.2(+0.11 0.36+0.05 1.62+0.19 0.36%+0.07 0.01+0.01
19 M 3.65%#0.3z 0.4t +0.0t 0.32%0.03 2.64+1.28 0.65+0.22 0.07+0.05
30 M 3.64#0.3C 0.44+0.0c 0.30%0.01 2.10+0.69 0.69+0.10 0.08+0.01

21 NMp 3.55#0.6C 0.2€¢+0.1C 0.23+0.02 2.13+1.13 0.89%0.27 0.04+ 0.03

2.3. Heavy metal accumulation by A. halleri populations in the field
and relationship with physic—chemical properties o&oils

In Figure 21 dependencies between metal (Zn, Ph,cGdcentrations in soils
andA. halleri shoots were presented. For each investigated nietairends of relations
were similar for both total and available soils’ tale content. In case of Zn,
in non—contaminated sites plants accumulated Zn nmaich diversified level
(from relatively low to extremely high), while iontaminated sites plants accumulated
less and at more homogenous level. For Pb, indepgliydon soil metal content most
plants accumulated low amount ofthem, however sopients accumulated
Pb at relatively high level when grown in non—conitsated sites. In case of Cd

the trends in relationships were similar to thosscdibed for Zn.
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of metal in soil and their total contentAn halleri shoots.

A ratio of Zn, Pb and Cd content in shoots tortheantent in roots (S/R)

as well as a ratio ofmetal concentration in shoadts concentration in soil

(bioaccumulation factor — BF) were presented inl@ah Both Zn and Cd presented
S/R ratio above one in all tested populations (Withexception of population 12).
For lead S/R ratio was lower than 1 in all testedysations. In case of Pb also BF stood
constantly below 1. For Zn and Cd BF values weverde and in majority of cases
BF values were found apytation from Galman

higher than 1. The lowest
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(site 27: Bz, = 0.2; BReg = 0.7), the highest in populations from Niepotoeni€orest
(site 12: B, = 81.4; Bleg = 265.0; site 14: Bfs = 84.9; By = 249.0).

Table 9. A ratio of metal (Zn, Pb, Cd) content An halleri shoots to their content
in roots (S/R) and ratio of metal concentratioshoots to total concentration
in soil (bioaccumulation factor — BF) X(z SD). M — metallicolous
populations; NM — non—metallicolous populationsMN— non—metallicolous
populations in industrial area — see chapter [).3.2

SR BF
Zn Pb Cd Zn Pb Cd
32 NM 1.€+0.€ 0.33+0.25 2.8+0.6 34.0+£10.7 0.00¢ +0.001 39.3 + 18.0
33 NM 2.¢+0.z 0.67 .32 1.6 +0.4 31.6+ 8.1 0.00¢ +0.002 38.8+ 5.0
12 NM 2.1+1.4 0.01+0.01 0.9+0.2z 81.4+29.4 0.067 +0.015 265.0 £104.3
13 NM 3.4+1.t 0.03+0.01 1.8+0.z 60.8+17.3 0.02( £0.010 176.0 = 80.0

Site Type

14 NM 3.C+0.7 0.01+0.00 29+2.C 84.9+10.9 0.011+0.007 246.0 + 75.2
22 M 2:5+0.£ 047+0.27 1.6+04 3.5+ 09 0.03¢+0.016 11.6+ 9.3
24 M 2.7%+0.5 0.26+0.11 1.6+0.€ 0.7+ 0.4 0.01t+0.002 20+ 0.6
27 M 1€&+1.C 0.18+0.10 1.4+0.& 0.2+ 0.1 0.00¢ +0.003 0.7+ 0.5
28 M 2.&+0.6 0.07+0.04 20+0.t 0.6+ 0.3 0.014+0.009 31+ 25
29 M 1€+0.€ 0.07+0.06 1.5+0.& 19+ 0.4 0.00¢ +0.002 23+ 1.8
15 M 1.7+0.€ 0.06 #0.03 1.2+0.t 1.2+ 0.6 0.00¢ +0.004 1.7+ 1.1
17 M 1¢+1.: 0.07+0.03 1.3+0.z 1.3+ 0.8 0.00¢ +£0.001 1.8+ 0.7
19 M 1€+0.7 0.55+0.28 1.8+04 18.6+ 7.7 0.58¢+0.400 23.8+ 10.4
30 M 1.t.+04 059+0.30 1.5+0.1 13.1+ 8.2 041:+0.330 195+ 5.8

21 NMp 1.€+1.2 0.46+0.30 1.7+1.1 40.3+32.2 0.32( +0.120 29.8+ 17.0

Total content of Zn and Cd in soil and BF valuesenaversely proportional
with R? values 0.94 and 0.87, respectively (Fig. 22). €heas no relationship between
soil content and BF value for Pb%R 0.01). Having in mind Bf and BReg values
investigated populations were ordered accordingetweasing ability in Zn uptake:
27<24<17<28<15<22=29<30<19<33<13<21<14=12. Similarly, investigated
populations were ordered for Cd: 27<24=17<P9<28<22<30<19<33<32<21<13<

12<14.
07 R T
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Fig. 22.Relationship between total content of metal (Zn,, P6d) in soll
and bioaccumulation factgBF) value. The numbers of populations are shown
next to the symbols.

Population classification and relationship with gihg~chemical analysis of soils

In order totest if investigated populations fromustrial areas differed
from those from non—contaminated areas, a principamponent analysis (PCA)
was performed on a data matrix covering informa#ibout all investigated elements
(N, P, S, Ca, Mg, Fe, ZnPh;, Cds, Zng, Plr, Cdr, S/Ren, S/IR4, BFzn, BFcq) in soil
samples from all scrutinized sites (Tab. 10). Aflrgameters were highly correlated
with two principal components (PC 1, PC 2). Figl#28 shows that populations
were differentiated by the axes 1 and 2, whichesgpnted 34.58 % and 15.25 % of total
variance respectively. All the soil samples wemuged intotwo main groups.
First one, represented by blue triangles, contaga@dples from non—contaminated sites
(12, 13, 14, 32, 33), second one, represented doycrecles, contained samples
from industrial sites (19, 30, 21, 15, 17, 22, 24, 28, 29). Samples from population

21 (Bibiela), represented by black squares, werssdied within the second group.
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Table 10. Results of principal component analysis (PCA). @halysis was carried out
for A. halleri plants from non—-contaminated and contaminated sites
separately. S — metal content inshoots; R — metaltent in roots;
S/R — ratio of metal content in shoots to roots;-BBioaccumulation factor
(ratio of metal concentration in shoots to totah@entration in soil). Factor
loadings higher than 0.50 were given in bold.

PC1 PC 2
N 0.11 -0.65
P 0.04 0.12
S —-0.37 0.08
Ca 0.39 0.05
Mg 0.53 -0.05
Fe -0.01 0.74
Zns 0.84 0.26
Phbs 0.85 -0.37
Cds 0.91 0.03
Zng 0.82 -0.07
Ph: 0.76 -0.32
Cdr 090 -0.11
S/Rzn -0.24 0.38
S/Rcq -0.22 0.27
BFzn -0.21 0.80
BFcq —-0.23 0.84
Explained
variation (%) 34.58 15.25

4
3 A |
A A

Axis 2 (15,25 %)

Axis 1 (34,58 %)

Fig. 23.Principal component analysis carried out on datamfall investigated
A. halleri populations. Axes 1 and 2 represent 34.58 % ar2b1% of total
variance respectively. Blue triangles represent pbasn from
non—contaminated sites (12, 13, 14, 32, 33), reatles — samples
from industrial sites (19, 30, 21, 15, 17, 22, 24, 28, 29), black squares —
samples from site 21 (industrial area of Silesgaae).
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3. Discussion

During extensive research émabidopsis halleriin Europe (study was carried
out on plant material from Austria, Belgium, CreatiGermany, Poland, Romania,
Slovakia and Italy) all of NM populations were geal in the mountain ranges,
at middle to high altitudes (mean 702 m) where&®fdll populations were sampled
outside the mountain ranges, at low to moderaitiddts, in heavy metal contaminated
areas (Pauwelst al. 2006). The majority of hitherto investigated Ewgap populations
of A. halleri consist in M populations (Pollareet al. 2002). There are two
main metalliferous (calamine) areas in Europe wiburrence oA. halleri. Harz Mts.
in Germany and upland regions of southern Polamdt@B 1946, Ernst 1990).
In upland regions of southern Poland, heaps cantainpost—-mining wastes
are common due to mining of Zn—-Pb ores. There als awumerous places
with abandoned arable grounds. Among characteffistitures of the area low content
of nutrient in soil as well as high content of hgawetals are the most important
from the point of view of the present study (God¥#85, 1993; Grodaskaet al. 2000;
Szarek—tukaszewska & Nikiska 2002). Onthese contaminated areas occurs
a vegetation composed of metal tolerant species extampleA. halleri. Interestingly,
in upland regions of southern Polafkd halleri occurs not only in sites with high
content of heavy metals but also where heavy matalsabsent and sometime in close
vicinity of mining areas. The aim of this study washaracterize properties of these
closely related sites as well as the behaviorh@At halleri plants and populations

occurring on these sites.

3.1. Classification of metalliferous and non—metafierous sites withA. halleri
in southern Poland

Sites characteristic on the base of heavy metalstent

Results presented above have proved that heavgl wmttent in soil samples
from investigated sites varies broadly, and allowdivided investigated sites into two
distinct groups: heavy metal contaminated and nomtaeninated. Previous research
carried out on unpolluted natural areas of Polasekcribed values of heavy metal
content which are considered as typical to Polighls s(Kabata—Pendias 1995).

According to this data, natural content in sup@lficsoil layer varies between
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50 and 100 mg-kgin case of Zn, 20 to 60 mgRgf Pb and 0.3 and 1.0 mg-kgf Cd
(Kabata—Pendias 1995, Greinert & Greinert 1999).présent study, content
of Zn in samples from Tatra Mts. and Niepotomice resb was slightly higher
than in natural non—metalliferous soils, while ase of Pb these samples were included
within the range of normal content. Samples fromi&a have shown concentrations
of both, Zn and Pb about 3 times higher than innaht non—contaminated soils
concentration, while in samples from the rest @estigated sites both concentration
was considerably higher. In case of Cd content, ptesnfrom Niepotomice Forest
and Tatra Mts. (excluding site 32) showed moreess Ithe same low pattern, samples
from Bibiela contained 5 times higher amounts thaper limit of the natural content
range whereas in remaining samples even severarédintimes higher. All sites
which presented content of Zn, Pb as well as Cdiderably higher than those found
by Kabata—Pendias (1995) in typical natural soimpgi@s from Poland, were then
considered as metallicolous while sites for whiobse concentrations were included
within the range of normal content, as non—-metattifis. Therefore, sites from Tatra
Mts. (sites 32, 33) and Niepotomice Forest (site®d 13, 14) were classified
as non—metalliferous (NM), whereas sites from BukoWsite 22), Bolestaw (site 24),
Galman (sites 27, 28, 29), Welnowiec (sites 15, MijisteczkoSIaskie (sites 19, 30)
were classified as metalliferous (M). Bibiela (s&#) is a site located within industrial
area, with intermediate concentrations of investidametals were found (relatively
low when compared with other metalliferous sitesonfrsouthern Poland).
This site was classified together with non—me&lbtis because the comparison
between Bibiela andother M andNM sites in southeiPoland showed
thatin terms  of available metals contents andighgbemical properties
of soil (.e. pH, micro— and macro—elements’ content) Bibielae s& more similar
to other NM sites.

Heavy metal concentrations in samples from ingaestid M and NM sites
in present study are also comparable with concéorisa obtained by other scientists
during their research on M and/or NM sites in EergBrown 2001; Beret al. 2002;
Pauwels 2007). In these studies, sites have bessiitkd as M and NM in reference
to the French agricultural approved NFU 44 041 norfAtcording to this norm
soil will be considered as a contaminated one ifcoittains more
than 300 mésg™ of Zn or 100 mdgg™ of Pb or 2 mdgg™ of Cd (Bertet al. 2002).
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Similarity of this study as well as presented abonesults’ have proved
that included to the present study sites, have laimamounts of heavy metals
to other previously investigated European siteswhith occurred A. halleri
and then classification of investigated sites aarld NM was supported by both Polish

as well as European norms.

Different sources of heavy metals in studied sites

Furthermore, results have shown thatin southeotar®dA. halleri is able
to grow in mountain areas, on soils with low metahntent, as well as in lowlands
on heavy—metal—-contaminated soils. It should bess&d, that all investigated sites
represent very heterogeneous group. Interestingly\\M sites from Tatra Mts.
and Niepotomice Forest the Zn content was foundslagtly higher than in natural
non—metalliferous soils. In case of Tatra Mts. thesy be consequence of natural
geological soil androck properties, while in Niepoice Forest of industrial
pollution from closely located Krakéw. On the othemd, also high amounts of metals
in investigated metalliferous soils originated frdifferent sources and were
respectively a consequence of mining, a fall ofteonnated industrial dust
as well as storage of waste material from smeltimgparticular, sites in Bolestaw,
Bukowno and Galman (sites 22, 24, 27, 28, 29) \mrated in post—-mining area.
However they differ in age of mining activity. Ina@an mining was carried out
in 19th century and was ceased in 1912, while ¢mity of Bolestaw and Bukowno
mining started as early as in 13th century andaeasinue till 90. of 20th century.
These two last sites (sites 22 and 24) occurreditiaddlly in close vicinity
of Zn smelter pollution, andthen Zn contaminawaceeded from soil
and atmospheric origin. Dust contaminated with lgegaetals can fall over land surface
and interact with soil solution and thus making aethighly available for plants
(Szarek—tukaszewska & Nikiska 2002). This pattern of pollution is a predomina
one also in case of sites located in vicinity ofczismelter in Miasteczk®laskie
(sites 19, 30). Interesting research on Zn, Pb Guhdpollution of superficial layers
of soil were carried out in proximity of Zn smelteliasteczkoSlaskie (Karweta 1988).
This smelter was build in 1966, and Karweta’s (1)988udy was conducted during
first 15 years of their activity. During this pedioof time heavy metal content
in soil from place 900 m far from the smelter iraged from
17 to 1650 mg-Kg d.wtin case of Zn, from 39 to 1250 mg-kgl.wt in case of Pb
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and from 0.1 t011.0 mgKky dwtincase ofCd. Karweta (1988) noticed
also a tendency to pH increase from 3.3 to 5.7h@igh pollution from Miasteczko
Slaskie zinc smelter was significantly reduced by 1890soils in close vicinity
remain heavily polluted. This site is particularchese of recent and specific source
of contamination of Zn smelter and any natural seirichment in heavy metals.
The last one type of M site of different kind, istigated in this study, was situated
in an area of heavy metal smelter waste heap imd\eec (sites 15 and 17). In case
of Welnowiec, heavy metals are there really abunhddedrzejczyk et al. 2003)
and this location seems to be very heterogeneatgsimof heavy metal content.

Then, ithas been proved that halleri habitats ina single geographic
region of southern Poland are very heterogeneausgogn case of heavy metal content,
and the distance between M and NM sites is relgtiv@mall. This heterogeneity
as well as proximity of M and NM sites is very inm@anmt in case of present study,
because insuch heterogeneous environments tHe ladaptation irA. halleri
populations could evolve. This region is thus gatiar and model to study of plant
adaptation. In the next chapters of this study &IIV) it will be verify if heavy metal
content might lead to strong divergent selectiolohalleriin investigated sites.

Sites characteristic on the base of pH and nutgecntent

In terms of soil pH investigated soil samples pnése¢ pH values optimal
for development of flora and soil fauna. The optinpdd values for vast majority
of plants lays between weakly acidic andweakly alaie (Uggla 1971).
Soil pH influences its’ biological activity. In wkly acidic soils bioavailability
of nutrient elements is increased (Kabata—Pend@®4)2 With low soil pH values
bioavailability of heavy metals is also increaseul therefore in metalliferous soils
with low pH heavy metal ions can have toxic effectplants. Herms and Brummer
(1984) have pointed out thatpH play a key roleheavy metals mobility
and their uptake by plants. According to KabatadRen and Pendias (1979)
the mobility of Zn in acidic soils can be even tenes higher than in soils of pH > 6.4.
Boekhold and van der Zee (1992) have found thaigptthe most important factor
influencing Cd mobility in soil. Christensen (1984)ave showed that decrease
in pH by 2 units had caused increase in Cd sotybily 75 %. As Zn and Cd only
weakly interact with soil colloids their bioavailaty is therefore high

(Alloway & Ayres 1998). Incase ofPb strong intran with organic matter
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significantly decreases its availability for plantalloway & Ayres 1998). Values
of available forms of heavy metals ininvestigateoils differed broadly between
authors (Karweta 1988, Godzik 1993, Szarek—tukaskaw& Niklinska 2002).
It can be due to the fact that soil in post—-mineagas can be highly differentiated
in terms of physic—chemical properties as well as tb different methods employed
by above mentioned authors. However, determingt@lisnstudy soil pH did not vary
broadly, and then probably did not strongly affectheavy metals biodisponibility
in different sites.

A ratio of carbon to nitrogen content (C/N) canveeras a criterion useful
in assessing the degree of soil degradation (SiA85). In case of mineral soils
C/N ratio varies between from8 to 10 in naturalpnipolluted soils, from
10 to 17 in low—degraded soils, from 17 to 30 inderate—degraded soils and from
30 to 45 in highly degraded soils (Siuta 1995). iHgvthese values in mind soill
from investigated NM sites can be perceived as degraded (with exception of site
21) whereas all the M sites contain more or lesghlizi degraded soils.
This division is congruent with two groups of intigated sites: M and NM.

Interestingly, separation of sites into NM and M svedso clear when, apart
the heavy metals, other physic—chemical soils’ matars have been taking
into account. However, it was shown that not aledmined parameters had influence
on sites assembling but only pHe &, S Ca Zn Pb Cd, Zm Phy, Cda (except NP
Mg, Fe). Then, successive analyses enabled to leame about properties of soll
in NM and M sites. In particular, on data obtairiemm NM sites, parameters represent
organic matter (g, S, Pb, Cd, Cg were highly positively correlated. Small amounts
of heavy metals found insoil samples fromNM sitesome probably
from deposition of airborne dust pollutants. MoreQv in non—contaminated soils
organic matter isa main source of S (Johnson 198%) the quantity of S in soll
increase with increase inorganic matter contenterdlek et al. 1998).
Maynard et al. (1985) and Haynes and Williams (1992) have foundsimilar
dependency between S and organic matter during résearch and mineralization rate
of sulphur organic compounds inarable and abardlongelds. The ratio
of carbon and sulphur content is also an imporpamémeter in characterization of soil
properties. According to numerous publications whatho C/S < 200 mineralization
prevails; whereas, when C/S > 400, immobilizatibswphur organic compounds

prevails over mineralization (Freney & StevensofiGl9 Ghami et al. 1992).
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In all analysed samples C/S ratio showed that ralization of sulphur organic
compounds prevails over immobilization. In caseNbf sites the correlation between
total and available forms of heavy metals in sa@kviound only for Cd and Zn. The fact
that total and available forms of Pb are not catesl is also confirmed by Beet al.
(2002), for soils with trace concentration of heavgtals. Solubility as well as mobility
of heavy metals in soil depends on different faxtand among others on their total
content. The lower the content of metal is, thedowmpact on physic—chemical
properties of soil it has (Elstat al. 1976). Soil pH as well as available forms of Zn
and Pb were negatively correlated, which suggestatailability of this metals in NM
sites depends on pH value.

As far as analysis carried out for M sites heawgtais as well as nutrient
elements were highly positively correlated. It niighe due to origins of elements
in soil. In investigated soils heavy metals as vasllS come from remains of metal ores
in mining wastes or from dust emitted by Pb and&melters. Soils developing
on mining waste material are rich in calcium andgynesium as Zn and Pb ores
are abundant in Tertiary, Jurassic and Triassiksrodch in dolomite and calcite.
Sulphides of Zn and Pb are also among main compererores (Roset al. 1979).
Sphalerite and galena being Zn and Pb sulphidesnare ores. Moreover Ca is also
frequently found inboth Zn andPb ores. For tkason contamination
with Zn is wusually accompanied with pollution witfPb and Cd. According
to Cabata and Sutkowska (2006) in Zn— and—Pb-rigningn wastes Zn and Pb
carbonates and different iron oxides are predonticeampounds. They have also found
that Cd is often present inaggregates of carbenaéed sulphides of Pb.
In contaminated soils ZnS, PbS and CuFefdergo the process of oxidation and ions
of Zn, Pb, Cu and Fe are released into soil salufitne fact that Ca and Cd were highly
correlated may be also explained by a tendencg-tsadimentation with other minerals
presented by heavy metals. This phenomenon is gortent mechanism of heavy
metal adsorption in soils of unstable humidity. @adn shows tendency
to co—sedimentatioa.g. with calcium carbonates (Sposito 1983). The phemame
of co—sedimentation of metals and carbonates (m&nlCO3) is particularly important
in semi—dry soils developed on calcareous substr@iganic matter is a source
of essential nutrients as well as binds heavy metand S. Potassium
and S are the components which represent minewadtidn in soil contaminated

with mining waste material and therefore were datesl with heavy metals. Potassium
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alum is a frequent mineral in places where rockstaining sulphides of Zn and Pb
undergo the process of weathering. The mineralonsnason especially in southern
Poland (Cabata & Sutkowska 2006).

General properties of NM and M sites in which Aldraoccurs

It has been proved that there is a clear differebegveen M and NM sites
in southern Poland, in whioh. halleri occur. It should be stressed that these sites are
separate by different level of lot of physic—cheahisoils’ parameterd.é. pH, G K, S
Ca) andnot only heavy metals. Itwasshown thatédites from southern
Poland from very heterogeneous group in terms tf beavy metal content as well as
the content of micro— and macroelements, while NMess were characterized

by considerable homogeneity of physic—chemical @rigs.

3.2. Classification of metallicolous and non—-metatlolous populations
of A. halleri and their relationship with physic—chemical propeties of soils

Status of metallicolous, non—metallicolous and “Apretallicolous in a polluted
region” populations in studied area of southern &ud

On metalliferous soils grow populations known as tatlieolous,
while populations growing on non—metalliferous sodre called non—metallicolous
(Pauwelset al. 2008). Detailed chemical analyses of plant mdtdrean investigated
sites enabled to establish classification of déférA. halleri populations occurring
in metalliferous and non—metalliferous sites inteetn Poland. In this study,
populations ofA. halleri from NM sites differed from those from heavy metal
contaminated areas, therefore classification olifagmn’s type could be supported
by both, soils’ as well as plants’ data set. Irtipatar, populations from Tatra Mts.
(32, 33) and Niepotomice Forest (12, 13, 14) wéaesified together and considered
as NM, on the contrary populations from Bukowno )(2Bolestaw (24), Galman
(27, 28, 29), Welnowiec (15, 17) and MiasteczZkaskie (19, 30) were classified
as M. Interms of metal content, site and poputatioBibiela (21) seems
to be particularly interesting. This site is lo@ht® industrial area of Silesia region,
but on the basis of soil analysis the site wasrde=st as slightly polluted
and considered to be NM. Nevertheless, a detailedlys of heavy metals and

macroelements concentrationAn halleri plants from this site, revealed chemical
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characteristic similar to other tested M populagioAs it has been already noticed
by Pauwelset al. (2006), inindustrial areas, “non—M" populationsayndiffered
from true NM ones by their abilities to exchangeeg with geographically proximate
M populations. On the other hand, during colon@atflow polluted habitats
selection pressure towards enhanced tolerance ldyobavas strongly reduced
(such as in NM populations) (Beet al. 2002; Pauwel®t al. 2005). For this reason,
population from Bibiela (21) was considered to heparticular category and qualified
as NMp (for “non—metallicolous ina polluted regipn  Category
of NMp population was firstly proposed by Pauwetisl. (2006).

Summing up, in the relatively small region of sarth Poland, three edaphic
types ofA. halleri populations occurred: NM, M and NMp. All of themere studied

in this work.
Heavy metal accumulation and hyperaccumulation biya#leri populations in the field

Arabidopsis halleri as hyperaccumulategnsuBrooks (1998)
Zinc

Regardless thetype, all scrutinized populations owsld  high
accumulation of Zn. In shoots of NM as well as Mmgt&ed plants’ the values
of Zn exceed greatly (30-140 and 6-20 times moespactively) typical values
for non—accumulating plant species (Brooks 1998gré&fore, all investigate. halleri
populations, NM as well as M, hyperaccumulated Zrthe field. Additionally,
as concentrations of Zn found in investigated @gaate widely accepted as toxic
(Marschner 1995, Steinborn & Breen 1999) and\adalleri plants showed no signs
of damage, itcan be concluded that all the ingagtd plants can be considered
as tolerant. These results confirm previous workwirch hyperaccumulation
of Zn inA. halleri field samples have been reported. On the badeecfame criterion,
other research on European populationsA.ofhalleri have showed that typical
for hyperaccumulators concentration of Zire. (10000 mg-kg- d.wt, Brooks 1998,)

was observed only in metallicolous populations {Beal. 2002).

Cadmium

Incase of Cd, similarly toZn, typical concentoatusually found
in non—accumulating plants (Brooks 1998) was exeéeth all tested populations
(30-150 and7-50 times moreinNM and M, respelgtive According
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to Dahmani—Mulleret al. (2001) all theA. halleri plants from sites with elevated
Cd content possess ability to hyperaccumulate ntietgal. High concentrations
of Cd inA. halleri from field collected both M and NM populations kalveen already
reported by Bertet al. (2002). However, only 2 out of 33 tested populaio
were classified as Cd hyperaccumulators (accordirtig Brooks” (1988)

criterion of hyperaccumulation).

Lead

Unlike Zn and Cd A. halleri can not hyperaccumulate Pb. Total
concentration of Pb in soil was, inevery case,héigthan concentration in shoots.
This result is entirely consisted with previouse@sh of Dahmani—Mullegt al. (2000)
who have stated that Pb concentration in shoot&. dfalleri do not exceeds total
concentration in soil. As Pb show low mobility aswhsequently is relatively poorly
available for plants its accumulation is rathereraAccording to Baker and Brooks
(1989) Pb accumulator must contain no less tha® b@§ kg” of Pb in shoots and there
are only five species meeting this criterion. Dgrthe present study no plants presented
as high level ofPb wereobserved, whichhave omefl thatA. halleri

can not hyperaccumulate Pb. Similar results weogveld by Beret al. (2002).

Metal accumulation in shoots in relation to metahtent in soil

There was no relation between metal accumulatingjityabin A. halleri
populations inthe field with the degree of contaation of investigated  sites.
The metals’ concentrations inplants did not depemtrectly on metal
concentration in soil and then obtained resultsewipresented graphically, differed
from those drown (and recognized as typical fouaundators) by Baker (1981)
(see chapter | 2.2). Because this relation wa®hbserved neither for total nor available
forms of metals, and distribution of both curvesagéd on total and available metal
content) was much the same (even if the analydisese forms of metals
were performed separately and using different nusilogy) the data were considered
as correctly performed. Thus no significant effeftmeasurements was expected
to contribute observed heterogeneity. Howeveshauld be stressed that in this study
metal concentrations were determined on field—ctdl@ samples, while presented
by Baker (1981) typical curve of relation of soil dbove—ground metal content

have been performed under standard laboratory tonsi Inincreasing number

59

© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése d'Alicja A. Kostecka, Lille 1, 2009
Il. STUDIES ONA. HALLERI...

of hyperaccumulating species it is clear that vemea in metal uptake
within and between populations is large, even urgtandard conditions (for review
see Macnair 2003). In case A&f halleri, Macnair (2002) has studied 17 populations
under standard conditions, and showed that thé fommcentration of Zn in leaves
of A. halleri is highly variable and there was no relationshipwieen these content
and Zn contamination of soils from which plants wced, which was in agreement
with this field  study. Part of this variation couldbe ascribed to genetic
variation between individuals. However, there demady other environmental factors
which determine the final above—ground concentnabiometal, therefore to known
metal accumulation ability of Polish. halleri populations the experiment in controlled

conditions have been performed (see chapter V).

Shoot to root ratio criterion

In present study, it was noticed that growth iavyemetal concentration in roots
causes growth in metal concentration in shootsndpart of metal elements from roots
to shoots (Baker 1981) and its storage in shootoatentrations higher than in roots
is involves by hyperaccumulation. Therefore, aorafi metal content in shoots to metal
content inroots was frequent considered as a riomef hyperaccumulation
(= S/IR ratio stands above 1) (Kranstral. 1996, Lasatet al. 1996, Sheret al. 1997,
Lasat et al. 1998, Schatet al. 2000). In this study, according to S/R criterion
all the tested plants strategy of Zn and Cd distitim was typical of hyperaccumulators
(with exception of population 12 from NiepotomicerEst where S/R ratio was found
to be slightly lower than 1. S/R = 0,9). In casePbf its concentration on shoots
was lower than inroots and this result confirme fact, already reported by other

hyperaccumulation criterion, thAt halleri do not hyperaccumulate Pb.

Metal uptake capabilities — bioaccumulation factor

Metal accumulation capability of investigated. halleri plants in natural
conditions was estimated by bioaccumulation fadlBF > 1 in hyperaccumulating
plants; Baker 1981). Taking this criterion into @gnt it can be stated that majority
of tested plants hyperaccumulated Zn and Cd, winilease of Pb it was confirmed
that this element can not be hyperaccumulatedA.byalleri Non—metallicolous
populations were characterized by considerably drigdificiency in Zn and Cd uptake

than M populations. Efficiency in metal uptake vaashigher as lower total content
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of metal in soil was. Higher efficiency in Zn and Gptake by NM than M populations,

have been already shown by Zhetaal. (2000) during research & halleri cultivated

in artificially contaminated soil and by Knigkt al. (1997) and Robinsoet al. (1998)

in field research oihlaspi caerulescendn this study, exceptionally low BF values
were obtained for M population 27 from Galman. tegtingly, this site had also

extremely high total content of tested metals ih aod then as it has been reported
by Backer (1981) extreme concentrations of metalsoil can cause a decrease
in BF value (BK1).

Moreover, this study suggests, as it was alreadpgsed by Berét al. (2002),
that with increasing total Zn soil content, the @mtent of the aerial parts of the plants
reaches a plateau. This plateau response could Ue td plant physiology
and be explained by blocking of the translocatibmetals from the roots to the shoots
and /or  saturation of the metal uptake = mechanism  &he root  surface
(Hamonet al. 1999). Thus, plateau response could be a safethamesm that limits
plant metal uptake and prevents phytotoxicity ghhinetal soil concentration. Results
of this study suggest that, in NM\. halleri populations, this safety mechanism
did not occur (neither for Zn nor Cd). Interestingh case of Zn this threshold seems
tobe about 5000 mg oftotal Zn content insoil, while for Cd about
40 mgkg ™ of total Cd content in soil. Below these valuesmashowed an exponential
increase in the capacity to mobilize and concemtna¢tal in their above—grounds parts,
while above these thresholds an exponential inereésesistance and limit plant metal
uptake was observed. Despite extremely high metaiteat in soil, their uptake
by plants have never been stopped, and plants lirghty contaminated sites showed
BF at relatively small but homogeneous level. Isecaof this study, the capacity
to mobilize and concentrate metal in above—grourmlts were thus observed
in populations from Niepotomice Forest (12, 13,,1Ratra Mts. (32, 33) and Bibiela
(21), while metal uptake was mostly limited in ptgtions from Galman (27, 28),
Bolestaw (24) and Wetnowiec (15, 17). Populationsonf Bukowno (22)
and Miasteczk8&laskie (19, 30) were intermediates.

It was established during previous researches ntke&tl uptake in plants
can be influenced byother metal ions present iin gdarschner 1993,
Sajwan & Lindsay 1986). Numerous researches hawavesth that cations uptake
can be Ilimited inpresence ofother cations in higltoncentrations
(Alva & Edwards 1993, Filipek & Badora 1993, Bado& Filipek 1994).
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Also in this study the best fit to the observedagiag. the best regression model showed
on which parameters depended Zn and Cd concemiatiglants. However,
on this data sets, characterized by strong hetesiiyewithin as well as between sites
and populations estimation of the model parametpreved to be not confident.
Therefore, to perform similar analysis in this heg@nous investigated area
the multiplying of sample size is needed.

Behavior of MandNM populations of A. halleri

We can learn from literature that highly toleraptants, when compared
with those with low tolerance, show lower nutriei@mands and their mineral balance
is well adapted to presence of heavy metals in(émitosiewicz 1995). In present study
investigated M populations occurs in habitats hightlifferentiated in terms
of micro— and macroelements content. It can beefbes hypothesized that high metal
content plays a key role during the process ofrde&dion of M soils whereas content
of nutrient is not a limiting factor. In contrarfyM populations occurred in habitats
which did not differed substantially in micro— amécroelement content in soil.
These results suggest that genotypes from M papntatofA. halleri are able
to colonise heterogeneous industrial environmentghile on the other hand,
it is possible that investigated in this study Nengtypes, posses probably only small
adaptational abilities and they colonise NM sitdsere environmental conditions meet
their needs.

In present study content of nutrient elements lamgs was normal
and did not differ between individuals from M an®Npopulations. According
to Krupa et al. (2002) increased amount of Cd in environment letmlslecrease
in Ca content in plant tissues. This fact was, h@renot confirmed in the present
study. Calcium concentrations intissues in plasgsnpled from NM populations
were comparable with concentrations obtained forpdas from M populations.
Similarly, Krupaet al. (2002) have stated that heavy metals may leadrttsn@ecrease
in cell content of P and consequently disturb peyptthesis. In tested samples P content
was normal also and did not differ significantlylseen M and NM sites.

Heavy metal content inplant samples frominvesdd populations
did not differ significantly within NM type, nor whin M type (except Miasteczko

Slaskie and Galman, which is probably due to the thet first site is under impact
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of airborne pollutants from Zn smelter while the@®d site is located on post—mining
area). These might suggest that in natural enviesrin(in both M and NM sites)
ecological differences do not influence accumutagbility in A. halleri.

However, data concerning Zn and Cd hyperaccumulatmlities inA. halleri
populations in the filed presented in this studyoudtt be additionally verified
in controlled experimental conditions. In naturabhat plant reactions to heavy metals
can be modified by numerous environmental variabkesvell as by physic—chemical
properties of soil. Because of that only experingantied out in uniform and controlled
conditions would enabled to characterize investidapopulations in terms of their
hyperaccumulation abilities. To meet this chalaageumulation of Zn by populations
from investigated sites was tested during the ppieement, presented in chapter IV

of this study.
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[ll.  GENETIC DIVERSITY AND STRUCTURE OF ARABIDOPSIS HALLERI
POPULATIONS IN SOUTHERN POLAND

1. Materials and methods
1.1. Plant material and DNA extraction

In summer 2005 fifteen populations Afabidopsis halleri were sampled
in southern Poland (see chapter Il 1.1). Fourteehem were included to the present
study (except population 19 from Miasteczibaskie which was closely located —
450 m — to population 30; Tab. 11).

Table 11. Studied sites in southern Poland. M - metallicolop®pulation;
NM — non—metallicolous population; # number of genotyped individuals
per population.

Geographic coordinates

Site  Origin Location N E n;

32 NM  Western Tatra Mts. 49°16'26.94" 195276" 27
33 NM  Western Tatra Mts. 49°17'32.52" 198654" 21

12 NM  Niepotomice Forest 50°06'24.36" 20%3198" 28

13 NM  Niepotomice Forest 50°06'35.64" 204p126" 28
14 NM  Niepotomice Forest 50°06'31.80" 2002238" 27
22 M Bukowno 50°16'58.08" 19°28'43.38" 25
24 M Bolestaw 50°17'00.18" 19°29'05.64"22

27 M Galman 50°11'36.78" 19°32'15.12" 25
28 M Galman 50°11'54.12" 19°32'19.74" 18
29 M Galman 50°11'54.06" 19°32'30.96" 18
15 M Wetnowiec 50°17'12.96" 19°01'32.04"22

17 M Wetnowiec 50°16'57.12" 19°01'46.98"28

30 M Miasteczkdlaskie 50°30'10.03" 18°56'20.02" 19
21 NMp Bibiela 50°29'45.66" 18°59'00.12" 22

The scale of sampling ranged fromless than 1 kntwden populations
(e.g. 12 and 13) to morethan 150 kilometers forthe mdstant populations
(e.g. 32 and 21). Mean geographic distance was 65.26 .2248Bm. In each study
site a 60 m long transect was set out. Leaf matewas sampled from
25 to 30 individual rosettes @frabidopsis halleri, along a transect covering
the population area. Sampling was made following tpatterns: (1) 3 m minimal
distance between neighbors samples, to avoid dampling (Van Rossumt al.2004),
(2) in distance of 0.5 — 3 m from transect line.e@¥, 330 genotypes were collected.

Leaves were dried at %5 for 24 h and storei silica gel prior to molecular analysis.
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DNA from each genotype was extracted from 10 tarip of dry leaf material,
using NucleoSpin® 8/96 Plantkit from MACHEREY-NAGEL. PCR amplification

was performed on 1/100 dilutions.

1.2. cpDNA analyses

Data sets from the chloroplast DNA (cpDNA) wereanbéed from intergenic
regions (trnC—trmD and psbC-trnS) and thérnK  region containing
thematK intron (trnK1-trnK2). Amplified fragments ranged size from 1584 bp
for psbC-trnS (fragment CS1 — 1084 bp, CS2 — 698tb@475 bp for trnC—trnD
(CD1 - 1000 bp, CD2 — 887 bp, CD3 — 996 bp) andL2f®for trnK1-trnK2 (fragment
matKl — 1077 bp, matk2 — 1009 bp, matk3 — 995 bif)e primer pairs used
for amplification of these fragments were define§¢ Demesure et al. (1995),
Dumolin—-Lapeguet al. (1997) and Pauwekt al. (2005).

In order to screen the chloroplastic DNA polymogmhs in analysed
populations, an EcoTILLING approach was used. Thmshod has been developed
from the TILLING method (targeting induced local siens in genomes,
set up inArabidopsi$ for analyzing natural variability inplants. TIING
is a low—cost, high—throughput reverse genetic otethat combines random chemical
mutagenesis with PCR—based screening of gene regianterest (Colberet al. 2001,
McCallumet al.2000a, b).

The DNA of each of 330 individuals was amplified BYCR. Amplification
of about 1-kbp fragments covering the three tadgetegions was made with
asymmetrically labelled fluorescent primers, spedibr chosen fragments. Forward—
strand primers were end—labelled with IRDye 700 dyed reverse—strand primers
with IRDye 800 dye. Heteroduplexdsetween wild—-type fragments and fragments
harboring an induced mutation were formed by denaturing and reannealing
PCR products. Nucleotide changes were identified erimymatic digestion
of heteroduplexes with the mismatch clearage entleaseENDO | (kindly provided
by A. Bendhamane from tHBERA-UMRGV France). Cleaved fluorescent products
were resolved and visualized on electrophoretic gsling Li—Cor 4200 gel analyzer
(LiCor—ScienceTec) (Kulinski et al. 2000; Oleykowski et al. 1998).
The ends of the amplified DNA were labelled diffefally with either the IRD700 dye
on the left end, or IRD800 dye on the right end.oTilmorescent dyes were detected
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in different channels andtwo images are generafedeach electrophoretic

run. Candidate polymorphic sites identified in IR®700 channel were confirmed
in the IRD800 channel, which showed the cleavagedymt labelled on the right
end. Each nucleotide polymorphism was first recdrtg its gel mobility (fragments

were separated on 7% denaturing polyacrylamide @éls25 cm; Long ranger,

FMC), which approximates position within a few reafides. Given the positional
information provided by ENDO | cutting, polymorphisms and haplotypes
were identified. LiCor gel images were analysedhwlie aid of the ImageJ software
(http://rsb.info.nih.gov/ij/).

Few samples representing each detected haplotype sequenced to confirm
polymorphisms. For DNA sequencing, amplifications ergvperformed
with 20 ng genomic DNA ina 50 ul final volume flling the manufacturer's
suggestions for the AmpliTaqg® Standard (Perkin E®)e Samples were run
on ABI 3100 capillary sequencing machines. Sequdramee analysis was performed

using BioEdit software.

PCR andTILLING conditions

Amplification each ofthe 341 DNA samples, forleactested region,
was performed using the following conditions: aatovolume of 15 pl consisting
of 10 ng oftemplate DNA, 3 mM Mggl 200 pM of each of the four dNTPs,
200 pg/ml BSA, 0.04 uM unlabelled reverse primer, 0.08 wnlabelled forward
primer, 0.16 M IRD800 reverse primer, 0.12 uM IRD forward primer, 0.025 units
of AmpliTag® Standard (Perkin EImer®) and 1x Amp@g® Standard buffer
(Perkin Elmer®). The cycling conditions were 5 riitial denaturing at 9C,
followed by 40 cycles of: denaturing for 30 s at’®4 annealing at 50° C
for 45 s and extension for 60 s a’@2A final extension followed at 72 for 7 min.
Conditions of CH2.1 wild—-type DNA amplification awgicling were identical
as described above.

To create heteroduplexes, PCR products of tested A DWere mixed
1:1 with CH2.1 wild—type DNA. The reaction was oadr out in the temperature
gradient starting at 9¢ and followed by a slow cooling step of T s.

ENDO | reactions were carried out using the followimgditions: a total volume
of 30 ul consisting of 100 ng of heteroduplexes DISALIENDO I, 3 pul bufferENDO |
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10x and 19 pl water. Incubation was performed imeeycler at 3%C for 40 min.
Samples ofdigested heteroduplexes were passed ugthro a  Sephadex
G50 (S—-G50; GE Healthcare Life Sciences, Little |@mb, UK) spin plate to remove
salts and buffer components that are inhibitorgdbruns and laser detection. Purified
samples were mixed with 5ul of denaturizing loadidfer (LiCor—ScienceTec). Sizes
were assessed using the software Image J v. 4cbrbgarison with molecular weight
marker (50—700 bp) labelled with IRDye 700 and IRBPO0 (LiCor—-ScienceTec).

1.3. Microsatellite analyses

Each ofthe 341 DNA samples was genotyped for teicrosatellite loci.
Five microsatellites ATH, GC16, LYR132LYR133, LYR1Q4have been previously
used at the within—population level (Van Rossemal. 2004). Five other GC22,
NGA112, ICE13, MDC16, NGA3pMere transferred fror. thaliana and recently
combined in a multiplex (Llaureret al. 2008) (Tab. 12).

Table 12. Primer sequences of used microsatellite loci.

Locus Primer sequence (5-3)
ATH F: TCTATCAACAGAAACGCACCGAG
R: CCACTTGTTTCTCTCTCTAG

GC16 F: TTTTGGAGTTAGACACGGATCTG

R: GTTGATCGCAGCTTGATAAGC
LYR132 F: GCCGTGAGATTAAAGAAGACG

R: GCAAGAGCTGATCTCCATCC
LYR133 F: GTTGCTGCTGCTGATGGTT

R: CAAGGAAGGCAGCAAAGAAA
LYR104 F: GAGGCGAATGTAGTGGAAGG

R: CGACCTCCATCATCGATCTCAGCA
GC22 F: GGTCTAATTGCCGTTGTTGC

R: GAATTCTGTAACATCCCATTTCC
NGA112 F: TAATCACGTGTATGCAGCTGC

R: CTCTCCACCTCCTCCAGTACC
ICE13 F: GATCCTTCACCGGGTCTTG

R: GTGGTGGAGACTCTTCGAGC
MDC16 F: GAGTGGCCTCGTGTAGAGAAAG

R: TGTCACTCTTTTCCTCTGGTTTG
NGA361 F: AGGGTTTTCCCAAAGAGATGA

R: TCTTGTCCTTCGATTTTAGACCA

67

© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése d'Alicja A. Kostecka, Lille 1, 2009
I1l. GENETIC DIVERSITY AND STRUCTURE...

PCR conditions

Forloci LYR132 LYR133, LYR104, GC16 and ATH, PCR reactions
were carried out ina total volume of 15 pl contagn 20 ng of DNA template,
1x polymerase chain reaction buffer (20 mM Tris—HbEl 8.3, 50 mM KCI), 3.5 mM
MgCl,, 100 pM dNTP, 200 pg/mL BSA, 0.2 pM of each unlabelled primer
and 0.15 pM of the M13 fluorescently labelled pninfeither IRD—700 or IRD—800)
and 0.4 units of AmpliTaqg® DNA Polymerase (AppliBmbsytems).

In order to obtain labelled PCR products either ftmeard or reverse primer
containing a 5-tail of 19 bp or 20 bp, respectyyehomologous to the universal
consensus M13 primer sequence followed by the lespeific sequence were used
(Oetting et al1995). This made PCR products detectable on tlwereaied genotyper
Li-Cor 4200 (Li-Cor—ScienceTec). PCRs were perfarmen a Perkin—Elmer
Gene—Amp system 9700 (& for 5 min, followed by locus—specific amplificart:
GC16: 94°C for 30 s, 58C annealing temperature for 45 s°@Zor 40 s, for eight

cycles, followed by M13 labelling amplification: 4 for 30 s, 56C for 20 s,
72°C for 40 s, for 30 cycles, and a final extensioC7&r 7 min;

LYR133:94°C for 30 s, 68C annealing temperature for 35 s°G2or 30 s, for eight
cycles, followed by M13 labelling amplification: 4@ for 30 s, 58C for 25 s,
72°C for 30 s, for 32 cycles, and a final extensiofC7br 7 min;

LYR132:94°C for 30 s, 68C annealing temperature for 30 s°G2or 30 s, for eight
cycles, followed by M13 labelling amplification: 4@ for 30 s, 58C for 15 s,
72°C for 30 s, for 32 cycles, and a final extensiofC7ebr 7 min;

ATH:  94°C for 30 s, 58C annealing temperature for 35 s°G2or 30 s, for eight
cycles, followed by M13 labelling amplification: 4@ for 30 s, 58C for 25 s,
72°C for 30 s, for 32 cycles, and a final extensioC7&r 7 min;

LYR10494°C for 30 s, 56C annealing temperature for 45 s°@2or 40 s, for eight
cycles, followed by M13 labelling amplification: 4 for 30 s, 56C for 20 s,
72°C for 40 s, for 30 cycles, and a final extensiofC7®r 2 min).

Amplification products were analysed on a LiCor camated DNA sequencer 4200

(Li-Cor—ScienceTec). PCR fragments were separatetdodenaturing polyacrylamide

gels (Long ranger, FMC) of 33 cm, sizes were asskesssing the software

Image J v. 4.1 by comparison with an appropriateellad molecular weight marker

(50-700 bp, Li-Cor-ScienceTec).
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Remaining microsatellite marker&C22, NGA11l, ICE 13, MDC1&ndNGA36
(Tab. 12) were amplified simultaneously by multpl®CR using primers labelled
with Applied Biosystems dyes (VIC fodDC16 andGC22 6FAM forNGA112
andNGA361 NED forICE13). Markers were amplified usin@IAGEN® Multiplex
PCR Kit. The PCR reactions of these five—plex weneied out in a total volume
of 10 ul, containing 20 ng of DNA template. PCRgaveerformed on a Perkin—Elmer
Gene-Amp system 9700. The cycling conditions wek®: min initial denaturing
at 95C, followed by25 cycles of: denaturing for30 s @#C, annealing
at 50C for 90 s and extension for 60 s at’@2 A final extension was followed
at 60C for 30 min. The PCR products were applied on ABism® 3100 DNA
sequencer (Applied Biosystems). Capillary electoophis analysis was carried out in
mix containing 1.5 pul of PCR product, 9.5 pl of Hi-Di Formamide
and 0.5 pl of GeneScan 500 LIZ Size Standard (&gdplBiosystems). Samples
were analysed using GeneMapper Software versio(Apglied Biosystems).

1.4. Statistical analyses

Chlorotype diversity, phylogenetic relationship algahlorotypes and populations

Genetic diversity was quantified by estimatioratkélic richness and chlorotype

diversity. Chlorotypic allelic richness Ka was estimated for each populationwith

the rarefaction method (Kalinowski 2004) using Fstda.9.3 (Goudet 2001).
Data were standardized to a standard sample gize 18 (the smallest sample
of genotyped individuals per population). Chloraygiversity (H) and its sampling
variance (Nei 1987) were estimated within each fadmn using ARLEQUIN 2.0
(Schneideet al.2000).

Using cpDNA variation, for each individual, thetaafor all investigated
loci were combined into chlorotypes (cpDNA haplagp A minimum—spanning tree
(MST) of the chlorotypes was computed from a genelistance matrix containing
the number of differences between each pair ofrobypes. The MST
construction assumes that each chlorotype islinkyda single or the series
of mutational events to all other chlorotypes tlylou a unique pathway
and the construction method minimizes the numbesuoh events (Excoffier & Smouse
1994). This analysis was performed using ARLEQUIN 2.0 software
(Schneideet al.2000).
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Phylogeneticrelationships among populations were estimated guBiHYLIP
V3.5c (Felsenstein 1993). Cavalli-Sforza geneticstasices among populations
were calculated from haplotype frequencies andtiegudistance matrix was used
to create a neighbour—joining (NJ) tree. For viigd NJ tree the TreeView
1.6.6 software (Page 1996) was used.

Analysis of microsatellite variation

In order to quantify the within—population genetiiversity, performed using
10 microsatellite loci, various parameters weravesed. For each population the mean
allelic richness across loci EA was calculated with the rarefaction method
(Kalinowski 2004) using a standardized sample si@ge = 18) INFSTAT
2.9.3 (Goudet 2001). Expected heterozygosityg) (Hand inbreeding coefficient
(Fis) were calculated usingGENETIX 4.05 (Belkhir et al. 1996). Significance
of Fsvalues wastested using the permutation procedut®00( permutations)
of theGENETIX 4.05 program. The sequential Bonferroni correctuas applied
on each p—value.

To test for differences among groups of populaiom allelic richness
(Asof populations 32, 38s Asof populations 12, 13, 14, 15, 17, 30, 22, 24,28],29;
As of populations 12, 13, 14vs As of populations 22, 24, 27, 28, 29)
a Mann—-Whitney—Wilcoxon test was performed usSAgTISTICA 8.

Cluster analyses

A Bayesian clustering procedure using multi-logasotype data, implemented
in STRUCTUREV2.1 (Pritcharcet al. 2000), was used to identify the number of groups
(clusters, K) corresponding to the uppermost hadiaal level of genetic partitioning
between investigated populations. Data set comkistelO0 nuclear loci. All runs
employed the correlated allele frequency model taechdmixture ancestry model
in which the fraction of ancestry from each clustess estimated for each individual.
Estimated log likelihoods were obtained for usefirdel number of clusters
(K) set from2 to 14, with 10 replicates of each WK length of the burn—in
of 10° Markov chain Monte Carlo (MCMC) generations and tength of 16 MCMC
generations was employed. All other parameters wefault. The most probable

number of clusters was chosen wik — the second order rate ofchange
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of the log likelihood [Ln(P)] function with respedb K — by the graphical method
proposed by Evannet al. (2005). According to Evannet al. (2005) the modal value
of the distribution oAK is an unbiased estimator of K and the heighthf modal
value isused as an indicator of the strength ekignal detected. To confirm
population substructure identified BYRUCTURE the Bayesian clustering method
implemented in th8APS 3.1 software (Corandet al. 2004) was performed.

Phenetic relationships among populations werergése using the Neighbour—
Joining algorithm (Saitou & Nei 1987) intRelYLIP V3.5c software package
(Felsenstein 1993). Evolutionary distance matrix tifi@ Neighbour—Joining method
was generated based on Cavalli-Sforza and Edwar@367) chord distance.
The robustness of the inferred tree topologies avatuated using 1000 bootstrap

resamplings of loci and the majority—rule (extendaemhsensus tree was calculated.

Estimation of demographic parameters of divergence

In order to estimate how and whe\. halleri populations diverged
in the investigated area of southern Poland, récem¢veloped methods for fitting
the “isolation with migration” (= IM) model have ée applied (Hey 2005). A general
IM model, in which a population gives rise to 2 ptations, after what gene exchange
between these populations can occur, was considéfb method lets estimate
6 demographic parameters in the model: divergenoe, tmigration rates, effective
population sizes oftwo current and the ancestrapufations, using Markov
chain Monte Carlo (MCMC) algorithm (Nielsen & Wakgl2001).

In the present study, considering previous res@tgombinations of samples
in subgroups have been analysed. Three indepemdestand 3 analyses have been
done: first — to estimate divergence time of subgsofrom Tatra Mts. and Olkusz
region; second — to estimate divergence time ofsups from Tatra Mtsand Silesia
region; third - toestimate divergence time ofsobgs from Olkusz
region and Niepotomice Forest. The analysis wafopeed on genotyped data from
10 microsatellite loci. A simulation procedure heeen initiated with a burn—in period
of 10° updates and the total run length of each analyats1l6 updates. Parameter
values were scaled by the mutation rate (mutatom r of 10 per generation
and two—year generation time were assumed). THgsasahave been performed using
IMa software (Hey & Nielsen 2007).
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2.1

Results

Chloroplast DNA diversity, phylogenetic relatonships and geographic
distribution of haplotypes

Ten chlorotypes, labelled from | to X, were idéetd (Tab. 13, Fig. 24).

Chlorotypes were linked by 9 mutational steps (B#ya).

Table 13. Distribution of chlorotypes among 14A. halleri populations. M -

metallicolous population; NM — non—metallicolouspptation; n — number
of genotyped individuals per populationjs — standardized chlorotypic
allelic richness; |J— chlorotype diversity; |:X — defined chlorotypes.

- i Chlorotype
Pop. Ongin- i &, HstSE  ——— iy v?/pvn VI X X
32 NM 27289 0416+0.095 . 20 . . . . 1 . 6 .
33 NM 21497 0752+0048 . 7 . . . 1 5 . 7 1
12 NM 28200 0.198+0092 . 3 . 25 .
13 NM 283.75 049240088 1 7 . 19 1
14 NM 272.00 0.484+0.054 . 10 . 17
22 M 251.00 0 .25
24 M 221.00 0 .22
27 M 251.00 0 .25 .
28 M 183.00 04510117 . 131 4
29 M 181.00 0 .18 . .
15 M 22297 043740105 . 161 5 . . . .
17 M 282.88 0.315¢0102 . 23 . 4 . . . 1
30 M 19200 0.105+0.092 . 18 . 1
21 NMp 22200 0.247+0108 . 19 . 3 . . . . . .
Total 1 226 2 78 1 1 6 1 13 1

Frequencies in the overall sample [%]0.3 685 0.6 23.6 0.3 0.3 1.8 0.3 3.9 0.3

In all cases chlorotypes were separated by a simgldation. Most of revealed

polymorphisms were due to point mutations ratheanthto size polymorphism.

However, deletions / insertions of more than 5 bgrevalso observed (Tab. 14).

Chlorotypes were not equally frequent (Tab. 13)lo@itype Il and IV were the most

common (68.5 % and 23.6 % respectively) and widsspr (present in fourteen

and eight populations, respectively). As usuallpested, the most widely represented

chlorotypes (ll, IV) were internal. Five chlorotypeavere represented only in single

individuals (I, V, VI, VIII, X; frequency each ohem was 0.3 %). Only two chlorotypes

(I, 1IV) were shared between NM and M populatiorthe others were specific

to one edaphic type. Most of them (I, V, VI, VIK,IX) were NM specific.
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Table 14. Description of the polymorphic sites identified1ia A. halleri populations.
Insertions (ins) and deletions (del) are presenial their estimated lengths
(given in parentheses).

Mutation number PCR fragment Mutation Position®
1 CD T (C) 636
2 CD A (C) 768
3 CD A (G) 2081
4 K1K2 del (-5) 246-250
5 K1K2 G (T) 573
6 K1K2 ins (75) 1032-1106
7 K1K2 A (C) 1240
8 K1K2 T (G) 1991
9 K1K2 del (-5) 2045-2049

1_ position of the mutation iA. thalianachloroplast genome
http://www.ncbi.nlm.nih.gov)

Ten out of 14 investigated populations were polgghi. Chlorotypic allelic
richness across populations varied from 1.00 (@imwis 22, 24, 27, 29)
to 4.97 (population 33). Chlorotype diversity witlpopulations (5 varied
from 0 to 0.752. The chlorotype distribution presenin Figure 24 b suggests reduced
genetic variation in all lowland populations (M, MWMand NM) when compared
to NM populations from Tatra Mts. The highest lewdIchlorotype diversity found
in populations from Tatra Mts. populations suggektt these NM populations could
be ancestral ininvestigated area. Interestinglylorotype IV, relatively frequent
in whole sampling, was, however, not found in. dapans from Tatra Mts. Moreover,
this chlorotype was the major one in NM populatifnasn Niepotomice Forest samples
(12, 13, 14) (Fig. 24 b). Furthermore, the NJ papahs’ tree further confirmed
that these two groups of NM populations (32, 33nfibatra Mts.vs 12, 13, 14
from Niepotomice Forest) constitute the most distganetic groups (Fig. 25). In sharp
contrast, all investigated M populations showedy\@milar distribution of chlorotype
frequencies (Fig 24 b) and hence high genetic prityias illustrated by their tight
clustering in the NJ populations tree (Fig. 25).
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Fig. 24.(a) Minimum-spanning tree representing the phylogenettationships
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between 10 cpDNA haplotypes detected in investthAtehalleri populations.
Circle: haplotypes; black rectangle: mutation eveiihe size of circles
corresponds  to the frequency of each  haplotypéb) Geographic
distribution of coDNA haplotypes detected An halleri populations
from southern Poland. The numbers correspond tauh®ers of populations.
The colors correspond to the haplotypes definglerMST and their surfaces
in the circle correspond to the frequency of eaapldtype in the population.
The numbers underlined by solid lines correspon®iNb populations, the
number underlined by dashed Iline correspond to Nidppulation
and the numbers non underlined correspond to Mlptpos.
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Fig. 25. Neighbour—Joining population tree for 1A. halleri populations, based
on cpDNA haplotypes. Genetic distances among ptipakwere calculated
from haplotype frequencies. The numbers underlimesolid lines correspond
to NM populations, the number underlined by dadivesl correspond to NMp
population and the numbers non underlined corredspo populations.

Taking into account ancestral status of populatidren Tatra Mts., it could
be supposed that all investigated M populations ehdween derived from
NM populations from Tatra Mts., while these secald not/or not directly affected
formation of populations from Niepotomice Foresin @his basis, two colonisation
scenarios can be proposed and tested:
1. The ancestral populations were those from Tatra . Mietalliferous sites
of Olkusz region (sites 22, 24, 27, 28, 29) wesnthfirst founded, followed
by M populations in Silesia region (sites 15, 1M\einowiec and 30 in Miasteczko
Slaskie). Recently, within the industrialized Silegiegion, in the low contaminated
site in Bibiela, NMp population has been founded th®ir neighborhooding
M populations. Recently also the “new” NM (= nNMJyogp in non—contaminated
site in Niepotomice Forest was founded by M popafet from geographically closest
metalliferous Olkusz region.
2. Colonisation of metalliferous area as above, waielternative scenario in case
of NM group from Niepotomice Forest: no phylogenrelation with Tatra Mts.
populations, but foundation of Niepotomice Forestgroup from the other
(yet unknown), which has not been included in raling of the present study.

Both scenarios should leave contrasted pattermsucéar genetic variation.

If the first scenario is correct, populations frohiepotomice Forest should clustered
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with their closely related populations from Olkusgion. On the other hand, distinct
and unrelated to the other population group of bi@mice Forest’s plants is expected

if the second scenario is correct.

2.2.  Microsatellite diversity and population strucure

All 10 microsatellite loci investigated in thisusly were highly polymorphic.
Mean allelic richness (4, expected heterozygosity §Hand inbreeding coefficient
(Fis) were calculated for each population (Tab. 15)u¥s of multilocus allelic richness
ranged from 29.1 to51.7. The highest values efiall richness were detected
in populations from Tatra Mts. (32, 33) (p < 0.0%)hile the lowest in populations
from Niepotomice Forest (12, 13, 14) (p < 0.05;.R2¢ a). Expected heterozygosity
ranged from 0.342 to 0.608. The highest and the estwvalues of expected
heterozygosity () were detected respectively in Tatra Mts.” (32, 3®pulations
(p < 0.05) and Niepotomice Forest's (12, 13, 14pyations (p < 0.05; Fig. 26b).
The inbreeding coefficient (§ values differed from 0.017 (population 33)
to 0.252 (population 30). Only two populations @ 33) had g values significantly

greater than 0.

Table 15. Genetic variation withi\. halleri populations. M — metallicolous
population; NM — non-metallicolous population;s A~ nuclear allelic
richness (multilocus); H — expected heterozygosity; sk inbreeding
coefficient (and associated p—value; *— significant (p < 0.8Enificant
values after Bonferroni correction given in bold)s — not significant

(p > 0.05).
. - nuclear DNA
Population  Origin Ae He Fe

32 NM 51.5 0.583 0.084n.s.
33 NM 51.7 0.608 0.017n.s.
12 NM 29.7 0.342 0.047n.s.
13 NM 30.6 0.435 0.054n.s.
14 NM 29.1 0.368 0.217*

22 M 30.8 0.440 0.062n.s.
24 M 40.7 0.490 0.094n.s.
27 M 37.9 0.519 0.043n.s.
28 M 37.3 0.520 0.067n.s.
29 M 36.7 0.461 0.046n.s.
15 M 39.5 0.489 0.082n.s.
17 M 41.4 0.530 0.060n.s.
30 M 43.5 0.551 0.252*

21 NMp 38.4 0.553 0.101n.s.
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Not only considering these results, but also chigr® composition as well as supposed
scenarios of migration routes Af halleri in investigated area, 4 distinct subgroups
of whole sampling were defined to allow making amgresubgroups comparison
(Fig. 26). In particular, 2 subgroups (labelled Ad&) have been chosen to verify
the significance of differences between supposediigestral and derived population,
2 other (labelled C and D) — to verify affinity tofe NM populations from Niepotomice
Forest with geographically closest M populationsnfrOlkusz region. The subgroups
composition was as follow: A — Tatra Mts. populago(32, 33); B — Niepotomice
Forests’ (12, 13, 14) & Silesian (15, 17, 30) & @k region’s (22, 24, 27, 28, 29)
populations; C — Niepotomice Forests’ populatioh?, (13, 14); D — Olkusz region’s
(22, 24, 27, 28, 29) populations. Among—subgrougsmhparison of allelic richness
(Fig. 26 a) as well as expected heterozygosity . (2§ b) highlighted significant
differences between Tatra Mts.” and all other itigased populations. Additionally,
when looking into detailes, NM populations from pladomice Forest differed
significantly from M populations from Olkusz regiofihese results support the first

colonisation scenario.

60 60 b 08 08
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07 |- 07 L
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Fig. 26.(a) Multilocus allelic richnessX + SD) of groups of investigatedrabidopsis
halleri populations. (b) Expected heterozygosity X(£ SD) of groups
of investigated Arabidopsis halleri populations. A — populations 32, 33;
B — populations 12, 13, 14, 15, 17, 30, 22, 24,28{,29; C — populations 12,
13, 14; D — populations 22, 24, 27, 28, 29. Differetters above the box plots
indicate a significant difference at the 5% leveMafn—-Whitney—
Wilcoxon test).

Cluster analysis

The microsatellite data were analysed for signpopiulation subdivision using
the programSTRUCTURE As the uppermost hierarchical level of genetictipaning
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between investigatedA. halleri populations, two main clusters were identified
(the highest likelihood was observed for K = 2 (2§ a) and the highest modal value
of AK was at K = 2 too (Fig. 27b).
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Fig. 27.(a) Mean values of log marginal likelihood of the nioltus genotypic data
(P), as a function of the number of clusters (Kjtamed withSTRUCTURE
(b) Corresponding distribution &K as a function of K (mean over
10 replicates).

Interestingly, K = 2 did not separate Niepotomideorest’s group
of NM populations from the other, as predicted dgémsario 1 is correct. Niepotomice
Forest's populations (12, 13, 14) remained tightjustered with populations
from the Olkusz region (22, 24, 27, 28, 29), sugggshat they diverged from a recent
common ancestor. The second cluster contained atous from Tatra Mts. (32, 33)
and Silesia region (15, 17, 21, 30), what confirntbd first colonization scenario,
rejecting the second one.

Magnitude ofAK as a function of K (Fig. 27 b) showed a secondelle

of population organizationat K = 3 (the second hkgf modal value K
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was at K = 3). Existence of this second level giyations organization (K = 3)
was confirmed also bBAPS analysis (data not shown). Incase of3 clusters,
the first one contained populations from Niepotaenfkeorest (12, 13, 14), the second
populations from Olkusz region (22, 24, 27, 28, 28Y the third one from Tatra Mts.
(32, 33) and Silesia region (15, 17, 21, 30). Rresk results further confirmed
relatively strong genetic similarity of Tatra Mtand Silesia’s populations.

Moreover, the Neighbour—Joining tree reflected ugso identified
by STRUCTURE andBAPS (Fig. 28). Both levels of clustering (K = 2 and¥K 3),

presented by cardinal tree’s branches, containezlsdme populations, grouped

by STRUCTUREandBAPS.
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Fig. 28. Neighbour—Joining population tree using Cavallerda distance (nuclear
DNA). Bootstrap values (in percent from 1000 regiies) are indicated
with italics near branches (only values grater tiash % are shown).
The numbers underlined by solid lines correspond\Nb populations,
the number underlined by dashed line correspondNMp population
and the numbers non underlined correspond to M lptpos. C1 (C1.1,
C1.2), C2 are the clusters of studied populati@tsording to their genetic
distances.

The inferred tree topologies were robust, with mokbootstrap values greater than

70 %. According to the uppermost hierarchical levef genetic partitioning
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(K = 2 wasthe best level of populations organ@ati populations clustered
in two distinct groups (C1, C2), inside which M pdgtions dispersed among NM
populations. Populations 12, 13, 14 (NM) clustetegether with populations 22, 24,
27, 28, 29 (M), whereas populations 32, 33 (NMhvpbpulations 15, 17, 21, 30 (M).
When the second level of population organizatiocl(®ters) was reflected at NJ tree,
populations clustered inside C1 were subordinated two groups (C1.1, C1.2).
First of them (C1.1) comprised only NM (12, 13, ,1ggcond (C1.2) only M populations
(22, 24, 27, 28, 29).

These results depicted the pattern of genetictioakhip among populations
(and among analysed subgroups of populations) wtiger highlighted the evidence

in favour of the first colonization scenarioAf halleriin investigated area.

Estimation of demographic parameters for the fistnario of divergence

The average divergence time between NM Tatra Mppulations
and two subgroups of M populations from southernlaiy examined with
the IMa model, was estimated as 604 (95% HPD iater214 to 1504) years
before present (ybp) for the Tatra Mts. — Silesgiaon pair and 340 (95% HPD interval:
140 to 1260) ybp for the Tatra Mts. — Olkusz regiair (Tab. 16). Divergence time
between Olkusz region — Niepotomice Forest pair essnated as 240 (95% HPD
interval: 100 to 1030) ybp.

Table 16. Demographic parameter estimates for subgroups. dfalleri populations.
Na - effective size of the ancestral population estes,;
Mi, M2 — population migration rates estimates; (drtains to genes moving
from subgroup 2 to subgroup 1 and; Mfrom 1 to 2); & — divergence time
estimates in generations;y t— divergence time estimates in years.
The 95% HPD interval are given in parenthesis.

Subgroups Na Migration rate per generation Divergence time
of examined populations M M, te ty

1. Tatra Mts. 226013 0.00561 0.00077 302 604

2. Silesia region (146738-408188)(0.00267—0.02211J0.00005-0.00117§107-752) (214—1504)
1. Tatra Mts. 174625 0.00571 0.00069 170 340

2. Olkusz region (113025-315975)(0.00235-0.02461}§0.00012—0.00282)70-630) (140—1260)
1. Olkusz region 192375 0.03506 0.00487 120 240

2. Niepotomice Forest(121125-358875)(0.01218-0.08943J0.00352-0.09667)59-279) (118-558)
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3. Discussion

In the present study, both chloroplast DNA (cpDN#d nuclear microsatellite
markers have been investigated to estimate thdigedigersity, population structure
as well as demographic history Af halleri in southern Poland. The cpDNA
is maternally inherited and so genetic structurec@®NA markers mostly depend
on seed—mediated gene flow (Petital. 1993). Because colonization of new habitats
occurs through seeds, cpDNA markers provide inftionaon past changes in species
distribution  that is  unaffected by subsequent polle movements
(Petit & Vendramin 2004). On the other hand, nuclB&dlA markers offer biparental
view of genetic change and therefore can providgedr resolution of the relationships
between samples (while both parents are strondgigctad by concerted evolution)
(Buckler et al. 1997). Hence, genetic structure at nuclear markeends on both
seed- and pollen—mediated gene flow (Fetél. 1993).

3.1. Colonisation of metalliferous and non— metafierous areas byA. halleri
in southern Poland — phylogenetic reconstructions

This study provided evidence for genetic diversityongA. halleri populations
in southern Poland. However, no relation betweenetge and geographic structure
was found (data not shown). The lack of geografllyicharacterized genetic structure
and relatively small number of chlorotypes out hef Tatra region indicate
that investigated sites might have been colonizedh fa refuge in the Carpathian Mts.
The results suggested also that observed levebmilption differentiation could have
been due to the relatively recent colonizatiomoluistrially polluted sites. Based
on the distribution of determined cpDNA haplotyp#se probably colonization routes
from refuge were determined. A reasonable hypathesithis survey is that in region
of southern Poland Tatra Mts. populations are dralesvhile the others are derived.
The haplotype composition may have been shapectiestig drift due to the founder
effect during colonization of industrially pollutedeas. These results are in agreement
with many studies of pseudometallophytes, which showaedlugenetic variation
in M populations as compared to NM ones (for aeevsee Vekemans & Lefébvre
1997; Mengoniet al. 2001). Interestingly, in NM Tatra Mts. subgroup, despite
the highest genetic diversity, haplotype which wpescific to most of other populations
and especially to NM populations from Niepotomiceordst (haplotype V),

81

© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése d'Alicja A. Kostecka, Lille 1, 2009
I1l. GENETIC DIVERSITY AND STRUCTURE...

have not been detected. This suggested that tiasesubgroups of NM populations
have not been directly related. The analysis ofearc markers supported

this hypothesis.

3.2. Population structure and genetic differentiatbn of metallicolous
and non—metallicolousA. halleri populations from southern Poland

Despite  the small geographic distances, significamlifferentiation
for microsatellite markers was found between comgasubgroups. Investigation
of neutral nuclear markers showed that populatiasfs A. halleri in southern
Poland were clustered into two groups, mainly gpoading to geographic location.
The first one comprising populations from Tatra MM sites 32, 33) and Silesia
region (M sites 15, 17, 19, 30, 21), the secondfoma Olkusz region (M sites 22, 24,
27, 28, 29) and Niepotomice Forest (NM sites 12,1. Interestingly, M populations
from Silesia region clustered distinctly the M ptaiions from Olkusz region,
in spite of their close relationship based on cpDNAis suggests that they have
diverged independently, however from common ancggsi Tatra Mts. populations).
It should be stressed, that similary to cpDNA meskealso microsatellite diversity
was lower in M populations than in NM from Tatra dviiReduction of gene diversity
during foundation of M populations could have causg#rong genetic bottleneck
(Bradshaw 1984; Luikamt al. 1998). Thus, colonisation of metal polluted areaght
have been an important feature of the recent lyistdrA. halleri and could have
influenced on genetic structure of species in sauttiPoland. On the other hand, results
indicate close relationship of NM populations frohepotomice Forests
with M populations from Olkusz region (populatiookistered together in this study).
It is a strong support for supposed recent foundaif NM by neighborhooding
M populations in studied area. This is the firstidemce foran evolution
in this direction (from M to NM) irA. halleri Recently Pauwelset al. (2005)
in the study at a large geographic scaleAomalleri population structure and history,
proposed an hypothesis that M populations have frerded independently in distinct
polluted areas by their nearest NM. Moreover, agthsuggested that the foundation
of M populations was not accompanied by strong deurevents. However, their survey
was performed on sampling with hundreds kilometatistances between sites,

the genetic gaps among the populations occurred.
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Interestingly, inthe present study “newly” fouddeNM populations
in Niepotomice Forest have reduced genetic vamatias compared to the closest
M populations. It is then possible, that also dgricolonization of non—metalliferous

area by plants from metalliferous sites, a stromgegic bottleneck might occur.

Assessment of divergence time of A. halleri popurat during recent colonization
of investigated sites in southern Poland

Results presented above highlighted the most gigb migration routes
of A. halleri during colonization of M and NM sites in regionsafuthern Poland.
It should be kept in mind that these data are kigldpendent on the mutation rate,
which was not estimated directly. Newertheless,esteanations of time of divergence
were consistent with a recent colonization of nié¢abus areas. In particular,
in 14th century M populations in Silesia region &&unded, while in 17th century
M populations in Olkusz region. Recently, in 188ntwry M populations from Olkusz
region have been split into NM populations in Niepoice Forest.

Summing up, inthe investigated area of southerrolarfdl 2 types
of NM populations were identified: (1) ancestral n€gents” NM populations
in non—contaminated natural species habitats iraTadts., (2) evolved recently,
as a result of two successive episode of colommatiirst one on metalliferous sites

and second one on non—contaminated sites beyonddhetains.
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IV. ZINC ACCUMULATION IN POLISH POPULATIONS OF
ARABIDOPSIS HALLERI UNDER CONTROLLED CONDITIONS

1. Materials and methods

1.1. Plant material — greenhouse plant collection

From August to September 2005 fifteen populationfsArabidopsis halleri
were sampled in southern Poland (Tab. 17). Theiphgisemical analysis of plants’
and soils’ field samples (see chapter II) showeat tihe closely located sites
(within the same region) presented similar propertiand similar plant responses
to heavy metals. For that reason, to the presentlystl2 selected populations
were included. Seven of them were located in itvéilsareas (19, 30, 15, 17, 22, 24,
27) and were defined as metallicolous (M); four,(13, 14, 32) were located outside
industrial areas and were defined as non—metadisolNM). Though site 21, located
near an industrial area of Silesia region, wasidensd to be in particular category
and qualified as NMp (non—metallicolous in a patlitegion) (see chapter Il 3.1).

Table 17. Studied populations @& . halleri in southern Poland. M — metallicolous
populations; NM —non—metallicolous populations; NMpon—metallicolous
populations in industrial area.

Geographic coordinates Zn (mgkg™)

N E Total Extractable
32 NM Western Tatra Mts. 49°16'26.94" 19°52'41.76"125+ 19 6 2
12 NM Niepotomice Forest 50°06'24.36" 20°21'55.98"103+ 12 8+ 2
13 NM Niepotomice Forest 50°06'35.64" 20°21'40.26"160+ 10 18+ 2

Site Type Location

14 NM Niepotomice Forest 50°06'31.80" 20°22'02.88"169+ 20 18+ 4
22 M Bukowno 50°16'58.08" 19°28'43.38'3911+ 340 103+ 13
24 M Bolestaw 50°17'00.18" 19°29'05.64'4964+ 4395 348+203
27 M Galman 50°11'36.78" 19°32'15.135942+ 27393 3631+824
15 M Welnowiec 50°17'12.96" 19°01'32.04'0163+ 5085 311+200
17 M Weinowiec 50°16'57.12" 19°01'46.980642+ 4146 184+ 65
19 M MiasteczkoSlaskie 50°30'12.84" 18°56'08.34"1167+ 732 47+ 32
30 M MiasteczkoSlaskie 50°30'10.03" 18°56'20.02"1481+ 882 47+ 23
21 NMp Bibiela 50°29'45.66" 18°59'00.12" 327+ 139 7+ 3

In each study site a 60 m long transect was sét $eeds from one plant
were sampled each 3 m, toavoid clone sampling (\Rwmssum et al.2004).
From each site, seeds of 25-80 halleri plants were obtained. Seeds were stored

at £C. InMarch 2006, seeds weresown incompost ir-giasshouses.
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After 5 weeks, seedlings presenting new leaves wansplanted individually into
1-| pots of greenhouse soil, at a rate of two dloeplicates of each plant individual.
Pots were randomly distributed in the greenhoudeeyTwere kept under controlled
conditions, with a 2 day temperature, 16 night temperature and 16 h of light
per day. This plant collection (195 genotypes) (R2§) was used for two different
phenotypical experiments: hydroponic and pot expeni.

Fig. 29. Greenhouse plant collection.

1.2.  Cultivation in controlled condition

Four NM (32, 12, 13, 14), seven M (22, 24, 27, 1B, 19, 30)
and one NMp (21)Arabidopsis halleri populations from greenhouse collection
were included inthe present study. In November 620® cuttings per plant
from presented collection were generated. Then,tingst were dipped in rooting
hormone, planted in 100—ml pots with garden serk(tuttings per pot) and grown five
weeks in mini—glasshouses. After five weeks of glown mini—glasshouses, three
clonal replicates of each plant individual (threedlings per genotype) presenting new
leaves were planted out. They were transplantedo lint pots filled with
Zn contaminated soil. Zinc concentration was chdegsrovide stressing but non—toxic
environment and to allow the measurements of lifgohy traits on a large number
of Arabidopsis halleriindividuals. Contaminated soil was prepared usimgg@en soil.
Pots containing 650 g of dry soil were complemenigth zinc sulfate — heptahydrate
(ZnSQ, © 7H0O, Merck) (Fig. 30). Solution of Zn (50 ml; 100 mMyas added
individually into each pot and soil was left untiequilibrium fortwo days
before transplantations. The final concentratioZmf in the soil was 500 migj™.
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In order to homogenize, soil was thoroughly mixe@ ineach pot separately,
before putting plant into the pot. One seedling was transplantetb each pot.

Five hundred eighty five pots (195 genotypes x@icates) were randomly distributed
ina complete block design, placed under controllgceenhouse conditions,
with optimal luminosity and normal photoperiod (FBL). Plants were watered gently

with deionised water twice a week.

Fig. 31.Arabidopsis hallerin Zn contaminated soil.

1.3.  Zinc content, shoot mass production and minelamass of tested plants

After 5 weeks of growing in Zn treatment, shoofsplants were harvested.
Sampled material was washed with deionised waterd daied at 66C
for 48 h in order to keep the weight of the samgilgble. Total dry weights of shoots

were then measured.
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The zinc content of shoots was determined using cblorimetric reagent
zincon ({2—[ct—(2—hydroxy-5—sulfophenylazo)-benzylidertejdrazino} benzoic acid)
with the method of Macnair and Smirnoff (1999). Dmypatter was homogenized
and 0.025 g samples of ground tissue were dissalvg®0 pul of 2% sulphosalicylic
acid (GHeOeS " H,0O) and left for 24 h. 4ul of each sample was mixed with reagent
zincon (40 pl; 0,03 %) and a buffer solution (1%6; pH 9,6). After 5 min, absorbance
of the tested sample was measured at 606 nm ornceoptdate absorbance reader
(SUNRISETecan V 3.17, Austria). Two independent samplaspfant were analyzed.
Zinc concentrations were expressed akgigshoot dry weight.

The mineralomass of zinc for each plant was theterchined as product

of dry weight and metal concentration in shoots.

1.4. Statistical analyses

In the present study all samples were grouped timaee edaphic types:
metallicolous (M), non—metallicolous (NM) and “nanetallicolous in industrial area”
(NMp). Firstly, because of empirical reason, ralat¢o physic and chemical
analysis of field samples (see chapter II) NMp acould not be classified neither
within NM nor within M group. Then, NMp group comad only one population,
nevertheless because of sample size of this populedmparable with the size
of remaining M and NM populations, this data setswansidered as a third group
in the statistical analyses.

Repeatability of performed measurements: linearegsgjon

In order to verify method used in the present stiadgnalyze plants’ Zn content,
for each tested plant Zn content was determinedwaon independent samples
of homogenized material. Then the recurrence betwereasurements’ results

was determined by linear regression analysis UStatstica 8.0 integrated package.
Phenotypic differences between plants and part eogtic variance: analysis
of variance and related analyses

Foreach measured traile({ zinc accumulation abilities, shoot mass

production and mineralomass of Zn), the phenotyplidferences between plants
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from different edaphic type (M, NM or NMp), eithedifferent populations,
were analyzed with a hierarchical analysis of vaxe&a (ANOVA), after square
transformation of data to respect the normality wad@ance homogeneity assumptions.
On the measured parameters, the GLM procedure $162.1 (SAS Institute, 2002)
was performed with the following model:

Yii = (4 + orig; + pop(orig); + geno(pop origk + i

where

— uis the common effect for the whole experiment,

— orig; is the effect of edaphic types (origin) (i = matalous, non—metallicolous
or “non—metallicolous in industrial area”),

- pop(orig); is the effect of population(j = 32, 12, 13, 14, 22, 24, 27, 15, 17, 19, 30,
21) nested within the origin i,

- geno(pop orig)k isthe effect of genotypek (k = 1, ..., 195) nested
within the population j which is nested within thegin i,
- &k represents the random error.

Edaphic origin of plants wasa fixed factor; pa@tigdn and genotype
were random factors. The part of environmental araé (\é) was estimated
by dividing the value of environmental variancetbg total phenotypic variance gy
using the mean square values (MS) from the ANOVAS{M/MSia). The genetic
components (¥) of phenotypic variation were estimated as-Ve (Sleper & Poehlman
2006).

In order to assess the differences between acctionukbilities, shoot mass
production and mineralomass of zinc between pojust the TukeyKramer test
for multiple comparisons of means was applied (pSP.using SAS software v. 9.1
(SAS Institute, 2002).

Then, for each measured trait, a Bartlett's test pesformed to compare
homogeneity of variances across samples groupedn@nealaphic types (origin).

Analyses were performed using SAS software v. SAY Institute, 2002).

Comparison with the field observation: linear regsens

The comparison of mean shoot zinc concentratiarthe controlled conditions
to that in the field of investigatedA. halleri populations, was achieved to assess
the inherited of accumulation abilities. Becausehahogenized impact of Zn soil
concentration in the experiment in controlled ctiods, zinc bioaccumulation factor

(BF) has been chosen as a field parameter, wheneasiccumulation values were used
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as experimental parameter. The bioaccumulatiomfactdefined as a ratio
of Zn concentration in shoots to soil Zn concemrameasured in the rhizospheric soil
(in this study: the total Zn concentration in soills indeed usually used in order
to estimate quantitative expression of accumulgtizeramet al. 2006). As the quotient
form, BF can eliminate the differences in soil rhetantamination impact on plants’
accumulation. Such factor assessing the accumnlabdities of field collected
samples allows to comparing directly metal accutiiaabilities of plants originated
from both contaminated as well as normal soils.
Then, toassess theinfluence ofZn toxicity growtltonditions

on Zn accumulation, the linear relationship betweemean Zn accumulation
in controlled conditions and the mean soil zinc amrrations for each

population was achieved.

2. Results

Repeatability of Zn content measurements

The comparison of the results of measurementsopeeld on two independent
samples at each investigated plant, in term of @bgnound zinc content, was made
to evaluate the accuracy of chosen method. Res(fg. 32)showed strong
correlation (R = 0.91; p < 0.001) between replicate samples, witaved strong
repeatability of measurements. For this reason offigst data set was used
in all statistical analyses.

9000

y=417.71+0.93x
R?=0.91
p<0.001
6000

measurement 1

3000 |

0 3000 6000 9000

measurement 2

Fig. 32.Linear regression between two independent measmsm of zinc
concentrations in shoots of plants growing in Zntaminated soil.
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2.1. Effect of soil zinc contamination

Content of zinc in shoots, shoot mass and mineraés of Zn, determined

for plants growing in Zn treatment, were presermetable 18.

Table 18. Zinc concentrations (migg™> d.wt) in shoots, shoot mass (g)
and mineralomass (mg) of Zn M. halleri plants, treated in zinc
contaminated soil in greenhouse experimefity SD). M — metallicolous
populations; NM — non—metallicolous populations; PpIM— non-—
metallicolous populations in polluted region; = number of phenotyped
individuals.

Site numbelr Type Ni  Zn concentrations Shoot mass Mineralomass of Zn
32 NM 16 5211+ 187 0.81+ 0.05 4.33+ 0.26
12 NM 14 5273+ 198 0.54+ 0.05 2.98+ 0.27
13 NM 18 4452+ 176 0.51+ 0.05 2.43+ 0.24
14 NM 16 4874+ 178 0.59+ 0.05 2.85+ 0.25
22 M 11 4233+ 230 0.41+ 0.06 1.69+ 0.32
24 M 15 4454+ 210 0.49+ 0.06 2.18+ 0.29
27 M 15 4313+ 206 0.58% 0.06 2.56+ 0.29
15 M 10 2815+ 206 0.45+ 0.06 1.40+ 0.29
17 M 15 3051+ 199 0.52+ 0.05 1.70+ 0.28
19 M 14 4086+ 198 0.46+ 0.05 1.99+ 0.28
30 M 10 4417+ 244 0.36+ 0.07 1.56+ 0.34
21 NMp 10 4715+ 231 0.80+ 0.06 4.10+ 0.32

Zn accumulation

An  ANOVA
and “non—metallicolous from polluted ared&’ halleri plants differed in shoot’s zinc

analysis showed that metallicolous, noretatlicolous

concentration (p < 0.05; Tab. 19a). No significaariation between NMp and NM
populations was detected, but significantly diffeareesponses to Zn between NMp
(Fig. 33a).

and within populations (p < 0.001 and p < 0.05peesively, Tab. 19a). The average

and M were found Significant differeacewere found between
zinc content of investigated populations variednfr@815 to 5273 mig™ d.wt

(Tab. 18). The lowest concentrations were measurechetallicolous populations
originated from Wetnowiec (populations 15 and 17< ©.001, Tukey Kramer test),
while the highest concentrations of Zn were founchoan—metallicolous populations
(12) and Tatra Mts. (32)igridicantly different

from metallicolous populations p < 0.01; 33a).

In NMp individuals from Bibiela (21) relatively hig concentrations were observed,

from Niepotomice Forest

Tukey Kem test; Fig.

similar to those of NM plants.
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The genetic variance component was 58.5 % ofdheev of total variance
observed among individuals in case of Zn concantratin shoots of treated plants.

Plants’ growth

The three edaphic types had significantly differeshoot biomass
(p < 0.05; Tab. 19b). No significant differencesravound between populations
within these types, while significant variation wasserved between genotypes
(p < 0.001). The average shoot mass of investigptgulilations varied broadly from
0.36 t00.81 g dwt (Tab. 18). The lowest valuesrewaeasured in population
from MiasteczkaSlaskie (30), while the highest shoot mass were foargbpulations
from Bibiela (21) and Tatra Mts. (32) (p<0.05; Tykéramer test; Fig. 33 b).

For shoot mass production, the part of genetidamae over total amount
of phenotypic variance was 76.9 %.

Mineralomass

The three edaphic types had significantly différenineralomass of zinc
(p<0.05; Tab. 19 c). NMp plants’ response was simito that from NM type,
but significantly different from M. No significantifference between populations
within these types was found, while significant feliéence was observed between
genotypes (p<0.001). The average mineralomass ob¥nvestigated populations
varied from 1.40 to 4.33 mg (Tab. 18). The loweatues were found in population
from Welnowiec (15), while the highest were deteredi for Tatra (32) and Bibiela (21)
populations (p < 0.05; Tukey Kramer test; Fig. 33 ¢

The genetic variance component was 77.9 % ofdheev of total variance
observed among individuals, in case of mineraloro&&s of tested plants.

Table 19. Variation ofA. halleri plant (among edaphic origins Mvs NM
and populations) fofa) zinc accumulation, (b) shoot mass an@)
mineralomass of zinc. Plants were treated in zimentaminated soll
in greenhouse experiment. The table showsaAklwvA results for three
measured traits. The level of significance is noteg. when itis not
significant.

(a) Zn accumulation

Source of variation df SS MS F p
among origin 2 92391572 46195786 4.19.046
among populations within origin 9 99295054 1103278145 <0.001
among genotypes within populatioh44 246380519 2463805191.33 0.025
Error 254 326974127 1287299
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(b) shoot mass

Source of variation df SS MS F p
among origin 2 0.432 0.216 4.44 0.045
among populations within origin 9 0.437 0.048 0.73 n.s.
among genotypes within populatioi44 9.52 0.066 5.14 <0.001
Error 254 3.27 0.013
(c) mineralomass
Source of variation df SS MS F p
among origin 2 82.7 41.3 7.99 0.010
among populations within origin 9 46.56 5.17 0.95 ns.
among genotypes within populatiori44 780 5.42 4.61 <0.001
Error 254 298 1.17
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Fig. 33.Box plots of(a) Zn concentration in shoots (rkg™), (b) shoot mass (g)
and(c) mineralomass of Zn (mg), f@x. halleri plant samples from greenhouse
experiment. The boxes represent the interquartiEnge, with median
(indicated by horizontal lines), minimum and maximu (indicated
by whiskers). Circles are outliense( any data that is distant from the upper or
lower quartile by more than 1.5 times the standamar). Different letters
above the box plots indicate a significant differenat the 5% level
(Tukey-Kramer test). M — metallicolous populations, NMenrmetallicolous
populations, NMp — non—metallicolous populationpailuted region.

Then, the homogeneity of variance for all measupatameters was tested
by the Bartlett's test (Tab. 20). In this analysenples were grouped by edaphic types.
For Zn accumulation as well as shoot mass and alomaass of Zn, no significant

differences were found between variances acrosgpgrbsamples.

Table 20. Results of the homogeneity of variance analysisifopmed on(a) Zn
concentration in shootgb) shoot mass an@) mineralomass. Populations
were grouped within edaphic types (origin NM and KMhalysis was carried
out without population 21 (NMp). The level of siioance is noted
n.s. when it is not significant.

Source of variation df Khi 2 p
(a) Zn concentration in shoots

among origin 2 2.678 n.s.
(b) shoot mass

among origin 2 18.9 n.s.
(c) mineralomass of Zn

among origin 2 65.7 n.s.
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2.2.  Comparison with the field observation

This experiment tested whether there was geneditation withinA. halleri
populations for zinc accumulation. Additionally, suits were compared to data
concerning accumulation abilities in investigatdd halleri populations in the field,
which were an objective of chapter Il of this studgoth, field and experimental
observations, interms of phenotypic variation, ldogontribute to the achievement
of a better knowledge of adaptive value of zinc uazglation and its phenotypic
variation.

To evaluate relationships between the experimerdal field data sets,
the comparison of mean shoots zinc concentrationvefstigatedA. halleri populations
performed in presented experiment, with zinc bioanglation factor (BF) as a field
parameter, was made. Results (Fig. 34) show weak dignificant correlation

(R?= 0.42; p < 0.001) between field and controlleddition data set.

100

y=-91.66+0.028x
80 | R2=0.42 °
p=0.02

60

40 +

20

bioaccumulation factor (BF)

0 S &
2000 3000 4000 5000 6000

Zn accumulatiorunder standard conditions

Fig. 34.Mean population zinc accumulation (kg* d.wt) in controlled conditions
plotted against the mean bioaccumulation factor) (BRhe field. BF — ratio
of metal concentration in shoots to total conceiumnan soil (see Tab. 9).

The relationships between zinc content in plafitsn( presented experiment)
and soils’ zinc contents (from field study) werscabssessed. Results (Fig. 35) show,
that there is no significant trend between Zn aainten plants and neither total
nor available soils’ zinc contents.
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Fig. 35.Mean population zinc accumulation (kgi* d.wt) in controlled conditions
plotted against the mean total (left axis Y) andilable (right axis Y) zinc
concentration (mgg™ d.wt) of the soil of sites of respective populaton
Black circles: total metal concentration; white ctas: available metal
concentration (see Tab. 17).

3. Discussion
3.1.  The ability of A. halleri to accumulate zinc

In the present study the Zn accumulation analysiformed on 12 M, NM
and NMp A. halleri populations revealed that all investigat&d halleri populations,
independently from their edaphic type, accumulateiZshoots at similar and high
level, when they grow on soils with Zn content. Adchally, in presented short—term
controlled experiment, the slight but significantendency to the higher
accumulation level in NM populations, as comparedithW, was observed.
Interestingly, NMp plants exhibited relatively hidgével of Zn accumulation and then
similar to plants of NM edaphic type. Thereforayziaccumulation can be considered
as a species—wide or constitutive propertyAinhalleri, as it was already concluded
by Bert et al. (2000). To our knowledge, ability to accumulate @A. halleri NMp
populations has never been studied.

Until now, there have been only a few studies amation in zinc accumulation,
conducted om\. halleri. Bert et al. (2000) and Macnair (2002) showed that,
when A. halleri from populations on both metalliferous and non—tlitgeous soils
are grown in standard conditions in glasshouse otutien culture, the physiological
ability to hyperaccumulate is a constitutive prapeHowever, they also demonstrated
differences betwee. halleri populations in their ability to accumulate zinctlir
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shoots (Macnaiet al. 1999; Bertet al. 2000; Macnair 2002). Bedt al. (2000) studied

zinc accumulation in two populations Af halleri. They found that the population
from the uncontaminated site accumulated more thian the one from a contaminated
site, what is consistent with those performed @ghesent study on populations
from small region of southern Poland. Authors sustgge that high accumulation
was not disadvantageous for populations on non-Hifetaus sites, as it had been
already stated imhlaspi caerulescensstudies (Boyd & Martens 1998a;
Pollard & Baker 1997). Interestingly, in terms @iz accumulation ability oA. halleri

populations from southern Poland, results from pat field experiments, showed
significant relation between the maternal plantfiected in the field and the plants’
from greenhouse  experiment. These results suggebat vdriation in zinc

accumulation between populations was heritable.

3.2. Relationship between Zn accumulation and salln concentration

In the present study, as well as in the MacngdR2®02), accumulation abilities
found in investigated\. halleri populations were unrelated to the zinc contenttifeei
total nor available) in the soil sites’ in whicltethopulations originated. It is possible,
that plant metal concentration could be relativeipsensitive to soil metal
concentration over a wide range of soil metal Igvélthe curve relating plant metal
concentration to soil concentration saturates atitequa low external zinc
concentration (Baker 1981). Results of genetic yambfA. halleri from southern
Poland (see chapter 1ll) highlighted thatsome NMopuyations (sampled
from uncontaminated sites in Niepotomice Forest)ld¢dhave been recently founded
by M plants from metallicolous area. Then, becaxfsgich recent colonisation, as well
as constitutive character of Zn accumulatiodofhalleri, no correlation between
accumulation abilities and site contaminated priypeould be observed. In recently
founded populations the relationship between plants soils properties could be still
stabilizing andthat's why their direct comparisemot possible. Similarly,
no relation between accumulation abilities Aof halleri populations with soil zinc
content were found by Beet al. (2000) as well as by Macnair (2002). Macnair (2002
showed that the Zn concentration of field collecdants was affected partly by plant
genotype and not by the total content of Zn in aodiund their roots. Thus, such results

may simply have been due to the chance selectitimegdarticular populations studied
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(Macnair 2002) and Zn accumulationAn halleri could be directly related to a factor
other than Zn, and thus could be of wider ecoldgmmificance. However, it should be
pointed, that detected soil Zn content, neithealtobr available, might not reflect real
biodisponibility of metal for investigated plantk®ecause of physical and chemical
parameters of soils influence on Zn absorptionlants.

Interestingly, results from pot and field expermtse interm of zinc
accumulation ability oA. halleri populations from southern Poland, showed significan
relation between the maternal plants collected e tfield and the plants
from greenhouse experiment. These results mightgesig that variation in zinc

accumulation between populations was heritable.

3.3.  Genetic variation within populations for Zn acumulation

The genotypic differences between populations arégreat interest
to researchers trying to understand and manipul#ite genetics of accumulation
(Pollardet al.2002). However, in term of the evolutionary backgrd of accumulation,
itseems  more important  to examine  variation wighepulations, because
thisis the level at which natural selection mighact to favor the evolution
of hyperaccumulation, if individuals accumulating orametals have greater
reproductive success (Pollard 2000).

In this study, significant variations in the atyili to accumulate zinc also
within populations were found, which is in agreemevrith Macnair’s (2002) results.
In order totest what factors lead to this varmtioplants grew in controlled
environmental conditions and in the same conceotrst of zinc (to reduce
the environmental variance). Then, the varianceeesl amongA. halleri individuals
from different soil types was mostly determineddeypnetic components. Nevertheless,
relatively high part of environmental variance abude determined by heterogeneity
of cuttings (= clones from the same genotype) atstart of pot experiment and some
environmental heterogeneity in the greenhouse pgdears that although the ability
to hyperaccumulate is largely a pervasive propevithin species, significant within
populations genetic variation in accumulation lewefists.

There have been only a few studies of genetiasitbin—population variability
of this character, and the majority of studies basn conducted onthe Zn / Ni / Cd
hyperaccumulator. caerulescen@ollard & Baker 1996; Meerts & Van Isacker 1997;
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Escarréet al. 2000). Recent analyses of zinc accumulatiofratbidopsis halleri
were conducted by Macnair (2002). Macnair (2003}et the ability of 15A. halleri
populations to accumulate zinc, under standard itiond, and he found considerable
variation between and within populations in thiamgtter. His results indicated

that selection for increased accumulating abilitgidd be possible in discussed species.

3.4. Arabidopsis halleri — the Zn hyperaccumulator plant potentially useful
for phytoremediation

In the present study, it was shown that plantsmfrmn—metalliferous sites
appear toaccumulate Zn more effectively than thdsmm metalliferous sites,
and so could represent a valuable resource of gee®tfor phytoextraction. Presented
results have also demonstrated thatthe metal adation does not relate
to the biomass level (data not shown). However, ighdr mineralomass of zinc
was found in non—metallicolous populations whichfgened better zinc uptake.
This suggests, as it was already proposed by et (2002), that with increasing total
Zn soil content, the Zn content of the aerial paftthe plants reaches a plateau. Genetic
variation in Zn concentration may indicate thafetént genotypes achieve different
plateaus. Hamoat al. (1999) suggested that a plateau response coutthddo plant
physiology and be explained by blocking of the stapation of metals from the roots
to the shoots and /or saturation of the metal gtakechanism at the root surface.
Thus, plateau response could be a safety mechathiatiimits plant metal uptake
and prevents phytotoxicity at high metal soil carication. It could be then supposed
that, in non—metallicolous A. halleri populations this safety = mechanism
for Zn did not occur.

In the present study, plants from NM populationirTatra Mts. (site 32)
and NMp population from Bibiela (site 21) were fdunas the most efficient
phytoextractors. Additionally, under natural comahs, as it was already presented
in chapter 1l related to field observation, bioatcuation factor of these populations
was relatively high (34.0 and 40.3, respectivelyhich confirm their potential utility
in phytoextraction. On the other hand, in hydropordulture (chapter V), plants
from presented populations have been shown relatiev level of Zn tolerance,
as compared with investigated M populations. Ndéwetss, it should be stressed that,

the controlled and rather artificial environmentsn performed  experiments
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were far from reflecting natural conditions An halleri habitats. Future works, using
transplantation experimenis situ should be then performed in order to verify plants
response to soil Zn concentration and their efficyein phytoextraction in the natural
sites. According to results of presented study,ufaipns from Tatra Mts. and Bibiela
seem to be the best candidates and then it wouldrekemmended to use them
in preliminary tests.
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1.1.

ZINC TOLERANCE IN POLISH POPULATIONS OF ARABIDOPSIS
HALLERI UNDER CONTROLLED CONDITIONS

Materials and methods

Plant material

Ten Arabidopsis halleri populations (Tab. 21) from greenhouse collection

(see chapter IV 1.1) were included to the presentys 3 non—metallicolous (= NM: 32,
13, 14), 6 metallicolous (= M: 24, 27, 15, 17, B®) and one “non—metallicolous
in industrial area” (= NMp: 21). The chemical asa$ of plants’ and soils’ field

samples (see chapter Il) as well as experimennaictumulation ability in controlled

conditions (see chapter IV) showed that the clodebated sites (within the same

region) presented similar properties and similaanplresponses to heavy metals.

For that reason, no morethan two populations feach area were chosen

to this experiment. For further details on invgated populations see chapter Il 1.1.

Table 21. Studied populations @&. halleri in southern Poland. M — metallicolous

populations; NM — non—metallicolous populations; piMion—metallicolous
populations in polluted region; - number of phenotyped individuals.

Site Type n; Location

Geographic coordinates
N E

32 NM 14 Western Tatra Mts. 49°16'26.94"  19°578"
13 NM 10 Niepotomice Forest 50°06'35.64"  20°P124"
14 NM 10 Niepotomice Forest 50°06'31.80"  20°2238"

24 M 6 Bolestaw 50°17'00.18"  19°29'05.64"
27 M 9 Galman 50°11'36.78"  19°32'15.12"
15 M 6 Weinowiec 50°17'12.96"  19°01'32.04"
17 M 8 Wetnowiec 50°16'57.12"  19°01'46.98"
19 M 6 MiasteczkdSlaskie 50°30'12.84"  18°56'08.34"
30 M 7  MiasteczkdSlaskie 50°30'10.03"  18°56'20.02"
21 NMp 4 Bibiela 50°29'45.66"  18°59'00.12"

Whole 80 plant individuals (= genotypes) from invgasted populations

were tested in three independent series of expatan@ue to limited available space

in controlled environment growth chamber), perfodnfrem December 2006 to January

2007,

from April to June 2007 and from July to ®ember 2007 respectively.

In each series, about 40 to 50 genotypes weredtebieelve cuttings per genotype have

been
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hydroponic solution (3 cuttings per pot) and grdanrooting within the basal nutrient
solution containing 10uM of zinc (ZnSQ, 7H,0). After a preculture period,
6 the biggest and the most homogenous rooted gatfiar genotype have been selected
and included in the experiment.

It should be pointed out that in the present expeni, cuttings from population
21 did not acclimatise to hydroponic conditions #md population was represented

only by 4 genotypes.

1.2.  Hydroponic culture conditions

Hydroponic culture conditions were established myra preliminary screening
test performed in order to define the most disarating conditions for zinc tolerance.

After two or three weeks of preculture, performedaliow plants to root
and acclimatise to hydroponic conditions in nutrisalution, selected rooted cuttings
were distributed into two groups submitted to twdfedent concentrations of Zn.
Three clones per genotype weretreated witha Ipghic “treatment”
solution containing 200QtM of Zn, whereas three others were grown in theticn”
solution with
10 uM of Zn. Plants were transferred individually toddlyethylene pots and grown
in suitable concentrations another six weeks. Mpeements were arranged as follows:
plant genotypes (80) x genotype replicates (3)arhetwo conditions (control solution
at 10 uM Zn and Zn treatment at 2000 uM Zn). Cggtinvere randomly distributed
in each block (Fig. 36).

Fig. 36.Hydroponic culture experiment.
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Each 1l pot was filled with slightly modified ha#ftrength Hoagland’s nutrient
solution: 20 pM FeEDDHA, 500 pM MgSO 1 mM NHHPO, 0.1 pM
(NH4)6M07024, 0.1 uM CuS@ 25 uM HBO3, 2 uM MnSQ, 1 uM KCl, 0.1 pM NacCl,
2 mM Ca(NQ);,, 3 mM KNG;, and10 or 2000 pM Zradded as ZnSp
(Hoagland & Broyer 1936). The pH of the solutiondjusted at 5.5 with KOH,
was maintained constant using 3 mM MES (2-morpbelinanesulphonic acid),
which is known to be chemically inert towards metalhe nutrient solution has been
renewed once a week by fresh solution of the sammosition.

The experiment  was performed ina  controlled  growtlchamber
with the following conditions: photoperiod of 13-day, temperature of 20 day /
17°C night, and a relative humidity of 80 % during 2 3 first weeks of preculture
and 65 % for the other weeks.

1.3. Assessment of Zn tolerance in tested plants

The monitored traits

At the end of the®® week of culture, the following traits have beerorsd
for each plant: leaf width of the three largest véess root length, chlorophyll
fluorescence and chlorophyll content. Chlorophyllluofescence and content
measurements were performed on three young leamesidered as the most typical
and representative of each plant. The width ofdsawas measured in the widest part
of leaf laminas. Chlorophyll content and chlorophfluorescencewere measured
on the lamina, midway between the base andtip atfire leaves. Chlorophyll
fluorescence was determined with field portablpulse amplitude, modulated
fluorometer (PAM-2100, Walz, Effeltriclzermany). Fluorometer operation and data
processing were conductedth a Hewlett Packard palmtop computer (HP 200LX).
Relative chlorophyll content inleaf samples watedained with a hand—held
chlorophyll absorbance meter (CL-01 Chlorophyll Content Metéo)lowing
the instructions  recommended by the manufacturer®lants  were harvested
at the end of the experiments: shoots and roote separated, dried at %D during
48 h and their respective dry weights were recarded

Tolerance index

For each tested genotype, traits were scored imeatment and control solution.

On the basis of both values, a tolerance index (THas been calculated.
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For each genotype, the value of life history tragteach clone grown inthe Zn
treatment was divided by the median value calcdlat¢h the values of the three clones
of this genotype grown in the control solution. Dieelow values of within—genotype
variance in control solution (J6M of Zn), medians have been calculated for each
genotype. For leaf traits, three repetitions of soe@aments were performed
on each clone, so thatthe median values of rep®tit were calculated for each
clone.Therefore, for each genotype and for eacl® a@honitored traits, 3 values

of Tl were calculated according to the formula:

Tl = traitof clonein 2000tM of Zn
traitof genotypen 10.M of Zn

As the quotient form, Tl can eliminate most of ttagiation in tested plant responses

unrelated to metal treatment.

1.4. Statistical analyses

In the present study, all samples were grouped three edaphic types:
metallicolous (M), non—metallicolous (NM) and “nanetallicolous in industrial area”
(NMp). Firstly, because of empirical reason, realatdo physic and chemical
analysis of field samples (see chapter Il) NMp papon could not be classified neither
within NM nor within M group. Secondly, because safall sample size of NMp
population in hydroponic experiment (only 4 gen@&y)p thisdata set was not

considered as a third group and was excluded ftatisscal analyses.

Similarity between the three series of experimez®act test

Plants were tested in three independent serieésplimervations on experimental
units were computed under the same conditions. éftwey, data sets could be pooled
after statistical verification of similarity betwee series in control solution.
From all traits measured during the experiments toal biomassi.e. coproduct
of shoots and roots biomass, was recognized asrampéger integrating all other
measured parameters and was chosen to test feintiiarity of results obtained in each
series of experiment. Then, in each series of éxgats, the median of total biomass

appointed for all plants treated in control solatiwas computed in M and NM edaphic

types.
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Because of small and unbalanced sample sizegreliites between medians
were assessed using nonparametric Kruskal-Wallistetest (p < 0.05). Data sets
that could not be pooled were considered as diffestrata. Exact tests have been
performed using the statistical package StatXagtof.the base software Cytel Studio
(2008).

Share of genetic variance: analysis of variance

To estimate share of genetic variance in totahphgic variance, a hierarchical
analysis of variance (ANOVA) was performed. Onitneasured tolerance indexes,
the GLM procedure inSAS v. 9.1 (SAS Institute, 200 was performed,
with the following model:

Yiia = 4+ origi + pop(orig); + geno(pop origk + &k

where

— uis the common effect for the whole experiment,

— orig;is the effect of edaphic types (origin) (i = matadlous or non—metallicolous),

- pop(orig); is the effect of population(j = 19, 30, 15, 17, 24, 27, 21, 13, 14, 32)
nested within the origin i,

- geno(pop orig) isthe effect of genotypek (k = 1, ..., 119) nested
within the population j which is nested within thegin i,

- gk represents the random error.

Edaphic origin of plants was fixed factor; popuatand genotype were random
factors. The part of environmental variance:)(Was estimated by dividing the value
of environmental variance by the total phenotymciance (\4), using the mean square
values (MS) fromthe ANOVA (M&o/MSwa). The genetic components £V
of phenotypic variation were estimated as-Vg (Sleper & Poehlman 2006).

Assessment of Zn tolerance: exact tests and Pah€pmponent Analysis

Because ofdata organization in different stratdpor each  appointed
TI the differences between M and NM edaphic typetlierance ability were analysed
by a Wilcoxon—-Mann—-Whitney exact test for independsamples, using the statistical
package StatXact v.8 of the base software Cytali&{2008).

To reduce the number of variables explaining threamae between individuals,
and to appoint combination of parameters explainaifferentiation between tested
plants, a Pearson correlation matrix and PCA arsmbased on covariance matrix
were computed  for all TIs using Statistica 8.0  gnated package.
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Then, on the basis of the coordinates on PC1, telBar test was performed to compare
homogeneity of variances across samples grouped n@medaphic types
(origin M, NM), using SAS software v. 9.1 (SAS Iste, 2002).

By PCA analysis the most sensitive Tl accounting diference between
edaphic types was detected. Then, the differencégino tolerance - based
on appointed Tl — between populations were asseBseduse of small and unbalanced
sample sizes nonparametric Kruskal-Wallis exadt (j@gs< 0.05) has been performed
using the statistical package StatXact v.8 of helsoftware Cytel Studio (2008).

2. Results

Similarity between the three series of experiments

The comparison of the results of three seriesxpéements, in terms of total
biomass, was made to evaluate the possibility ofipg the data. Results
(Fig. 37) show that series 1 is significantly diéfet from the two others (p < 0.05),
whereas series 2 and 3 are similar (p > 0.05). Bexaf this, the results of series 1
were regarded as distinct (stratum n° 1) whereasesse2 and 3 were pooled

and considered as a single stratum (stratum n{ &) comparison tests (exact tests).
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Fig. 37.Box plots oftotal biomass ofplants grown incohtr (C)
condition in hydroponic culture, by series of expent. The boxes represent
the interquartile range, with median (indicatedhioyizontal lines), minimum
and maximum (indicated by whiskers). Circles ardliens (.e. any data
that is distant from the upper or lower quartile rbgre than 1.5 times
the standard error). Different letters above the plots indicate a significant
difference at the 5% level (exact Kruskal-Wallist}e
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2.1. The effect of zinc concentration on edaphic pes

Arabidopsis halleriresponses to different Zn concentrations were coeapa
between M and NM plants, inboth control and treattn solutions. Results
(Fig. 38) show that zinc influences most of meagulee history traits of plants

from both edaphic origins.
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Fig. 38.Model predictions for the effect of zinc concenitraton 6 (a—f) life history
traits (X £ SD) for plants from stratum 1 (empty bars) amrfrstratum 2
(hatched bars). T-M — metallicolous plants in treait solutions;
T—NM — non—metallicolous plants in treatment sano; C—M — metallicolous
plants in control solutions; C-NM — non-metalliagdo plants in control
solutions.

In control condition, plants grew faster (Fig. 38 la c, d) and contained more
chlorophyll (Fig. 38 f) than plants in the Zn tnesint solution. Zinc concentration had

no effect on the chlorophyll fluorescence of matalbus plants (Fig. 38 e),
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which maintained the same performance for this imaboth levels of solution toxicity.
In zinc contaminated solution, for all analyzeditsrathe differences between plants
of different edaphic origin were larger than inwoh solution. It was mainly
a consequence of the fact that non—metallicoloastplsuffered more from Zn toxicity.
Distribution of the measured traits was comparabétween strata 1 and 2, except
for shoot and root mass of plants which were caraloly larger in stratum 1

than in stratum 2.

2.2. Detection of the most sensitive tolerance inges accounting for difference
between edaphic types

For all analyzed traits, there was a clear trendigplaying the highest tolerance
index by the metallicolous plants (Fig. 39). Distiiion of tolerance indexes
of M and NM plants among stratum 1 (Fig. 39 a) wasparable with their
distribution among stratum 2 (Fig. 39 b). Differeac in response to zinc
contamination observed between M and NM plants wrgmificant for tolerance
indexes calculated for shoot and root biomass, Veidth, chlorophyll fluorescence
and chlorophyll content (Tab. 22), but not for rol@ngth. For this latter trait,
only a trend towards higher Tl for M populationsswetected (p = 0.089). The part
of genetic component in whole variance, calculdtedll tested genotypes, was given
in Table 22. Only indexes for which the part of gén variance was higher than 70 %
were chosen for further analyses. Indeed, thegfanetic variance for tolerance index
of shoot mass was very low (22 %). Tolerance inoieshoot mass was then excluded
from analyses. For all other traits, parts of genatariations values were higher
than 70 %.

Table 22. Comparison of tolerance indexes (Tl) between metdtlus (M)
and non—metallicolous (NM) investigatéd halleri populations, and the part
of genetic variance (%) estimated for measured tolerance indexes

Tl Exact Test among M and NM Variance component
statistic p—value \G [%0]

Shoot mass 30.45 <0.001 22.0

Root mass 39.38 < 0.001 86.0

Leaf width 31.92 0.011 83.6

Root length 29.78 0.089 75.0
Chlorophyll fluorescence 34.37 <0.001 82.7
Chlorophyll content 23.83 0.001 70.1
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Combination of Tls to explain variance betweenvitlials

The correlations between selected indexes weengivin Table 23.
All of Tls were positively correlated. The strongestr&ation was observed between
Tl root mass and Tl leaf width (0.50) and betwemst mass and root length (0.37).

Table 23. Results of the correlation analysis performed wa folerance indexes (only
traits for which the part of genetic variance waghkr then 70 % are shown)
measured on metallicolous and non-metallicoldushalleri populations.
The level of significance is noted * forp < 0.0Bdan.s. when itis not

significant.
TI Leaf width  Root length f(IZhIorophyII Chlorophyll
uorescence content
Root mass 0.50* 0.37* 0.34* 0.16 n.s.
Leaf width 0.19ns. 0.21ns. 0.10ns.
Root length 0.35* 0.19 n.s.
Chlorophyll fluorescence 0.33*

Results of the PCA of five tolerance indexes fbr Arabidopsis halleri
populations were presented in Table 24 and Figuge @he two first principal
components (PC) explained 79.61 % of the total avene (66.13 % and 13.48 %
explained by PC 1 and PC 2, respectively). The farsncipal component separates
plants with different growth strategies: lower ntdga values of PC 1 correspond
to plant that have a big root mass, large widtea¥es and long roots (Fig. 40 a).
The root mass is the major source of variation@ltns axis. The second component
was mainly related to the chlorophyll content: plarith a low negative PC 2
score contained high amount of chlorophyll (PCAdiogs’ values were represented
graphically on the Figure 40 a: absolute valuesesponded to the length of the arrow;
the sign corresponded to the direction of the amelated to the PC1 and PC2 axes)

The separation between metallicolous and non—foetalus plants
can be clearly seen in the two—dimensional spalaitesd by PC1 and PC2 (Fig. 40 b).
The largest differences inreaction norms explaifgdPC 1 were found between
metallicolous plants. In particular, some M indivéds showed high negative values
on PC1, whereas NM individuals displayed quite loggative values and a majority
of positive values on this axis. Among NM, a parfa category of “new’—NM
populations was distinguished (s&scussio. Plants of this group did not show
a great difference in behavior as compared to therd\M, excepting few individuals
in the negative section of PC1 axisAlso NMp individuals (population 21)
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were included to this analysis, in order to verifystribution of this particular group
in comparison with M and NM. All investigated NMpapts displayed positive values
on PC1 and then were found within the group of migjd&NM plants.

Table 24. PCA loadings of five (only traits for which the paof genetic variance
was higher than 70 % are shown) tolerance indeXds for A. halleri
populationsPC1, PC2 — two first Principal Components.

Tl PC1 PC2
Root mass —-0.56 0.05
Leaf width -0.16 0.03
Root length -0.12 -0.15
Chlorophyll fluorescence -0.03 -0.02
Chlorophyll content -0.06 -0.22
Explained variation (%) 66.13 13.48
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Fig. 40. (a) Correlations of five (only traits for which therpaof genetic variance
was higher than 70 % are shown) tolerance indexeA.fhalleri populations
and contribution of the Tl root mass (RM), Tl leatith (LW), Tl root length
(RL), TI chlorophyll fluorescence (F) and Tl chipioyll content (C)
to the first two components (as PC 1 and PC ) Individual scores
on the first (PC 1) and the second (PC 2) princgmahponents. Red circles
represent M individuals, blue triangles — NM indivals (empty triangles —
“new” NM individuals, sediscussiorof presented chapteand black squares
— NMp individuals.
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The homogeneity of variance for coordinates offits¢ principal component
(PC 1) wastested by the Bartlett's test. Intheysis, samples were grouped
within edaphic types (NM origius M). Bartlett's test affirmed higher variance
within metallicolous plants than non—metallicolooses {f = 1; Khi2 = 5.436;
p = 0.019).

Assessment of interpopulational variation in Zretahce in investigated populations

The tolerance index ofroot mass was the major rceou of total
variation in presented Principal Component AnalysiBherefore it was considered
to be the best trait to explain the differencesveen tested plants. In presented study
the tolerance index based on root mass measureraeetl broadly among populations
(Fig. 41 a). There were no significant differendetween Tl of most populations.
Only population 17 (Wetnowiec) was significantlyffdrent from population 32 (Tatra
Mts.) (p < 0.05; Kruskal-Wallis test; Fig. 41 a)owkver, tolerance index of presented
trait showed significant differences between entiretallicolous data set and entire
non—metallicolous data set (p<0.05; Kruskal-Waést; Fig. 41 b). Populations
NM (13, 14, 32) and NMp (21) appear to be lessrémiethan the M ones (19, 30, 17,

24, 27).
3,0 3,0
(a) 5 (b) °
25 b 25 b
7 ab . T
S S
= 20} b P
@ ab ab ab a @ a
€ 151 E 15
- a =
S ab 9 ab S H
= a0t Z 10t
[ [
05 f é E |;:| é 05 F é
0,0 0,0 _
32 13 14 24 27 15 17 19 30 _ 2 NM M NMp
NM M NMp Origin

Population

Fig. 41.Box plots showing median, minimum and maximum d&értance indices
of root mass for population&) and edaphic origifb). M — metallicolous
populations, NM — non—metallicolous populations, pilM NM populations
from industrial area. Different letters above tlox Iplots indicate a significant
difference at the 5% level (Krusk&Vallis test). Circles are outliersd. any
data that is distant from the upper or lower giearty more than 1.5 times
the standard error).
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3. Discussion

3.1. Designing the best methodology to evaluate Ztolerance inA. halleri
populations from southern Poland

Choice of the best test

The problems linked to tolerance measurement l@en and are still widely
discussed (forreview see Macnair 1993). As toleganis the result
of interaction between a genotype (including gertermining metal tolerance
but also all other genes involved in quantitative ariation of growth)
and an environment itcan not be unambiguously escorby comparison
with a reference. One of the first approaches mmegoto solve these problems
in measuring tolerance is an index produced by @wmg@ a rate of root growth
ina contaminated environment with growth of thenea genotype ina control
environment (Wilkins 1978). However, this methodjuieges cloning of large number
of plants, which is an elaborate procedure, espgcia plants without an inherent
clonal growth habit. Moreover, some plant speciesrefound to be particularly
inappropriate for vegetative propagation. In orderavoid the cloning of individual
plants an alternative type oftolerance tesk. the sequential exposure test
(Schat & Ten Bookum 1992a) based on seedlings stableshed. Each individual plant
was exposed to a test solution in which the metaicentration was increased in time.
Tolerance was then determined as the lowest comatemt (EC100) at which no new
root growth was observed. This test has been rgcamtcessfully applied on seedlings
from European widespread halleri populations (Pauwekst al. 2006).

In the present study one of the objectives of arpents in controlled conditions
was to compare the variation of the tolerance acdraulation on the same individuals
to determine whether a relationship exists betwdbase two traits. To reach
this objective it was necessary to work on clonkhipmaterial. FortunatelyA. halleri
iIs known to perform vegetative propagation in ratufVan Rossumet al.2004)
and this property has been recently successfulhfiepin a sequential test performed
on cuttings to measure tolerance in a backcrosgepsgoproduced by interspecific cross
betweenA. halleri and its non—tolerant and non—accumulated clos#ivelA. lyrata
(Willems et al. 2007). Nevertheless, because its discriminatingac#es appeared
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to be lower on cuttings than on seedlings (Saumitaprade pers. com.) the sequential
test was inappropriate to assess the variatioolefance at the within species level.
Moreover, most oftests performed on controlledndition are based
on short—term root—elongation assagg(Wu & Antonovics 1975; Bakeet al. 1986;
Schat & Ten Bookum 1992a; Pauwels al. 2006; Willemset al. 2007). However,
hyperaccumulators likeArabidopsis hallerior Thlaspi caerulescensstore the metal
mainly in their leaves, while metal concentratiomoots is comparable to that
in non—accumulating species (Kranaetral. 1996; Lasaet al. 1996). This fact suggests
that, in case of hyperaccumulators, early resporiedexic metal exposure might
appear firstly inleaves, rather than inroots. thas reason, the tests of tolerance
only based on root length could be incomplete adéguate (Assuncaet al. 2001).
Additionally, in the short—term root—elongationttes the role of genes involved
in processes of internal sequestration and/or detation in leaves could have been
underestimated or missed (Roosens 2008). Short-tests probably do not reveal
all inter— and intra—population genetic variation plant response to metals.
Alternative approach for phenotyping hydroponixperiment has been
proposed in this study, which enable to investig#te same genotypes in several
independent experiments.g. accumulation test) and also to overtake uncer&snti
with short—-term root—elongation tests in hyperaagiator species. Additionally,
proposed methodology also enable to assess gemnaticenvironmental variance
on tolerance abilities, and then to choose the mestable traits. Such trait is essential
in research of genetic adaptation. Moreover, #8stwhen aimed to assess
the variation of tolerance at the within specieglgis characterised by relatively high
discriminating capacities. Therefore, similar phgpmg experiment might be applied
for example in studies of QTLs (Quantitative Tiaoti) for tolerance, on intra—species

level (between less tolerant and very tolerant ggr8).

Choice of the best trait

Both root— and shoot-based measurements wererclasstolerance criterions,
i.e. root biomass, production of differential root lemgt shoot biomass,
production of differential leaf size and chlorofiseasurements of chlorophyll
fluorescence and chlorophyll content). In 6—weeksst,t during which plants

were exposed to constant Zn treatment, for modtad$é (excepting shoot biomass)
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essential part of the inter— and intra—populatienggic variation for plant response
to metal have been revealed. Only shoot biomasscw@sdered as inadequate
to estimate Zn tolerance ininvestigated\. halleri plants, as a trait

for which the variance  observed among individualsaswostly determined

by environmental components. This part of varianamuld be determined

by heterogeneity of cuttings (= clones from thesangenotype) at the start
of hydroponic experiment. Differences between fthiirigs were connected
with the state of the maternal plant from greenbogsllection as well as different
rooting ability. Additionally, the cuttings wererfoed from different parts of maternal
plant, which could strongly affect the shoot massdpction and differentiate clones
during whole hydroponic experiment.

Presented analyses have shown thatin cask dilleri plants originated
from a small region of southern Poland, the moktvent trait to assess populational
and individual differences in responses to Zn enypmsvas root biomass. The advantage
of this trait, in comparison of currently used rot#ngth, is that elongation growth
as well as production of adventitious roots areegrated in biomass value
and can be successfully measured. Neverthelessttigetraits also showed significant
differences between origins of investigated popohst, and among them,
the chlorophyll content revealed the differenceswben individuals in particular.
Then, the tolerance can be considered as a congblaracter, which is represented
by many different traits. However, some of them nse¢o be more appropriate
in a case of tolerance abilities of species inges#id in the present study.

3.2. Tolerance level in tested. halleri populations

A recent study, performed on whole 31 metallicsldiv), non—metallicolous
(NM) and non—metallicolous from polluted area (NMpArabidopsis halleri
populations, widespread incentral Europe clearlgtaldished the occurrence
of constitutive Zn tolerance iA. halleri and of quantitative variation of the degree
of Zn tolerance among and within populations (Pdsvet al. 2006). Nevertheless,
the highest mean tolerance level was observed irplpulations, the lowest
in NM, while NMp individuals were intermediates. &huthors also pointed out,
that the distribution of the polymorphism was heteneous and the highest phenotypic
differentiation was observed within NM populatiqiFauwelst al. 2006).
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Then, inthe present study performed on 15 M, Nkd EMp A. halleri
populations from southern Poland, it was expectedlt inter— and intra—population
as well as inter— edaphic origin variation in tlegeke of tolerance to Zn should
be found. Indeed, a higher mean tolerance levelfawasd in M populations than in NM
or NMp. Additionally, NMp plants’ responses to zitieatment seem to be similar
to NM plants. However, itshould be stressed, ih#tis study, the sample size
of NMp population was very low and then the disedsglifferences in the response
to Zn toxicity between NMp and M or NM type could Assessed cautiously.

Interestingly, no significant variation was foundetween populations
within edaphic type, whichisin contrast to dataf Pauwels et al. (2006).
Only populations with the lowest (Tatra Mts., NMtesi32) and the highest level
of tolerance (Wetnowiec, M site 17), showed vaoiatin the degree of tolerance.
Different arguments can be proposed to explairdiberepancy between results
of presented study and Pauwetsal. (2006). Firstly, most of. halleri genotypes used
in both studies were not located inthe same sit@apulations investigated
in the present study originated froma small regibsouthern Poland, while
Pauwelset al. (2006) study was performed on a widespread gebgrapea in central
Europe. Then, low level of interpopulation diffetiation observed in the present study
could be due torelatively low geographical scalkdistribution of investigated
populations. Secondly, the methodologies to assdssance were different. In present
study Zn tolerance was evaluated on the plantsir@ztaby vegetative propagation
(cuttings) at a fixed Zn concentration. The root orbass was used
as a subjective measure of tolerance. On the bted, in Pauwelst al. (2006) study
a multiple concentrationtest based on the seesllingas applied. Tolerance
measurements were based on root—elongation tetedr the assessement of tolerance
in different ways could lead to different resultfie difference in tolerance assessment,
as well as different propagation methods of plaatemal or investigation of different
roots’ characters to tolerance measurements, cbal@ impact on the discrepancies
observed between these two studies.

The polymorphism observed in hydroponic controllenditions among
investigated MA. halleri individuals was significantly higher than among NNigher
heterogeneity among M individuals found inthe prés study, manifested
by the farthest point on the first principal compoh PC 1 of the graphical
presentation of ACP results (Fig. 34 b), was dugenotypes derived from several
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investigated populations.€. 17, 19, 27, 30). This might suggest that this pagwhism
could be a general phenomenon observed in metallifesites from southern Poland.
This is in agreement with results from the sameufadns in the field (see chapter I
of this study), where Polish metallicolous populai showed considerable plasticity.
However, this observation is opposite to that imAgs et al. (2006), where higher
within—population heterogeneity was found in NM plgtions than in M populations.
Discrepancy between results of presented studieghtmibe explained as above,
by the different origin of populations investigateth both studies. Additionally,
A. halleri isa pseudometallophyte species with most pojuisti being
non—metallicolous (Pauwelset al. 2008), which was reflected by majority
of NM populations (20 out of 31) in European widesu collected sampling
by Pauwels et al. (2006). Contrary, inthe present study samplings made
in the particular area of southern Poland, wheratatninated sites are frequent,
and then A. halleri populations occur mostly on metalliferous  sites.
Then, in such region sampling was made mainly orsikés, so this bias towards

M populations can lead to differences in resultsaspared to Pauwet al. (2006)

3.3. Evolution of metal tolerance inA. halleri populations from southern Poland

In presented thesis, plants from the same popukatias for the phenotypic
survey have been also studied with molecular maykerorder to verify the genetic
differentiation and the direction of evolution (seehapter 1ll of the present study).
Phylogenic relationships revealed that inthe discussed aresouthern Poland,
non—metallicolous populations from Tatra Mts. waneestral. Then, anthropogenic
heavy metal polluted areas were colonised: metddlics populations in Olkusz
region (sites 22, 24, 27, 28, 29) as well as M patpans in Silesia region (sites 15, 17
in Wetnowiec and 19, 30 in Miastecziaskie). Recently, among the industrialized
Silesia region, in low contaminated site in BibjeNMp population has been founded
by neighborhoods M populations. Recently also, “tlesv” NM group in non-—
contaminated site in Niepolomice Forest was founddny M  populations
from geographically the closest metalliferous Oktegion.

Despite the small geographic distances betweerestigated A. halleri
populations, significant differentiations for misadellite markers among populations
were observed. In particular two NM populationgvrdatra Mts. had the highest gene
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diversity. All metallicolous populations presentedermediate values. Interestingly,
NMp population from Bibiela had relatively high kv of gene diversity, similar
to geographically the closest M populations fronaseczkoSlaskie and Wetnowiec.
The “new” NM populations from Niepotomice Forest dhathe lowest values
for this measure.

As regard of differences in quantitative traitsn controlled conditions,
the lowest tolerance abilities were observed ireatral NM population from Tatra Mts.
(site 32). This tolerance level could represent bisic level for PolishA. halleri
populations. Oppositely, the highest tolerance ita@sl were found in population
from Welnowiec (site 17) from Silesia region. Paiidn from Wetnowiec was located
on a large waste heap from zinc smelter, whichtedarto exist in the first half
of 19th century. In the present study, thisis a dhly site situated on heavy metal
smelter waste heap (except population 15, whichlecesed on the same heap but
on its top, on a mostly unfavorable dry and sunlacgy so under much higher stress
conditions; see chapter Il). It might then be ssige that because of this kind of heavy
metal origin, strong natural selection could hagted during colonization on this heap
and then Zn tolerance appears to evolve secondamgrds enhanced abilities, highest
than inother populations. Interestingly, the mosvlerant population found
in the present study was also the most toleraritinviampling of Pauwelst al. (2005)
study of 64 A. halleri populations widespread in central Europe. However,
in the present study all other Polish M and “newMNs well as NMp populations,
represented a continuum, with a following trend dod¢ decreasing tolerance ability:
M > “new” NM > NMp. Superior tolerance to Zn found M populations might
suggest, similar to what was proposed by Pauwets al. (2005) that, during
colonization of polluted areas the evolution tovgaidcreased tolerance has occurred
in the M populations.

As it was suggested by Pauweds al. (2005, 2006), the features of NMp
populations and then “new” NM should be understomith respect to the narrow
genealogical relationships with surrounding M pagiohs. Interestingly, the absence
of strong metal pressure in recently colonized Nidssdid not greatly changed plants
tolerance capacities. Lower molecular genetic dier found in “new”
NM populations, as compared with the closest M jatmans, might suggest a genetic
drift following a founder event. Then, comparisdrpatterns

of variation for quantitative traits and moleculanarkers gives further support
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to the hypothesis that, these populations may sirhale inherited enhanced tolerance
level andthen tolerance character did not changealuse of probable weak
“cost of tolerance” on non—metallicolous sites.alrcontrary, ina particular group
of NMp the average tolerance level waslower tham mneighborhoods M
and no differentiation between these edaphic tyfmsneutral molecular markers
was found. This could suggest a local selectiodisoussed sites. However, because
of very low sample size ofinvestigated NMp popioiat this tendency should

be assessed cautiously.

118

© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése d'Alicja A. Kostecka, Lille 1, 2009
VI. GENERAL DISCUSSION AND PERSPECTIVES...

VI.  GENERAL DISCUSSION AND PERSPECTIVES

History and characteristics of Polish Arabidopsadlari populations

Investigating natural populations system is ofagrenportance to understand
the phenomenon of plant adaptation to heavy metgbminated environments. In field
studies, concentrations of metals in soil and shodpresent real conditions
and therefore reflect a realistic behavior of mairt addition, study of a wide range
of polymorphism in the field allows the examinatioh the intensity of the natural
selection which may influence the populations. @&iintiation between field
populations may be therefore due to the local admpt to different environments.

Variation of soil properties and population beloawithin M type of sites
was higher than within NM type. This may resultnfraifferent histories of industrial
activities in studied M site, where metals origathtfrom different sources such
as mining, Zn smelter pollution, heavy metal smeltaste heap. Zinc contamination
was from soil or/and atmospheric origin. Moreovbrs study showed that M and NM
sites differed significantly not only in terms ofdwvy metal concentration but also other
physic—chemical soil parameters (i.eo, N, P, K, Mg, Fe). Contrasting selection
regimes due to different conditions in M and NM itais might affect behavior
of plants and then differentiated populations frdifierent sites. Therefore, local M
and NM A. halleri populations should be specifically adapted to thaall soil metal
composition as well as to other sites’ properti€se knowledge about properties
of sites could be helpful in reconstruction of gpschistory on studied area as well
as to explain the differences observed betweenlptpus which arise from the local
adaptations.

Evolutionary relationships betweén halleri edaphic types are poorly known.
In wide European range of species it was suggetad M populations have been
founded by closely located NM (Pauwas al. 2005), as mine or industrial polluted
sites were recently created. This is generally toeeause we have no evidence
for pollution on ancient refuge in Tatra Mts.; howe in the present study, in low
geographical scale, it was shown that foundatiorNdf populations by M is also
possible. This was observed in Niepotomice ForEsis is the first study which reveals
such an evolutionary event and shows evidence fiéreint origins of populations
within the same edaphic type. Moreover, in thigdgtdor the first time, it was shown

that NM populations from the same geographic regiomght be genetically

119

© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése d'Alicja A. Kostecka, Lille 1, 2009
VI. GENERAL DISCUSSION AND PERSPECTIVES...

independent. The behavior of “new—NM" (= nNM) pogiibns, recently evolved from
closely located M, differs from that of ancestraMNoopulations. There was also
another particular site, in Bibiela, considered “aen—metallicolous in a polluted
region” (= NMp). Despite localization in industriarea of Silesia region, this site
was slightly polluted and then considered as NMiJevA. halleri plants from this field
revealed chemical characteristic similar to M papiohs. Therefore populations from
both, Niepotomice Forest and Bibiela sites, majed#d from “true” NM ones by their
abilities to exchange genes with geographicall,ipnate M populations.

This fact suggests that populations should beetuddependently, with respect
of sites conditions and history of populations. Whtategory of NMp population
was already proposed by Pauwels al. (2006), category of nNM has never been
described before this study.

Metal accumulation capacity of Polish populations

In the field, populations from different edaphypés accumulated Zn at very
different level, while in the pot experiment, undgriform controlled conditions, most
of populations accumulated Zn at similar level. Btorer, it was observed that
in the field some of populations showed the cagdoitmobilize and concentrate metal
in shoots (i.e. populations from Niepotomice Farélstra Mts. and Bibiela), while
the others have been limited the uptake of metal @opulations from Galman,
Bolestaw and Wetnowiec). Interestingly, populatiomkich accumulated the highest
amounts of Zn in the field and in the controlledpestment were not the same.
Moreover, accumulation ability in the field seemaat to be a direct function of soil
metal content (neither total nor extractable).

This might indicate that the adaptive value of tlyperaccumulator phenotype
is independent of soil metal contamination (as itaswalready suggested
by Bertet al. (2000)). Thus, other environmental factéesg organic matter content,
cationic exchange capacity, water retention capgattian metal content must influence
heavy metal accumulation. It should be stressed mhetals could be associated
to various soil components from studied sites, lsat imetals’ availability, closely
related to their chemical speciation, might diftetgetween sites. On the other hand,
it is also possible that amount of extractable tsetatermined in this study was not the

fraction really mobilized by plants. The relatiopshbetween metal extraction

120

© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése d'Alicja A. Kostecka, Lille 1, 2009
VI. GENERAL DISCUSSION AND PERSPECTIVES...

by Arabidopsis halleriand the exchangeable metals from substrates awchenie
various metal-bearing solids were already studigdAhmani—Mulleret al. (2002).
The results showed different concentrations of argeable metals after plant growth,
depending on the nature of the metal-bearing sollderefore in studied region
of southern Poland Zn—uptake Ay halleri might be also affected by the metal-bearing
solids.

Finally, it was shown that accumulation is geradlc determined,
so that variance observed between populations @ fteld was both genetics
and environment—dependent. Accumulation is thenrésalt of interaction between

genotype and environment.

Relationship between Zn accumulation and tolerance halleri

In the present study, the tolerance and accuroulatbilities were determined on
the same individuals (on cloned plant materialXpegiments in controlled conditions)
in order to verify whether it exists a relationshipetween these two traits.
If hyperaccumulation is a direct mechanism of @bee, or a pleiotropic consequence
of such mechanism, hyperaccumulation ability sholodd expected to be strongest
in plants from the most toxic soil (Pollarek al. 2002). However, in controlled
conditions, NM populations ofA. halleri were significantly less tolerant
and accumulated Zn to significantly higher concatiin as compared to M
populations. A similar kind of relationships betweéigher tolerance and lower
accumulation was also found in studies Tlaspi caerulescenshat populations
from non-contaminated sited were able to accumutatee Zn than populations
from contaminated sites (Lloyd—Thomas 1995; Mee&s Van Isacker 1997,
Escarréet al. 2000). Limited plateau of metal accumulation otasedrin M populations
of hyperaccumulator species might be then considaesea cause of higher tolerance
as compared with NM. This might suggest some negabrrelation between tolerance
and accumulation. This tendency was also obseregadrding general populations
characteristics, but no relationship was reveadgrnding traits measurements on each
genotype (data not shown). This is probably becanfsenechanisms complexity
underlying both traits at the plant level.

Up to now, Zn tolerance genetic architectureAinhalleri has been studied
through interspecific crosses performed betwAehalleri and its closest non—tolerant

relative A. lyrata petraea(Macnair et al. 1999). Segregation of Zn tolerance
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and accumulation suggested that these charactegeaetically independent. Recently,
by quantitative trait loci (QTL) analysis performedn one BC1 generation,
three genomic regions for Zn tolerance (ZnToll, @&Tand ZnTol3), as well
as Cd tolerance (CdToll, CdTol2 and CdTol3) werenidied in A. halleri
(Filatov et al. 2006; Courbott al. 2007; Willemset al. 2007; Roosenst al. 2008a).
Interestingly these results based on two indepdnaienotyping experiments identified
a co—localization of QTL regions ZnToll and CdTdBecause calamine sites contain
generally both Zn and Cd, it was more parsimonimusuppose, that metal tolerance
initially evolved in A. halleri through the fixation of a single mutation confegrin
tolerance to both metals (Rooseatsal. 2008a). This single and early event could be
responsible for the constitutive tolerance obseriredhe wholeA. halleri species
and therefore be involved in the first processegingadrive a possible ecological
speciation process. After the fixation of this QTdpecific tolerance to Zn or Cd
concentrations in the soil might have evolved thtouhe fixation of additional
QTLs that are particular to each population acewydio the specific chemistry
of its metalliferous growing site (Rooseasal. 2008a). Interestingly, co—localization
of Zn accumulation (ZnAccl) and tolerance (ZnTdlI)L with the major QTL for Cd
tolerance (CdToll) was also proved (Rooseinal. 2008b). Recently, two other studies
conducted on an F2 interspecific progeny have ooefil that this common
QTL confers 4 tolerance and Zn accumulatigirérotet al. in prep.) as well as Cd
tolerance and accumulatiom A. halleri (Willems et al. in prep.) These results
of genetic studiespased on interspecific crossesjggest that, at least, a partial
relationship betweemolerance and hyperaccumulation is present in studipecies.
However, it should be stressed that such a relsttipncould not exist at intraspecific

level.

Designing a relevant methodology to evaluate Zertwice in A. halleri populations
from southern Poland

Because of many problems with hitherto used stens-root—elongation tests
in hyperaccumulator species (for review see Mach@B3), as well as of necessity
to use cloned material, an alternative approacipf@notyping hydroponic experiment
has been worked out in this study. The methodscples are following: (1) replicates
of each tested genotypes are obtained by vegetptogagation; (2) three clones per

genotype are treated with a hydroponic “treatmesudlution (containing 200QuM
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of Zn), whereas three others are grown in the ‘f@dhsolution (containing 1QuM

of Zn); (3) plants are cultivated in Zn constanusons during 6 weeks; (4) at the end
of the 6" week of culture various root— and shoot—basetsteae scored for each plant
(in Zn treatment and control solution); (5) on thasis of both values (in Zn treatment
and control solution), a tolerance index is calmdafor each tested genotype. It was
shown that in case oA. halleri plants originated from a small region of southern
Poland, the root biomass have been the best tragvealed the differences between
plants’ edaphic types in responses to Zn exposure.

The main advantages of proposed method are thessment of genetic
and environmental variance components on toleraabdities, as well as the
investigation of the same genotypes in severalpeddent experiments. Moreover,
it was shown that the use of this test at the witbpecies level is characterized by
relatively high discriminating capacities. Therefoisimilar phenotyping experiment
might be applied for example in studies of QTLs foterance. Indeed, presented
method may allow selecting parents with contragteehotypes (less tolerant and very
tolerant) used in subsequent interspecific crossesl also used in progeny
phenotyping. It should be then verified whether @Which could be determined with
such a test would be identical to QTLs already aetkin previous studies, and then
whether the same genes are involved in tolerancihdoshort and long—term plant
exposure to Zn contaminated solution.

As it was already shown, the metal stress coule lramore important impact
on the reproductive than vegetative traits (ErnstN&lissen 2000; Ryser & Sauder
2006). In addition, several works highlighted tingedsity of the answers of the various
reproductive traits to the metal stress as delaflavfering (Ryser & Sauder 2006;
Brown 2001), absence of flowering (Saikkonregral. 1998; Ernst & Nelissen 2000),
decrease of seeds quality (Ernst & Nelissen 2000aitow 2002; Biskup & Izmaitow
2004), reduction of seeds production (Brown 200X)d aabsence of seed
(Piccini & Malavolta 1992). Indeed, the survivaldatihe growth of plants in controlled
experiments do not guarantee a survival and a deptive success at a more advanced
stage of life. It should be noted that, traits nue@d in controlled conditions could
reflect only a part of the adaptation to metalbies soils. Therefore, reciprocal
transplantations of metallicolous and non—metdlhigs genotypes, on metalliferous

and non—metalliferous sites from a single geog@pgion, should be performed.

123

© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése d'Alicja A. Kostecka, Lille 1, 2009
VI. GENERAL DISCUSSION AND PERSPECTIVES...

The measurements of life history traits (includingth vegetative and reproductive
traits) should reveal the whole capacity of NM &hdjenotypes to colonise M and NM

sites and then test for local adaptation.

Is there evidence of local adaptation in Polish plagions of A. halleri?

Controlled experiments witA. halleri populations from different edaphic types
revealed differences in plants’ accumulation anérémce abilities between NM and M
types. The quantitative phenotypic polymorphismeobsd in the present study could
be explained, as it was already proposed for skyseudometallophytes, by minor
effects of hypostatic modifier genes (Macnair 1998hatet al. 1993; Smith & Macnair
1998; Van Hoofet al. 2001). Modifier genes might have been locally cele
to enhance tolerance in investigat&d halleri populations. Following the field (see
chapter 1), experimental (see chapter IV & V) ayjahetic survey (see chapter Ill) that
concluded different types of sites in studied gifél®l, M, NMp and nNM), different
plant's behavior between and within type of sited different origin of populations,
it was further suggested that selected genes nugfer in separately founded
population. Molecular analysis of these populatjars neutral nuclear and chloroplast
markers, shows that populations from ecologicaiffecent sites were also genetically
differentiated. Gene flow between ancestral poputatfrom Tatra Mts. and all others
is weak, which suggests that strong divergent selemight shape patterns of observed
phenotypic variations during colonization of M aslMas NM sites outside Tatra Mts.
The combination of high tolerance level and redugetetic polymorphism in M
populations support the hypothesis that, despitstdative character of accumulation
and tolerance imA. halleri, natural selection towards enhanced toleranceliamted
metal uptake occurred during recent colonizatiorhefvy metal contaminated sites.
However, despite strong differences between M s{testerm of metal content
and sites’ history), no evidence supporting thetexice of diversifying local adaptation
patterns among M edaphic type was found. The higb&sant and most accumulating
populations were not located on the most contamihaoils, which imply that
the strength of selection might be not directlyatetl to the local degree of soil heavy
metal contamination and thus tolerance and accuionlaould be of wider ecological
significance (6 hypotheses have been already peapimsexplain the reasons for which

plants accumulate high amount of heavy metals;réstew see Boyd and Martens
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(1992) and Boyd (1998) and chapter | 2.2 of thiglg}. Also the gene flow between
geographically closely located populations (M peagpiohs were not genetically
different from each other) might strongly decreéise structuring effect of selective
pressure and then selection can not act to adgptlggeons to local conditions in M
sites.

Intermediate levels of tolerance and accumulatinoght be related to the recent
history of nNM and NMp types of populations (se@ad). Lower molecular genetic
diversity found in nNM populations, as comparedwiite closest M populations, might
suggest a genetic drift following a founder evemhhen, comparison of patterns
of variation for quantitative traits and molecutaarkers gives support to the hypothesis
that during colonization of NM area by plants fréfnsites, a strong genetic bottleneck
might have occur, and then low level of metal ifl and “cost of tolerance” on NM
sites could have secondarily resulted in a redoctiof tolerance abilities.
In the contrary, in the particular group of NMp, differentiation between NMp and M
edaphic types for neutral molecular markers wasidodespite the lower tolerance
levels than in neighborhoods M. This could suggelsical selection on discussed sites.
However, reciprocal transplantation experimentsitu are needed to measure the “cost
of tolerance” and convincingly demonstrate locabmdtion of PolishA. halleri
populations.

Recently, field reciprocal transplantations of Kda\M populations off hlaspi
caerulescensvere performed to determine the pattern of localpéation and to assess
the cost of adaptation of M populations to a migathus environment (Dechampsal.
2008). It was shown that an imbalance of seledtivees shown between M and NM
environment exists. Selection in the M environmeas found to be strong and specific,
and making colonization by a foreign genotype exgly difficult. In contrast, the NM
ecotype did not show fitness superiority compareth ihe M ecotype in the NM
environment. The authors suggested that colonizatidhe NM environment by the M
ecotype is then more probable than the colonizatiotmhe M environment by the NM
ecotype. These results are in agreement with gesativey performed in the present

study, when nNNA. halleri populations were founded in Niepotomice Forest.

Results of this study confirmed reasonablenesypdtheses have been made at

the beginning of the study.
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Perspectives

Results of this study showed that tAe halleri populations from southern
Poland have a promising potential for the phytordiateon of Zn contaminated soils.
Among all studied populations, two presented thghést values of mineralomass
of zinc: population 32 from Tatra Mts. and 21 fr@ibiela. Indeed, these populations
might be considered as particularly interesting tive phytoremediation aspects.

Furthermore, in this study the most and the ledsrant and accumulating
populations have been detected. This intraspedii@bility can be explored in order to
gain knowledge about mechanism of metal tolerano@ @accumulation. The most
interesting populations, determined in this studight be sources of parental genotypes
to generate the intraspecific cross progeny (F2J2 progeny derived from reciprocal
crosses between the most tolerant — the less adatingupopulation (pop. 17 from
Welnowiec) and the less tolerant — the most accatimg population (pop. 32 from
Tatra Mts.) the segregation patterns of Zn tolezaarad accumulation might be studied.
Such study of interpopulation crosses will giveomfation about the genetics and
interrelationships of these traits, trough compeeat transcriptome analysis
and QTL mapping.
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