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Abstract

The Salicaceae family comprises a large number of high-biomass species with remarkable genetic
variability and adaptation to ecological niches. Salix caprea survives in heavy metal contaminated
areas, translocates and accumulates Zn/Cd in leaves. To reveal potential selective effects of long-
term heavy metal contaminations on the genetic structure and Zn/Cd accumulation capacity, 170
S. caprea isolates of four metal-contaminated and three non-contaminated middle European sites
were analysed with microsatellite markers using Wright’s F statistics. The differentiation of
populations North of the Alps are more pronounced compared to the Southern ones. By grouping
the isolates based on their contamination status, a weak but significant differentiation was
calculated between Northern metallicolous and non-metallicolous populations. To quantify if the
contamination and genetic status of the populations correlate with Zn/Cd tolerance and the
accumulation capacity, the S. caprea isolates were exposed to elevated Cd/Zn concentrations in
perlite-based cultures. Consistent with the genetic data nested anova analyses for the physiological
traits find a significant difference in the Cd accumulation capacity between the Northern and
Southern populations. Our data suggest that natural populations are a profitable source to uncover
genetic mechanisms of heavy metal accumulation and biomass production, traits that are essential
for improving phytoextraction strategies.
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INTRODUCTION

Phytoextraction is an emerging technology targeting on heavy metal removal from soils by
accumulation in the harvestable part of plants (McGrath & Zhao 2003). Fast-growing metal-
accumulating trees were considered as potential candidates for phytoextraction trials (e.g.
Wieshammer et al. 2007). Members of the Salicaceae family comprise a large number of
high-biomass species and hybrids with remarkable genetic variability (Pulford & Dickinson
2005). In previous field screenings, Salix caprea was identified as Zn/Cd-accumulating
species (Lepp & Madejon 2007; Unterbrunner et al. 2007). Further pot experiments have
shown that several isolates of S. caprea are able to accumulate large amounts of Zn (up to
2210 mg kg™1) and Cd (up to 340 mg kg™1) in their leaves (Dos Santos Utmazian & Wenzel
2007; Dos Santos Utmazian et al. 2007a; Wieshammer et al. 2007). In contrast with other
tested Salix species, the growth of S. caprea isolates was less affected by high metal
concentrations in soils (Dos Santos Utmazian & Wenzel 2007). However, it was unclear if
the origin and the genetic makeup of S. caprea isolates correlate with Zn/Cd accumulation.

The only genetic analysis of S. caprea to date presented a high level of variation within
European populations, revealing a trend that the number of chloroplastic haplotypes in the
North is higher than in the South (Palmé, Semerikov & Lascoux 2003). Nuclear
microsatellites, also known as simple sequence repeats (SSRs), are widely used because of
their co-dominance and high variability for genetic mapping studies and population genetic
analyses (Zhang & Hewitt 2003; Ellegren 2004; Schiétterer 2004; Kuroda et al. 2006).
Although the number of SSR repeat motifs is highly variable, the flanking regions are
conserved between related species and used to design primers for cross-species/-genera
amplification (Karhu, Dieterich & Savolainen 2000; Arnold et al. 2002; Clauss, Cobban &
Mitchell-Olds 2002; Tuskan et al. 2004). For several species of the Salicaceae family, SSR
makers have been developed (Dayanandan, Rajora & Bawa 1998; Rahman, Dayanandan &
Rajora 2000; van der Schoot et al. 2000; Lian et al. 2001; Smulders et al. 2001; Barker et al.
2003; Stamati et al. 2003; Tuskan et al. 2004). In particular, 4200 Populus SSRs are
available from the International Populus Genome Consortium. Since the sequencing of the
P. trichocarpa genome has been published, the chromosomal positions of the SSRs are
known (Tuskan et al. 2006). In addition, Populus shares a high degree of macrosynteny
(shared order of genes on chromosomes between species, families and even genera) with the
genus Salix (Hanley, Mallott & Karp 2006). Roughly 100 SSRs have been tested for cross-
species/-genera amplifications in Salix species with a success rate of 30-50% (Tuskan et al.
2004; http://www.ornl.gov/sci/ipgc/ssr_resource.htm). However, neither S. caprea was
included in this survey, nor the amplification products confirmed by either sequencing or
evaluated for their degree of polymorphisms.
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Most of the population genetic studies that address heavy metal tolerance and accumulation
have focused on herbaceous plants such as Thlaspi caerulescens (Meerts & van Isacker
1997; Basic et al. 2006), T. pindicum and T. alpinum (Taylor & Macnair 2006) and
Arabidopsis halleri (Van Rossum et al. 2004; Pauwels et al. 2005, 2006, 2008). Heavy
metal tolerance in A. halleri is largely a constitutive property and non-metallicolous
populations also have a high frequency of enhanced tolerance (Bert et al. 2000; Pauwels et
al. 2006). Isolates of the facultative metallophyte T. caerulescense from normal soil had a
lower tolerance but were able to accumulate more Zn (Meerts & Van Isacker 1997; Escarré
et al. 2000; Assuncdo et al. 2003; Frérot et al. 2003) and Basic et al. (2006) demonstrated
that T. caerulescense populations with contrasting Cd accumulation capacities can be
distinguished based on amplified fragment-length polymorphism and chloroplast markers.

Quantitative trait loci (QTL) analyses with T. caerulescens revealed that only few loci
explain most of the variance for Zn and Cd concentrations (Assuncdo et al. 2006; Deniau et
al. 2006). A comparable analysis involving a cross between A. halleri and the non-tolerant
A. lyrata relative identified only three major QTLs responsible for Zn tolerance. One of the
loci mapped to an already known gene involved in heavy metal uptake and this heavy metal
transporting ATPase 4 (HMAA4) is known to be higher expressed in A. halleri compared to
Arabidopsis. lyrata sp. petraea (Courbot et al. 2007; Willems et al. 2007). Hanikenne et al.
(2008) recently showed that the Zn hyperaccumulation and tolerance to Cd and Zn depend
on HMAA4 and that its enhanced expression is due to a combination of modified cis-
regulatory sequences and copy number expansion.

To reveal potential effects of centuries of heavy metal contaminations on the structure and
accumulation capacity in S. caprea, the objectives of this study were:

e to evaluate the Zn/Cd accumulation potential of S. caprea in standarized
conditions;

e toinvestigate the differences in Zn/Cd accumulation in S. caprea isolates from
contaminated and non-contaminated sites

« to screen for the most effective isolates that exhibit a high Zn/Cd phytoextraction
efficiency (i.e. heavy metal concentration x leaf biomass).

»  to establish microsatellite markers and elucidate the genetic structure of central
European S. caprea populations from historic contaminated and non-contaminated
sites.

» to evaluate the genetic differentiation between populations in the concept of local
adaptation.

MATERIALS AND METHODS

Selection of S. caprea isolates

In this study, we used seven S. caprea populations from three countries in Central Europe.
These were: in Austria [one metal contaminated (Arnoldstein — A) and two non-
contaminated sites (Forchtenstein — F, Volkermarkt — V)], in the Czech Republic {two
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contaminated [P¥ibram — PR, Kutnd Hora — KH] and one non-contaminated site [Prague
(P)]} and in Slovenia [one contaminated (MeZica — M) site] (Table 1). The contaminated
sites were exposed to atmospheric heavy metal deposition for centuries because of the
activity of local metal smelters. In the territories of the Czech Republic, lead ores were
mined and processed between the Middle Ages and the year 1994 (Czech Republic Ministry
of Environment 2005). The deposition of heavy metal in the area of Kutnd Hora and Pfibram
has been well-documented (Grmela & Rapantova 2005). A similar situation exists in
Mezica, where Zn and Pb mining was operating for more than 300 years until 1989 (Prestor,
Strucl & Pungartnik 2003; Druzina 2006). In Arnoldstein, Pb and Zn smelting started at the
end of the 15th century and was active until 1991. Information on the sites, their soil
characteristics and the number of isolates is presented in Table 1 (Supporting Information
Table S1, Fig. S3).

Green cuttings of 20-25 individuals were collected and represent isolates. The group of
isolates from each site constitutes a population. For the individual isolates, a soil sample (0-
20 cm depth) below the canopy of the tree was included. In case of small, i.e. few meters,
distance between the individual trees a composite soil sample was obtained and analysed
(Supporting Information Table S1).

Propagation and perlite-based soil-less cultures

Green cuttings with four internodes were used for vegetative propagation in late June/early
July 2004. The cuttings were rooted in quartz sand for 6 weeks in a shadowed greenhouse
chamber (14/20 °C day/night temperature; 16 h light period;>90% air moisture).The final
number of isolates per population that could be successfully propagated is presented in
Table 1. Up to 10 rooted cuttings with similar properties, i.e. root length and diameter, were
selected for each isolate and transplanted into 1 L plastic pots containing perlite. Climatic
conditions were as described earlier, but with reduced air moisture (80%) and without
shadowing. A Cd-free nutrient solution, containing normal Zn concentration, was provided
for a period of 8 weeks.This nutrient solution contained (in uM) 1000 Ca(NOg),, 500
Mg(S04)2, 50 KHoPO4, 100 KCI, 5 H3BO3, 0.2 HysM07NgO24, 10 MNSOy, 2.5 CuSQOy,
0.25 NiSOy, 2.5 ZnSO4 and 50 Fe (111)-EDDHA (ethylenediamine-di(o-
hydroxyphenylacetic acid) (Shen, Zhao & McGrath 1997). Solution pH was maintained at
around 6.0 with 1 mM MES as potassium salt. Each pot was surface-watered with 300 mL
of this nutrient solution twice a week, following the removal of excess previously-added
solution from the saucer in which the pot stood.After 8 weeks, three to five clones of each
isolate with similar shoot length were selected and the height of the shoots was reduced to
uniform length. Subsequently, the plants were provided twice a week with a modified
solution containing elevated concentrations of Zn (5 mg L™1) and Cd (0.5 mg L™1) for a
further 8 weeks.

Analysis of plant and soil material

At harvest, plant material was divided into roots, shoots and leaves. Shoot length and
number of leaves was quantified (Fig. S1). Leaf samples were washed with distilled water
before drying at 80 °C.After recording the DW, leaves were ground in a metal-free mill
(IKA® — Werke, MF 10) and digested in a mixture of HNO3 (puriss. p. a., Sigma-Aldrich,
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Vienna, Austria) and HCIO,4 (puriss. p. a., Sigma-Aldrich) (4:1, v/v) using an automated
heating block (Digester DK 42/26, Velp Scientifica, Milano, Italy). Soil samples were air-
dried and passed through a 2 mm stainless-steel mesh. The sieved fraction was analysed for
pH and total (aqua regia extract; Osterreichisches Normungsinstitut 1999) and labile (1 M
NH4NO3 extract, 1:2.5 m/v; DIN-Deutsches Institut fir Normung 1995) Zn and Cd
concentrations (Supporting Information Table S1). Measurement of Zn and Cd
concentration was performed by flame atomic absorption spectrometry (AAS, Perkin Elmer
2100, Waltham, MA, USA). For quality assurance, replicate samples, blanks and
standardized reference materials (Eurosoil 7; internal plant reference material) were
included in all analyses.

DNA preparation

Genomic DNA was isolated from roughly 150 mg frozen leaves of 170 isolates after a
modified protocol of Rogers & Bendich (1988). In brief, leaves were ground in liquid
nitrogen in 15 mL tubes. 5 mL of 2X CTAB (2% (w/v) hexadecyltrimethylammonium
bromide, Sigma-Aldrich), 100 mM Tris/HCI pH 8.0, 20 mM ethylenediaminetetraacetic acid
(EDTA), 1.4 M NaCl, 1% (w/v) polyvinylpyrrolidone (PVP40T, Sigma-Aldrich) was added,
vortexed and incubated at 65 °C for 20 min. Equal amount of chloroform was added and
vortexed for 2 min. Following centrifugation at 4250 g for 10 min at 4 °C, the supernatant
was transferred to a new tube and the DNA was precipitated by addition of 0.8 volumes
isopropanol (Carl-Roth, Karlsruhe, Germany). The pellet was washed with 70% ethanol and
dissolved in 100 pL TE (10 mM Tris-HCI pH 8.5, 1 mM EDTA) with 3 uL RNase (10
mg/mL, DNase free, Roth). The integrity and the quantity of the genomic DNA were
evaluated on 0.8% (w/v) agarose gels containing 0.5 mg/mL of ethidium bromide.

PCR amplification, electrophoresis and sequencing

PCR amplifications were carried out in a total volume of 20 pL containing 20 ng genomic
DNA, 200 pM of each dNTP, 5 pmol of forward and reverse primers (Supporting
Information Table S2), 1 U TAQ polymerase and 1X PCR buffer (10 mM Tris-HCI pH 8.5,
50 mM KCI, 2 mM MgCly, 0.15% Triton X-100). PCR was conducted in a Master Cycler-
Gradient PCR machine (Eppendorf, Germany) with an initial cycle of 94 °C/3 min and 35
cycles of 15 s/50 °C, 30 s/72 °C, 15 s/94 °C. Size and amount of the PCR products were
evaluated on 2% (w/v) agarose gels containing 0.5 mg/mL of ethidium bromide.

SSR amplicons were directly sequenced with the DYEnamic ET Terminator Cycle
Sequencing Kit (Amersham Pharmacia Biosciences, Pittsburgh, PA, USA) and according to
the ABI Prism® BigDye® Terminator Cycle Sequencing Ready Reaction Kit on the ABI
Prism 3100 Genetic Analyzer (Applied Biosystems, Carlsbad, CA, USA). Sequences were
analysed by BLAST algorithm (Altschul et al.1997) at NCBI (http://www.ncbi.nlm.nih.gov)
and JGI (http://genome.jgi-psf.org/Poptrl/Poptrl.home.html). Sequence alignments were
done using the MegAlign software of the DNASTAR program package (DNASTAR
Inc.,Madison,WI,USA).To evaluate the degree of polymorphism in the S. caprea
populations, SSR amplicons from 18 isolates (three from six populations) were separated on
5% non-denaturing polyacrylamide gels,as described previously (Hauser et al. 1998).
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Genotyping

One of each primer pair was labelled with 5-HEX (5-hexachlorofluorescin), 6-FAM (6-
carboxylfluorescin) or 5-NED (5-benzofluorotrichlorocarboxylfluorescin). PCR amplicons
were diluted in distilled water with a ratio of 1:2 to 1:10 (depending on the amplicon
concentration). For multiplexing, PCR amplicons with two different labels and fragment
sizes were mixed 1:1. 1 uL and suspended in 10.3 uL consisting of 10 yL Hi-Di™
formamide (Applied Biosystems) and 0.3 L of the size standard Genescan 400HD-ROX
(Applied Biosystems). After denaturation at 94 °C for 3 min. and immediate chilling on ice,
the products were analysed with the ABI Prism 3100 Genetic Analyzer (Applied
Biosystems). The chromatograms were analysed using ABI Prism® Genotyper® 3.7 NT
Software (Applied Biosystems).

Statistical analyses

A nested analysis of variance (general linear model) was performed to detect significant
differences between populations. The factors were ‘contamination’ (which was defined ‘yes’
for contaminated sites and ‘no’ for non-contaminated) and ‘population within
contamination’ (i.e. the factor ‘population” was treated as a nested, that means second
hierarchy level below the factor ‘contamination’).A level of significance of a = 0.05 was
used to determine significant effects. Pearson correlations were calculated and visualized
with Microsoft Excel 2002.The significance of the correlation r was evaluated with the
Pearson’s table.

To assess the differences between the individual populations, a post hoc comparison of
means was performed using the Scheffé test (P < 0.05). Correlation analysis (Pearson r) was
performed between leaf biomass and foliar Zn and Cd concentration. All statistical analyses
were performed using Statistica 6.0 for Windows (StatSoft Inc. 2001).

Allele number and frequencies for each marker, population and categorical group, expected
heterozygosity (Hexp), the global and pairwise F statistics were calculated with the program
SPAGeDi (Spatial Pattern Analysis of Genetic Diversity), version 1.2 after Weir &
Cockerham (1984).This program operates with genotype data of any ploidy level (Hardy &
Vekemans 2002). The Weir & Cockerham algorithm for the F statistics is based on a nested
anova, Where populations are weighted according to their sample size. Bonferroni correction
was applied to correct for multiple-comparisons (Sokal & Rohlf 1995). Observed
heterozygosity (Hgps) Was computed using the MSA program (Dieringer & Schlétterer
2003). Significance (P values) of non-random distributions of specific alleles was calculated
with a permutation test of 1000 replications in Microsoft Office® Excel and a Fisher’s exact
test.

We assessed evidences of selection (i.e. adaptation in contaminated populations) using the
InRH test and calculated the average gene diversity Heyp of each locus for the contaminated
(k¢) and uncontaminated populations () and the formula ©= (1/(1 - Hexp))2 -1las
described by Kauer, Dieringer & Schlétterer (2003). The © values were normalized and
Bonferroni corrected to get significance values (Supporting Information Table S3).
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RESULTS

For all isolates tested in the perlite-based soil-less culture (n = 132), the average (mean +
standard deviation) foliar concentrations were 812 + 238 mg Zn kg~! and 115 + 56.0 mg Cd
kg~1. Mean leaf biomass was 2.91 + 1.55 g plant™1.

Influence of isolate origin

The factor ‘contamination’ had no significant influence on the Cd and Zn concentration in
leaves. In contrast, leaf DW of isolates from contaminated sites was significantly lower than
for isolates from non-contaminated sites (Table 2).The factor ‘population within
contamination’ had a significant influence on all the investigated variables (Table 2). In
spite of this, the differences of foliar Zn and Cd concentration (Fig. 1), as well as of leaf
biomass (Fig. 2), shoot length and leaf number (Supporting Information Fig. S1) between
the individual populations were rather small and only a few significant differences were
detected. Comparing the results of the perlite-based soil-less culture with the soil
characteristics of the isolate’s origin, we found a positive and significant trend. However,
this correlation was only positive up to a contamination level of 20 mg kg™ total Cd.
Isolates from soils above this total Cd concentration did not increase their accumulation
capacities in perlite-based soil-less cultures (Supporting Information Fig. S5).

Comparison of individual isolates and correlations

Figure 3 shows metal contents (metal concentration x leaf biomass) in leaves of each isolate,
which ranged from 704 to 5560 pg Zn plant™ and from 94.1 to 554 pg Cd plant™1,
respectively. The highest total Cd and Zn contents were found for an isolate from the non-
contaminated population Prague. Both the foliar concentration of Zn and Cd (r = 0.79) and
the total content of Zn and Cd in leaves (r = 0.79) correlated significantly. The leaf biomass
had a higher influence (r = 0.85 and 0.58, respectively) on the total foliar Zn and Cd
contents than the corresponding Zn and Cd concentrations (r = 0.10 and 0.22, respectively).

Correlation between growth and Zn/Cd concentration

A negative correlation was found between foliar Zn and Cd concentration in leaves and the
total leaf biomass (Fig. 4), indicating a decrease of shoot growth at increasing foliar Zn and
Cd concentration. This observation could be due to Zn and/or Cd toxicity or might be caused
by a ‘dilution effect’. Further potential signs of toxicity, i.e. chlorotic and necrotic spots on
leaves, were detected only for a few specimens and were not correlated with foliar Zn and
Cd concentrations (data not shown).

Comparing the results of the perlite-based soil-less culture with the soil characteristics of the
isolate’s origin, we found that no significant dependency existed between biomass
production and the Zn and Cd levels in the isolates derived from contaminated sites
(Supporting Information Fig. S4). However, the biomass negatively correlates with the
much lower total Cd levels of uncontaminated soils. Thus the isolates of uncontaminated
sites are more sensitive to elevated Cd and Zn exposures while isolates from contaminated
sites seem to be more resistant to higher doses of Cd and Zn under soil-less condition and
might have been selected to withstand higher Cd and Zn concentrations.
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Transferability of P. trichocarpa, P. nigra, S. lanata and S. burjatica SSR markers is low

To characterize the genetic structure of the S. caprea populations, a total of 83 Populus ssp.
and 10 Salix ssp. SSRs loci were tested for cross-amplification (Table 3). Whereas around
70% of the Populus and all Salix SSR could be amplified, only half of these amplicons had
roughly the expected fragment size and contained SSR repeats (Table 3).

Sequencing of the PCR-amplified loci revealed a high degree of conservation in the flanking
regions of the SSRs between genera and species. Interestingly, five of P. trichocarpa and
three of the P. nigra loci lost completely the repeat region in S. caprea, although the rest of
the sequence was conserved. Four loci had altered repeat motives: While in P. trichocarpa,
the repeat motif of ORPM_62 was [AT]4.[ATTTT]3, it exists as [AT],... [T]gin S. caprea.
ORPM_86 changed from [CTT]s to [CTT],[CAT]g, ORPM_137 from [AT]; to [GT]4 and
ORPM_312 from [CCT]g to [CTT]5 in S. caprea. Six SSR amplicons had no homology to
any Populus SSR locus (in Table 3 indicated as wrong amplicons, Supporting Information
Table S2). Only 11 SSR loci were polymorphic enough to be used for the genetic structure
analyses of S. caprea. Assuming a high degree of synteny between P. trichocarpa and S.
caprea, these loci are located on nine different chromosomes (Supporting Information Table
S2). The alleles of these 11 loci differed mainly in unit size, although some alleles did not fit
the standard unit series similar to previous reports for P. tremuloides (Cole 2005).

Beside the overall low transferability for Populus (below 10%) and Salix SSRs (40%), the
11 SSR markers could also be amplified in S. cinerea, S. fragilis, S. viminalis and S.
purpurea.

Allelic variation of S. caprea is high and, for some populations, specific

All 11 SSRs were highly polymorphic in 170 isolates. In total, 202 alleles were identified
and their number per locus varied from 5 to 30 (Table 4).The level of heterozygosity of each
locus was between Heyp 0.34 and 0.89 (Table 4). Three highly polymorphic SSR markers
(WMPS_21, SB_38, gSIMCT024) were sufficient to unambiguously distinguish the
genotypes among individuals. Interestingly, none of the isolates shared the same genotype.
In contrast to some Salix species that spread clonally or have a mixed reproduction system,
our genetic results are in accordance with the fact that no asexual propagation occurred in
the sampled S. caprea populations. On average, 19 and 29% of the isolates had more than
two alleles or only one allele of a particular SSR, respectively (Table 4). Of the 1870 loci
evaluated, 15 and 2.8% had three and four alleles, respectively.Therefore, the genetic
diversity and population differentiation was calculated with a program that accepts data sets
containing individuals with multialleles and different ploidy levels (Hardy & Vekemans
2002).

The occurrence of multiallele loci may be the results of local genome amplifications. To
determine if the frequency of multiallele loci is significantly different in contaminated
versus uncontaminated populations, we used the Student’s t-test (Table 5). While no
significance was detected if all loci were compared, contaminated populations had
significantly more multiples alleles at loci ORPM_312 and SB_24, indicating that genome
amplification may have occurred. Assuming a high degree of synteny between Populus and
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Salix, these two loci are not on the same chromosome (Supporting Information Table S2).
Another marker on the same chromosome, SB_24, does not show this correlation indicating
that partial genome duplication may have occurred at specific loci and chromosomal
regions.

Furthermore, at two loci, specific alleles have been detected for the Northern
(ORPM_446/246, WMPS_19/174) and one (gSIMCT024/114) for the contaminated
populations (Table 6). Using Fisher’s exact and a permutation test, the probability that these
three alleles occurred by chance is below the significance level (Table 6).

Genetic differentiation of S. caprea isolates is significant for the contamination status, the
geographic origin and for isolates with a high leaf biomass production

Differentiation within a random mating population is correlated with a loss of genetic
variation and a decrease in heterozygosity between subpopulations. To measure the degree
of differentiation between the geographically distinct S. caprea populations Wright’s F
statistics was used. Isolates from Prague (P) showed the highest average pairwise Fgt
values, and thus this population is significantly different from all others. Because of the
Prague populations, the differentiation is more pronounced North of the Alps (KH, PR, P)
compared to the populations South of the Alps (A, M, V) (Table 7). The population of
Forchtenstein (F) although situated North-East of the Alps is genetically closer to the
Southern populations (Table 1).

By grouping the populations based on the contamination status, a weak but significant
differentiation was calculated between metallicolous and non-metallicolous isolates (Table
8). This differentiation is mainly due to the markers ORPM_62, WMPS_12, WMPS_21 and
SB_38.

Separated Fgt values for individual loci were also calculated by grouping Southern and
Northern populations. The differentiation was mainly due to the marker WMPS_12. Within
the Northern populations, differentiation was found between the metal contaminated (KH,
PR) and non-contaminated (P) populations. However, the differentiation between Southern
metallicolous (A, M) and nonmetallicolous (V) populations was not significant, although it
is significant between Arnoldstein (A) and MezZica (M), which are separated by the
Karawanken mountains, but not between Arnoldstein (A) and Vdlkermarkt (V), which are in
the same valley. These genetic data are consistent with the geographic differentiation of the
nested anova analyses for the physiological traits that find a significant difference in the Cd
accumulation capacity between the Northern and Southern populations (Fig. 5).

Next, we grouped S. caprea individuals according to their physiological characteristics such
as biomass (e.g. below and above 5 mg kg™ leaf dry weight). For this trait the marker
gSIMCTO024 had a significant FgT value.

This first genetic analysis of S. caprea with nuclear marker shows that there is a weak but
significant geographic differentiation of populations North and South the Alps. Moreover, S.
caprea populations of contaminated areas are genetically distinct. Apart from significant
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Fst values for individual SSR markers, our data suggest that local genome amplifications
might occur during adaptation to heavy metal contaminated environments.

DISCUSSION

We are aware of the fact that some significant limitations may be associated with soil-less
experiments (e.g. regarding the extrapolation of results to soil conditions). Some problems
associated with hydroponic and soil-lees studies have been previously discussed by Stoltz &
Greger (2002), Watson, Pulford & Riddel-Black (2003) and Dos Santos Utmazian et al.
(2007b). However, we have chosen this approach since Watson et al. (2003) also claim that
soil-less hydroponic screening tests comprise a method for differentiation between isolates
under standardized conditions. In order to overcome problems that were found for S. caprea
when growing in nutrient solution (Dos Santos Utmazian et al. (2007b), we have decided to
use a perlite-based soil-less culture.

The first pot experiments with S. caprea isolates from contaminated sites revealed a large
Cd and Zn accumulation capacity of this species (Dos Santos Utmazian & Wenzel 2007;
Dos Santos Utmazian et al. 2007a). Interestingly, similar concentrations were found in a
specimen from a tree nursery (Wieshammer et al. 2007). Therefore, the question arose if the
Cd and Zn accumulation capacity is a constitutive or an adaptive property of S. caprea. The
comparison of seven populations from four contaminated and three non-contaminated sites
suggests that it is likely a constitutive property, because isolates obtained from non-
contaminated sites had similar Zn and Cd concentrations in their leaves compared with those
from contaminated sites (Fig. 1). Landberg & Greger (1996) and Vyslouzilova et al. (2006)
have reported similar observations for other Salix species.

The Cd and Zn translocation factor was investigated for four selected isolates: two with the
lowest and two with the highest foliar Cd and Zn concentration. For the two low
accumulator isolates, the ratio was 0.6, but for the two high-accumulator isolates, the ratio
was 1 and 1.8, respectively. This demonstrates the high capacity of some S. caprea isolates
to translocate Cd from roots to shoots. Even higher shoot:root ratios were reported for a S.
caprea isolate grown in contaminated soil (up to 2.3; Dos Santos Utmazian & Wenzel
2007). Regarding the uptake of Cd, the correlation analysis between foliar Cd and Zn or Ca
concentrations suggest that Cd is taken up more likely by the carrier system for Zn (r = 0.79)
than for Ca (r = 0.51). Previous reports suggest that Cd may be taken up by both Zn and Ca
carriers (Welch & Norvell 1999; Zhao et al. 2002; Antosiewicz & Hennig 2004; Pittman et
al. 2004; Korenkov et al. 2007, 2009; Parameswaran et al. 2007; Moreno et al. 2008; Mei et
al. 2009; Morel et al. 2009; Oomen et al. 2009; Kiipper & Kochian 2010).

Based on the anova analysis with isolates grouped according to the contamination status, no
significant difference was found for the foliar Zn and Cd concentration (Fig. 5).
Nevertheless, signs of adaptation were revealed through the significant positive correlation
between the Cd concentration of the soils and the isolates capability to accumulate Cd in
leaves in soil-less perlite conditions. However, this correlation was only significant for total
Cd concentrations of up to 20 mg kg~ soil. Isolates from soils above this level did not
exhibit a further enhancement of their Cd accumulation capabilities (Fig. S5). Leaf biomass
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was, on average, larger for the isolates from non-contaminated sites. These findings suggest
that: (1) most S. caprea isolates are good extractors and accumulators of Zn and Cd; and (2)
the contamination of the site of isolate origin has a significant influence on foliar biomass
production and Cd but not Zn accumulation. The constitutive property of metal
accumulation has been previously reported for the hyperaccumulators A. halleri (Bert et al.
2000, 2002; Macnair 2002) and T. caerulescens (Meerts & Van Isacker 1997; Escarré et al.
2000). Our data suggest a similar trait for S. caprea.

The significant influence of the factor ‘population’ on biomass production and foliar Cd and
Zn concentrations suggests that the isolates from each site represent a distinct population.
This geographical difference was supported by genetic analyses, which show that the
Southern populations are distinct from the Northern ones (Table 8). However, the
differences between the populations are less pronounced (sometimes even not significantly
different) than expected. The average foliar Cd concentration in the population with the
lowest mean value (Prague) is only 37% lower compared to the population with the highest
mean value (Volkermarkt). For Zn, the difference between Mezica (highest) and
Forchtenstein (lowest) is even less (22%).

Among the populations from non-contaminated sites, plants from Volkermarkt are
characterized by higher Cd concentrations than those from Prague or Forchtenstein. This
may be explained by the rather short geographical distance between Vélkermarkt and
contaminated sites in the vicinity (including MeZica and Arnoldstein). The hypothesis that
populations from Voélkermarkt and MeZica or Arnoldstein are genetically closely related was
supported by our genetic analysis that could not detect a significant differentiation between
Voélkermarkt and Arnoldstein and Volkermarkt and Mezica (Table 7).

Signs of differentiation and adaptation are best detectable by genetic analyses with
molecular marker such as the co-dominant nuclear SSRs. Since Tuskan et al. (2004)
published that 30-50% of the Populus SSRs can be amplified in different Salix species, we
used the rich source of mapped SSRs of the fully sequenced Populus genome (Tuskan et al.
2006). Although 73% of the Populus SSRs could be amplified in S. caprea, only 10% were
polymorphic and could be used for the genetic analysis of our populations. This low rate of
transferability of Populus SSRs for Salix ssp. implies that Populus SSRs are not
recommendable for whole genome association studies in Salix.

To date, few data are available on the population structures of S. caprea (Palmé et al. 2003)
and other Salix species (Reisch, Schurm & Poschlod 2007). Our genetic analysis of seven
middle European populations found a very low level of differentiation with Fgt values
between 0.0118 and 0.052 (Tables 7 and 8) and agrees with data of maternally inherited
chloroplast markers (PCR-RFLPs) that revealed a low genetic differentiation (Ggt = 0.09)
between S. caprea populations (Palmé et al. 2003). Palmé et al. (2003) also reported that the
genetic diversity was higher in the Northern populations, a finding that is consistent to our
significant differentiation of the populations North and South the Alps. Our data are also
comparable with an SSR analysis on P. tremuloides populations, where the FgT values
varied between 0.006 and 0.045 (Cole 2005).
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The frequency of multialleles differed between the populations and loci. At two loci, it was
significantly higher in population of contaminated areas, independent of the geographic
origin. This result may come from an ancient introgression event with a polyploid Salix
species and subsequent loss of most of the introduced chromosomes. On the other hand, the
presence of multialleles might point to local genome amplifications, a phenomenon that has
been identified in all the recently sequenced plant genomes including that of P. trichocarpa
(Tuskan et al. 2006). DNA quantification with flow cytometry showed that S. caprea had
the highest intraspecific variation of DNA content among Salix species (Thibault 1998).
Correspondingly, our flow cytometric DNA quantification of all S. caprea isolates found a
similar variation (data not shown). Although further Southern blot or sequence analyses are
needed, the data are indicative that S. caprea may use gene number expansion in the
adaptation process to specific environments in a similar manner as it has been described for
A. halleri by Hanikenne et al. (2008).

To test if other loci have signs of selection, the INRH test was used that compares significant
reductions in variability of each locus in each population in relation to all loci (Supporting
Information Table S3). Effects of demography, such as bottlenecks, are removed by the
InRH test because these would affect all loci at the same degree. According to this analysis
only for the WMPS_14 locus a sign of selection was revealed that lost the significance after
Bonferroni. However, the InRH test was designed for genome scans analysing a large
number of loci.With the moderate number of loci used in this study, the chances to detect a
genomic region subjected to selection are small. It is also unclear how the partial deviation
from a strict diploid genome affects the Fg1 — heterozygosity correlation and the InRH
value. A simulation test is, however, beyond the scope of this paper. Other signs of selection
are the significant correlations between specific loci and physiological traits (Table 8), and
the detection of three alleles that are specific for the geographic localization and the
contamination status of the populations (Table 6).

To our knowledge, this is the first study on the population structure of S. caprea based on
nuclear markers that associates phenotypic with genotypic variability. The weak indications
of differentiation between populations and among isolates of specific physiological
characteristics suggest that selection might have shaped the populations. To increase the
resolution of the genetic analysis, a larger number of polymorphic sequences are needed.
Our results exemplify that deeper molecular analyses of isolates with contrasting
performance could be an effective measure for understanding the molecular basis of Zn/Cd
tolerance, accumulation as well as biomass production all traits that are essential for
improving the phytoextraction efficiency.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Fc?liar Zn (a) and Cd (b) concentration in S. caprea isolates derived from seven different
populations. Boxes represent the median (vertical solid line), the arithmetic mean (vertical
dashed line), and 25-75% percentile.Whiskers represent the 90th and 10th percentile.
Significant differences were determined by a post hoc comparison of means (Scheffé test
after nested avova; P < 0.05) and are indicated by different letters.
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Figure 2.

Tc?tal amount of leaf biomass per plant for S. caprea isolates derived from seven different
populations. Boxes represent the median (vertical solid line), the arithmetic mean (vertical
dashed line), and 25-75% percentile.Whiskers represent the 90th and 10th percentile.
Significant differences were determined by a post hoc comparison of means (Scheffé test
after nested avova; P < 0.05) and are indicated by different letters.
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Figure 3.

Total Cd in leaves (mg plant™)
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Page 20

Correlation between total Zn and total Cd in leaves of the individual isolates (n = 132; r =

0.79; P < 0.001).
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Figure 4.

Relationship between the leaf biomass and the foliar Cd (A) and Zn (B) concentration.
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Comparison of leaf biomass and Zn/Cd concentration of Salix caprea between isolates from
Northern (N) and Southern (S) populations as well as between specimen from contaminated
(C) and non-contaminated (N) sites. Error bars represent the standard error of the mean.A

significant difference (P < 0.05) is indicated by an asterisk.
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Table 2

Page 24

Main effects of the factors ‘contamination’ and ‘population within contamination’ determined by a nested
analysis of variance (general linear model, type 111 decomposition). F values were treated as fixed. F values

were calculated by dividing the mean square (MQ) of either factor by the mean square of the error.A

significant effect is indicated by a P value below 0.05

Variable Factor ss*  df MQ F P
Biomass (g plant™t)  Constant 4768 1 4768 2335 0.00
Contamination 37.8 1 37.7 184  0.00
Population within contamination 177 5 353 17.3  0.00
Error 1170 573 2.02 - -
Cd (mg kg™ Constant 6912645 1 6912645 2451 0.00
Contamination 4163 1 4163 148 0.22
Population within contamination 194 709 5 38942 13.8  0.00
Error 1616241 573 2821 - -
Zn (mg kg™) Constant 348 160 948 1 348160948 6566 0.00
Contamination 7073 1 7073 013 0.72
Population within contamination 2409978 5 481 996 9.09 0.00

Error

30384698 573

53 027 -

*
Sum of squares.
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Table 3

Summary of cross-genera and -species amplification of SSR markers in S. caprea

P.trichocarpa P.nigra S burjatica S.lanata

SSRs tested 62 21 3 7
Amplified 45 14 3 6
Unexpected amplicon size 15 3 - 1
Sequenced 23 11 3 4
SSR present 12 7 3 4
Wrong amplicon 7 - - -
No repeat 5 3 - -
Different repeat 4 - - -
Polymorphic 3 4 3 1
Success rate (%) 4.8 19.1 100 14.3
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Allelic variations, heterozygosity, Fst and P-values and frequencies of multi- and single allele loci

Table 4

Locus No. of Alleles  Hons Hexp % multiallele loci % single allele loci  F st P value
ORPM_62 14 049 074 20.00 50.63 0.035 0.0005
ORPM_312 18 081 0.82 12.80 19.02 0.012 0.012
ORPM_446 25 056 081 13.94 44.24 0.009 0.174
WMPS_12 5 034 033 0.61 66.06 0.052 0.000
WMPS_14 21 085 084 39.52 14.97 0.007 0.062
WMPS_19 30 084 088 33.13 16.27 0.007  0.032
WMPS_21 12 079 0.76 31.36 21.30 0.014 0.003
SB_24 15 089 0.77 10.65 11.24 0.005 0.196
SB_38 30 082 091 11.15 17.47 0.016 0.000
SB_199 16 061 0.76 23.64 38.18 0.011 0.023
gSIMCT024 18 0.85 0.80 9.41 14.71 0.009 0.040
All loci 0.0143  0.000
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Frequencies and significance (P value) of population-specific alleles

Table 6

Populations ORPM_446/246 WMPS_19/174 gSIMCTO024/114
A 0.092 0.023 0.013

M 0.038 0.077 0.019

F 0.075 0.079 0.000

\Y 0.139 0.024 0.000

KH 0.000 0.000 0.058

PR 0.000 0.000 0.077

P 0.000 0.000 0.000

P values 0.001 0.010 0.0

Plant Cell Environ. Author manuscript; available in PMC 2015 March 17.

Page 28



syduosnuelA Joyiny sispun4 DA @doing ¢

syduasnuel Joyiny sispund JINd adoin3 ¢

PUSCHENREITER et al.

Pairwise Fst and P values among S. caprea populations. Fgt values in bold and italic are significant

Table 7

Bonferroni corrected and not significant, respectively

Fsr

A M v F KH PR P
P
A 00118 00041 00076 00108 00108  0.0176
M 0.0025™" 00155 00035 00090 00117  0.0303
V03599  (o121% 00136 00171 00272  0.0256
F 00579 05586  0.0209* 00079 00123 00184
KH 00085 00365 0.0039° 0.1053 0.0123 0.0309
PR 00059" 00119"  0.0000 00145°  0.0063" 0.0235
P 00000 0.0000" 0.0000™ 0.0005" 0.0000"* 0.0000™"

Fk

P < 0.05 with Bonferroni correction;

*
P < 0.05 without Bonferroni correction.
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Table 8

Summary of the Fg calculations for individual and all loci

Category F st P-value  Bonferroni

Metallicolous versus non-metallicolous

ALL LOCI 0.0053  0.0003 *
ORPM_62 0.0346  0.0009 *
WMPS_12 0.0517  0.0007 *
WMPS_21 0.0141 0.0035 *
SB_38 0.0160 0.0003 *

North-South

ALL LOCI 0.005 0.0005 *
ORPM_446  0.0145 0.0095
WMPS_21 0.0112  0.0033 *

North: metallicolous versus non-metallicolous

ALL LOCI 0.0232  0.0000 *
WMPS_14 0.0235 0.0043 *
Dry weight*

ALL LOCI 0.0124  0.0219
gSIMCT024  0.0617  0.0007 *

*
Isolates with leaf dry weights higher than 5 mg/kg were compared to the rest.
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