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Abstract

Purpose Heavy metal accumulation produces significant
physiological and biochemical responses in vascular plants.
Plants growing on abandoned mine sites are of particular
interest, since they are genetically tolerant to high metal
concentrations. In this work, we examined the effect of heavy
metals (HMs) on the morphology of 7. officinale growing in
pots with mine soils, with the following objectives: (1) to
determine the evolution of HM concentration in leaves and
roots over 3 years of cultivation; (2) to highlight possible
damage at anatomical and cytological level.

Materials and methods Wild specimens of Taraxacum
officinale Web., with their soil clod, were gathered from three
sites with different contamination levels by heavy metals (Cd,
Cr, Cu, Fe, Pb, Zn) in the abandoned Imperina Valley mine
(Northeast Italy). A control plant was also gathered from a
non-contaminated site nearby. Plants were cultivated in pots at
the botanical garden of the University of Florence (HBF), and
appeared macroscopically not affected by toxic signals (re-
duced growth, leaf necrosis) possibly induced by soil HM
concentration. Leaves and roots taken at the same growing
season were observed by light microscopy and transmission
electron microscopy.
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Results and discussion Light microscopy observations show a
clear difference in the cellular organisation of non-
contaminated and contaminated samples. The unpolluted
samples present a well-organised palisade tissue and spongy
photosynthetic parenchyma. Samples from contaminated
sites, instead, present a palisade parenchyma less organised,
and a reduction of leaf thickness proportional to HM concen-
tration. The poor structural organisations, and the reduced
foliar thickness of the contaminated plants, are related to soil
contamination. Differences in root micromorphology concern
the cortical parenchyma. Moreover, all the samples examined
present mycorrhiza. Ultrastructure observations of the paren-
chyma cells show mitochondrial structure alteration, with
lacking or reduced cristae of the internal membrane at in-
creasing metal content. Instead, chloroplast organisation does
not present significant differences, particularly in number and
compartmentalization of thylakoids.

Conclusions Although macromorphology does not present
evidence of phytotoxicity, the recorded observations of the
micromorphological characteristics of leaves and roots, show
a suffering state of the plants, strictly related to HM content.
Leaching reduced partly the HM content of the soil, therefore
decreasing their phytotoxic effect. A gradual restoration of
leaf organisation suggests that somewhat resilience occurred
in plants. Moreover, the presence of stress-tolerant mycorrhi-
zal fungi could contribute to reduce metal toxicity.

Keywords Heavy metals - Mine soils - Plant morphology -
Taraxacum officinale - Ultrastructure

1 Introduction

Trace elements are ordinarily present in rocks, sediments and

soils, but locally may be concentrated in rocks as ore bodies
and generally dispersed in the environment through pollution
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as a consequence of mining the ores (Davies 1987; Alloway
1995). Environmental threats arise when ores are mined,
milled and smelted, and a certain amount of potentially harm-
ful elements (PHEs) is released in the surrounding areas and to
waterways. Depending on the nature of the waste rock and
tailings, a wide dispersion of these PHEs both in solution and
in particulate form is possible (Sivri et al. 2010).

Industrial extraction of metals from ore minerals usually
results in large amounts of waste materials which often contain
elevated concentrations of PHEs such as As, Cd, Cr, Cu, Pb, Zn
(Helios-Rybicka 1996; Lee et al. 2001; Navarro et al. 2008).
These elements can be transported, dispersed in the environ-
ment and accumulated in plants, and then may pass through the
food chain to human people as the final consumer, causing
serious health problems as intoxication, lead poisoning,
mercurialism and also cancer (Bernard 1995; Steinnes 2009).

The metal-enriched areas, therefore, represent an ideal nat-
ural laboratory where to study the processes in order to provide
descriptive models of the interactions between PHEs, the
pedosphere, the biosphere and the hydrosphere. As stated by
Preeti and Tripathi (2011), there is a direct relationship between
chemical characteristics of soil, heavy metals concentration and
morphological and biochemical responses of plants. Indeed, it
is well known that PHEs may have toxic effects on living
organisms (microbes, plants and animals, including humans):
decline of soil fertility and yield depression (Zhao et al. 2011),
decrease in microbial activity (Kucera et al. 2008), limited plant
growth and root elongation (Kidd et al. 2009), reduction of the
meristematic zone (Giuliani et al. 2008; Losch 2004), damaged
epidermal cells, plasmolysis, reduced chlorophyll and carotene
production (Lopareva-Pohu et al. 2011).

In the last decades, the assessment of soil contamination
has been extensively carried out through plant analysis (Ernst
1996; Zupan et al. 2003; Bini 2010 and references therein).
There are plants that can survive in a metal-enriched environ-
ment, and other plants that can accumulate metals in their
aerial parts; both are genetically tolerant to heavy metals. The
first ones are diffused in abandoned mine sites or in naturally
metal-enriched soils (e.g. serpentine soils); they are good
(passive accumulative) bioindicators for large scale and local
soil contamination (Baker 1981; Baker and Brooks 1989;
Bargagli 1993; Zupan et al. 1995, 2003; Poschenrieder et al.
2001). The second ones are bioaccumulator plants, and have
been proposed recently as tools to clean up contaminated soils
by the environmental friendly technique of phytoremediation
(Adriano et al. 1995; Baker et al. 2000; Bini 2009). A third
group of plants do not tolerate metals, and are referred to as
excluder (Baker 1981).

Although plants are metal-tolerant or bioaccumulators,
heavy metals interfere with their metabolism (Lopareva-
Pohu et al. 2011), and several morphological modifications
were observed in their structure and ultrastructure
(Mangabeira et al. 2001; Sarret et al. 2001; Maleci etal. 2001).
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A large part of the phytotoxic effects of heavy metals have
been assessed in laboratory studies on seeds germination or on
plantlets (Mangabeira et al. 2001; Li et al. 2005; Preeti and
Tripathi 2011). On the contrary, few contributions have been
published on full-scale experiments and field observations
carried out on wild plants (Madejon et al. 2002; Yoon et al.
2006; Unterbrunner et al. 2007; Llugany et al. 2009; Fontana
et al. 2010; Bini et al. 2010; Wahsha et al. 2012b).

Previous studies of our research group (Bini et al. 2000,
2011; Fontana et al. 2010, 2011a, b; Bini 2012; Wahsha et al.
2012a, b) investigated the heavy metal concentration of soils
developed from mine waste material. Attention was focused
on the toxicity and influence of heavy metals on wild plants
growing on those contaminated soils, and on the metal uptake
by both known and unreported metal-tolerant plant species.

The plant selected for this study was dandelion (7Taraxacum
officinale Web.), a species well known for his tolerance to
heavy metals (Krolak 2003; Zupan et al. 2003; Rosselli et al.
20006). T. officinale is a very common plant, easy to identify
and greatly adaptable to different geo-morpho-pedological
and climatic conditions (Keane et al. 2001; Malawska and
Wilkomirski 2001). Moreover, it is commonly collected to be
eaten as a fresh salad or boiled vegetable; it is reported in
European Pharmacopoeia (2006), and used in traditional med-
icine as hepatoprotector and diuretic. Therefore, when grown
on heavily contaminated soils, it may be potentially harmful if
introduced in dietary food or used as medicine.

Our preliminary results (Bini et al. 2012) confirmed that
T. officinale is a species tolerant to high metal concentrations,
and suggested to use it as a bioindicator plant. Metals accumu-
lated preferentially in roots, but leaves also proved to be accu-
mulator organs, showing only little morphological damage.

In this work, we report the results of the chemical content
and its effect on the morphology of 7. officinale plants grow-
ing on soils with different contamination levels from the mine
area of Imperina Valley (North East Italy), with the following
objectives:

—  To determine heavy metal (HM) concentration in leaves
and roots

—  To highlight possible damage at anatomical and cytolog-
ical level

—  To assess the possible plant resilience

2 Materials and methods
2.1 Site description
The Imperina Valley mining area is located in the Dolomites

mountain district (NE Italy, Fig. 1), with an altitude ranging
between 543 and 990 m above sea level. The geological
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substrate consists of rocks of the metamorphic basement (Pre-
Permian), in tectonic contact with dolomite rocks (Dolomia
Principale, Upper Triassic). The exploitation area is located
along the tectonic contact; it consists of a deposit of mixed
sulphides (Fe—Cu—Pb-Zn), composed primarily of cuprifer-
ous pyrite, pyrite and chalcopyrite, with minor amounts of
other metallic minerals. Waste dump materials are dispersed
over a large area in the territory, and contain relatively high
amounts of toxic metals, with these average values: Cu=
1.3%, Pb=0.2%, Zn=1%, Cd=8 mg kg ', Cr=75 mg kg ',
Ni=62 mg kg '. The recorded metal amounts confirm the
waste composition to be determined by weathering products
of primary minerals (cupriferous pyrite, sphalerite, galena),
where Cr and Ni are present in traces. Mining activity in the
investigated areas dates back at least to the Middle Ages and
flourished in the nineteenth and twenticth centuries, until final
closure in 1962.

Full information on the geological and environmental set-
ting is available in Fontana et al. (2010) and references
therein.

2.2 Soil sampling and laboratory analyses

Three contaminated areas, each with two sites (1-2, riverbed
upstream; 3—4, roasting area; 5—6, permanent meadow down-
stream) and a non-contaminated site over dolomite (back-
ground control), were selected (Fig. 1) and sampled according
to the procedures described by Hood and Jones (1997) and
Margesin and Schinner (2005).

In the period between spring—summer 2011, soil pits were
opened and described following Italian national guidelines

Fig. 1 Location of the studied
area and sampling sites (2, 4, 6,
c¢) of Imperina Valley. ¢ control
site, m metamorphic basement, p
phyllite, d dolomite

(Costantini 2007). All locations were sampled for topsoil (0—
30 cm). Afterwards, soil samples were recovered to the labora-
tory for routine and geochemical analyses. For the analysis of
pseudo-total metal content, 0.2 g of soil samples was subjected
to a complete digestion in the microwave (model 1600-Ethos,
Milestone) in closed containers made of Teflon. The break-
down was performed in 5 mL of aqua regia (37% HCI+65%
HNOs;, 1:3) and 1 mL of 48% HF, and then 1 mL of cold
supersaturated H3;BO3 was added. Two standard certified ref-
erence materials (Soil 5 from the International Atomic Energy
Agency and MESS3 from National Research Council Canada)
were analyzed as a part of the quality control.

Full information on field sampling and laboratory methods
is available in Wahsha et al. (2012a, b).

2.3 Plant sampling

At four of the previously selected sites (sites 2, 4, 6, and
control), during summer 2011, 7. officinale specimens were
sampled with their corresponding soil clod. Plants of the
different sites, at gathering, presented normal appearance,
and did not evidence particular diversities in shape and di-
mension of the leaves. The plants with their natural substrate
were transferred and cultivated in pots (12 cm, one specimen
for each pot, three replicates) at the Botanical Garden of the
University of Florence, under the supervision of the authors.

2.3.1 Chemical analysis

Plant samples were rinsed gently with tap and distilled water
to remove the adhering soil, then were divided into leaves and
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roots, dried in ventilated oven at 80 °C for 2 days. Dried
tissues were grinded in an agate mill (<100 pm). Plant sam-
ples (0.5 g) were digested in an acid mixture of 5 mL 65%
HNO; and 3 mL 30% H,O, in open vessels on the hot plate,
followed by filtration with filter cellulose Whatman n. 42.
After digestion, plant samples were analyzed for PHEs. The
concentration of metals (Cd, Cr, Cu, Pb, Zn, Fe) was deter-
mined by inductively coupled plasma—optical emission spec-
troscopy (ICP—OES, Perkin Elmer model 5300DV) according
to the method reported by Margesin and Schinner (2005).

Analyses were carried out at gathering (June, 2011), and
repeated at the corresponding vegetative stage, during June,
2013.

2.3.2 Microscope observations: Optical Microscopy
and Transmission Electron Microscopy

Microscope observations were carried out in autumn, 2011,
and summer, 2012 and 2013. Small pieces of leaves (taken in
the middle part of the leaf length), and thin roots, with prom-
inent absorbing function, were withdrawn from plants of each
contaminated site (Adriano et al. 1995; Ashraf et al. 2011;
Baker and Brooks 1989) and from the control. Fresh material
was pre-fixed in 2.5% glutaraldehyde in 0.1 M phosphate
buffer at a pH 6.8, post-fixed in 2% OsOy in the same buffer,
then dehydrated and embedded in Spurr’s epoxy resin. Semi-
thin sections of embedded material were stained with
Toluidine Blu, and observed with a Leitz Light Microscope
for a general overview of the leaf and root morphology.
Ultrathin sections were stained with uranyl acetate and subse-
quently with lead citrate to observe leaf ultrastructure.
Observations were performed with a Philips EM 300 trans-
mission electron microscope.

2.4 Data analysis

Statistical analysis of metal content in soils and plants was
based on ANOVA and is presented as means+S.D. The sta-
tistical significance was declared when p value was equal to or
less than 0.05. Statistical analyses were performed using
Sigma Stat statistical software version 3.5.

3 Results
3.1 Soil characters and heavy metals accumulation in soils

The soils of the study area, except control soil, are classified as
Spolic Technosols (Wahsha et al. 2012b). Soils are shallow,
sandy loam in texture and typically unsaturated with respect to
water; they have low cation exchange capacity and relatively
high hydraulic conductivity. Organic carbon content is highly
variable, ranging between 4 and 12 g kg ' (33 g kg ' at the
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control site, Mollisol over dolomite), with the lowest values at
the most contaminated sites. The pH value is 7.5 at site 2,
5.3 at site 4, and 7.6 at site 6, while the control pH is 7.8, the
range depending on the lithology of parent material. Full
description of soil data is reported in Fontana et al. (2010).

The average concentrations of Cd, Cr, Cu, Pb, Zn, Fe in the
soils examined are reported in Table 1. All the studied sites,
out of the non-contaminated one, are strongly enriched in
metals. The total concentrations of most of the investigated
metals (Cd, Cu, Pb, Zn and Fe) in the soil samples were
significantly higher than those of the non-contaminated site,
and almost all above the toxicity threshold according to the
Italian Legislative Decree (D.L. 152/2006). Chromium con-
centration, instead, is below the regulatory limits, and consid-
erably higher in non-contaminated soil than at contaminated
sites. Site 4 is the most contaminated, presenting very high
metal concentrations (Cd up to 4.35 mg kg™ ', Cu up to
4,100 mg kg ', Pb up to 14,150 mg kg ', Zn up to
2,700 mg kg '), with Fe up to 58% in the roasting area.
Sites 2 and 6 too are highly contaminated by Cu, Pb, Zn, Fe,
while Cd concentration is slightly above the non-
contaminated site, and Cr is well below the control value
and under the detection limit at site 6.

Univariate statistics show that there is a positive linear
correlation, significant at p <0.05, between Pb, Cu, Zn and
Fe (Cu/Pb 0.867; Pb/Zn 0.616; Cu/Zn 0.688; Cu/Fe 0.933).
This is consistent with the composition of ore deposits found
in the Imperina Valley, as chalcopyrite (CuFeS,), sphalerite
(ZnS) and galena (PbS). Instead, Cr is negatively correlated
with Cu (—0.847), Pb (—0.816), Zn (—0.604) and Fe (—0.754).
Iron presents a significant positive correlation with Pb (Fe/Pb
0.734). Furthermore, Fe it is not significantly correlated with
Cd, as expected considering the counteracting geochemical
behaviour of the two elements.

3.2 Heavy metals accumulation in 7. officinale plants

The concentrations of heavy metals in roots and leaves of
dandelion plants collected in Imperina Valley are presented in
Table 2. Data show that at contaminated sites this plant is able
to accumulate metals, out of Cd, at much higher concentra-
tions than at the unpolluted site, and above the toxicity thresh-
old indicated by Kabata-Pendias (2011); metal accumulation
in shoots was proportional to soil metal content; therefore, the
greatest metal amount was found at the most contaminated site
(sample 4).

Cadmium concentrations in both shoots and roots of plants
from sites 2, 4, 6, are below the control value (up to
1.46 mg kg "), and below the phytotoxicity threshold, with
site 2 presenting the highest value (1.05 mg kg ).

Chromium concentrations in plants from contaminated
sites are slightly higher than the detection limit
(1.00 mg kg "), and very low in comparison to the
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Table 1 Heavy metals concentration in soils of Imperina Valley

Sampling site Cd Cr Cu Pb Zn Fe

2 0.85+£0.5 i 14+3 i 2,8224+40 i 11,280+37 i 1,096+11 i 320,437+178 i
4 435+1.11 3121 4,098+36 i 14,147+95 i 2,717£13 1 578,632+229 i
6 0.98+0.6 i <DL* 1,894+35 i 12,124+56 i 2,513+201 47,571+287 1
Control 0.32+0.2 141+4 105+6 39+2 95+7 37,984+328
R.LP - 150 120 200 150 -

CS.TC* 3-8 75-100 60-125 100-400 70-400 1,000¢

The letter i following +S.D. indicates significant difference at p <0.05 according to ANOVA. Adapted from Wahsha et al. 2012a, b
Cd, Cr, Cu, Pb, Zn, Fe are expressed as milligrams per kilogram. All the values are mean of five replicates+S.D.

#Less than the detection limit
® Residential limits in the Italian legislation (D.L. 152/2006, Annex 5)

¢ Critical soil total concentration (range of values above which toxicity is considered to be possible) (Source: Alloway 1995)

9Source: Kabata-Pendias 2011

phytotoxicity threshold reported by Kabata-Pendias (2011),
consistently with concentration levels recorded in soil (see
Table 1).

Copper and lead concentrations in shoots present much
higher levels (Cu up to 64 mg kg™ '; Pb up to 193 mg kg ')
than at the non-contaminated site. However, Cu is nearly
equally accumulated in shoots and roots, while Pb is slightly
more abundant in shoots than in roots.

Zinc levels in T officinale shoots from sites 2 and 6 fall
within the normal range (27-150 mg kg ') given by Kabata-
Pendias (2011), while plants from site 4 present Zn concen-
trations slightly above the normal values (189 mg kg ).

Iron concentrations in leaves show a wide range of varia-
tion, with the highest level up to 890 mg kg™ at site 4.
However, this metal is not considered toxic unless at very
high concentration: above 1,000 mg kg™ ' according to
Kabata-Pendias (2011).

Heavy metals in roots of 7. officinale present lower con-
centrations with respect to leaves, with the exception of Cu at
site 4. This suggests the ability of this plant to translocate most
metals from roots to shoots. This is particularly evident for Fe
and Zn (two- to threefold), which are essential micronutrients,

while Pb and especially Cu are less prone (0.20 and 0.0 fold,
respectively) to translocate from roots.

Leaves of dandelion taken directly from the assisted pots at
University of Florence (HBF) during June, 2013 were ana-
lyzed for heavy metals following the previously described
procedure. Roots could not be sampled, to avoid death of
plants. The results obtained are shown in Table 3.

A comparison of HM concentrations in leaves between the
two sampling periods indicates that metal uptake and transfer
to leaves decreased significantly (at p <0.05). Not all the
metals, however, presented the same decreasing trend: Cd,
Cr, Cu and Fe contents decreased by one- to fivefolds, while
Pb content decreased up to 100-folds at sites 2 and 6, and up to
tenfolds at site 4; Zn content decreased by tenfolds at all
contaminated sites. It is likely that leaching with rain and tap
water decreased the metal content in soils (data not shown),
and consequently in plants.

3.3 LM observations

Light microscope observations were primarily carried out in
October 2011, few months after plants were gathered (i.e. the

Table 2 Concentration of heavy metals in Taraxacum (milligrams per kilogram dry weight)

Sampling site  Cd Cr Cu Pb Zn Fe

Leaves Roots Leaves Roots Leaves Roots Leaves Roots Leaves Roots  Leaves Roots
2 1.00£0.1  1.05+0.1 3.22+0.7 1.00+£0.0 64+4 58+4  120+£8  99.8+1 101+£28 67+8 620+4 187422
4 0.69+£0.1 0.17+0.1 3.67+04 1.71+0.2 4943 50+£2  193+7  142+7 189+£17 71£6 890+14 320+24
6 0.39+£0.2 0.34+0.3 2.58+0.1 0.95+0.3 45+2 40+4  147+£2 1182 115+8 59+2  490+19 167+14
Control 1.46+03 1.33+04 <DL? <DL? 9+1 7+1 3.32+1 141+2 44+9 33+4  470+24  108+27

Sampling period during June 2011. All the values are mean of five replicates+S.D.

4 Below detection limit
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Table 3 Concentration of heavy
metals in 7araxacum (milligrams
per kilogram dry weight)

Sampling period during June
2013. All the values are mean of
five replicates+S.D.

#Below detection limit

leaves are those grown during spring and summer in the
different sites). As clearly evidenced in Fig. 2, the thickness

Fig. 2 Transverse section (LM)
of the leaf lamina (bar 100 um).
a Control plant in 2011; b control
plant in 2013; ¢ plant from site 2
in 2011; d plant from site 2 in
2013; e plant from site 4 in 2011;
f plant from site 4 in 2013; g plant
from site 6 in 2011; h plant from
site 6 in 2013

@ Springer

Sampling site Cd Cr Cu Pb Zn Fe
Leaves Leaves Leaves Leaves Leaves Leaves
2 0.64+0.1 1.36+0.5 11.13+3 1.26+0.7 27.18+18 189+14
4 0.66+0.1 1.81+0.5 12.25+3 10.80+7 40.41+14 636+18
6 0.32+0.4 1.11+£0.4 14.89+2 3.14+£0.9 40.42+8 312+14
Control 0.84+0.3 <DL*? 8.29+1 1.99+1 22.95+9 147424

and especially the organisation of the leaf blade is different in
the samples observed. Indeed, control samples present a well-
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developed photosynthetic parenchyma organised in an evident
palisade and spongy parenchyma (Fig. 2a). In plants taken
from polluted soils, the photosynthetic parenchyma is less
developed (i.e. the leaf is less thick), it is constituted
of a lower cell number and scarcely organised
(Fig. 2c, e, g). Yet, plants from site 4, the most polluted
one, show a photosynthetic parenchyma with small
roundish cells and large intercellular spaces (Fig. 2e).
Moreover, chloroplasts appear less numerous and small-
er in comparison to the control. Plants from sites 6 and
2 show the absence of an actual palisade and spongy
parenchyma, but the cellular organisation (shape, distri-
bution and intercellular spaces) tends towards an ar-
rangement similar to that of the control plant
(Fig. 2c, g), particularly in plants from site 2, the less
polluted.

A new series of observations were set up on leaves of the
early vegetative phase, in June, 2012 and 2013. Small differ-
ences in the leaves micromorphology in the 2 years were
observed; therefore, a unique observation set is reported
(Fig. 2b, d, f, h). It is noteworthy to point out that both these
observations were carried out on new leaves born in spring,
after winter dormancy, on plants irrigated with tap water or/
and by rain. As clearly evidenced in Fig. 2, the lamina thick-
ness of the different samples is more or less the same in all the
plants observed and similar to the control. The parenchyma
cells present a better organisation in comparison to that of
2011. Indeed, the cells present intercellular spaces thinner on
the adaxial side of the leaf and larger on the abaxial side
(Fig. 2b, d, f, h). However, these cells have still a roundish
shape and present smaller and less numerous chloroplasts in
comparison to the control (Fig. 3a, b).

The mibrid of the leaf appears well developed in the control
(Fig. 3¢) with numerous vascular bundles of different dimen-
sions. The central part of the mibrid is constituted of a large
wide space. In sample 4 (Fig. 3d) the shape appears different,
but the dimensions are almost similar. The differences concern
the vascular bundles, which are reduced in number (one large
and two small bundles), and the absence of the empty central
part, although several large intercellular spaces are evident. In
samples from less contaminated soil (samples 2, 6) interme-
diate development between the most contaminated plant (sam-
ple 4) and control is recorded.

Primary roots, with a moderately developed cortical re-
serve parenchyma, were examined. All the samples observed
present externally a well-developed mycorrhizal fungi sheath
(Fig. 3e, f, g, h). Differences between control and polluted
samples concern, in particular, the cortical parenchyma that in
the control is compact with few and small intercellular spaces.
The polluted samples present parenchyma cells with larger
dimensions in comparison to the control and numerous large
intercellular spaces, particularly developed in samples 4 and 6,
the more polluted ones.

3.4 TEM observations

Transmission electron microscopy (TEM) observations were
performed on leaves, primarily in October 2011, coincident
with light microscopy (LM) observations. In all the samples
observed, the photosynthetic parenchyma presents normal
cells bearing numerous chloroplasts with thylakoids
intergrana and grana, similar to the control (Fig. 4a). Instead,
the mitochondria appear strongly damaged in samples gath-
ered at the most contaminated sites, cristae are few in sample 6
(Fig. 4d) or lacking at all in sample 4 (Fig. 4c). In sample 2,
grown on less polluted soil, mitochondria appear normal
(Fig. 4e).

Observations carried out in June, 2012 and 2013 show
somewhat recalcitrant ultrastructure in all samples examined.
The damage observed in the mitochondria disappeared; in-
deed, these organelles present normal cristae in all the exam-
ined samples (Fig. 5a, b, ¢, d). No particular differences were
observed in the root ultrastructure of the control and those of
all the contaminated sites.

4 Discussion
4.1 HM in soils and plants

In this study, we have examined the toxic effect of selected
HM on T officinale, and its detoxification and resilience.
Consistently with previous reports regarding the effects of
heavy metals on plants (Simon et al. 1996; Malawska and
Wilkomirski 2001; Zupan et al. 2003; Li et al. 2005; Savinov
et al. 2007; Bini et al. 2012), our results show that HM
concentration in soils affects their concentration in
T officinale tissues, in a proportional way with respect to
the contamination level of different sites, the most con-
taminated being site 4. It is worthy to note that the
extremely high content of iron is at site 4 (up to 58%),
to which corresponds the highest Fe level in leaves and
roots. Site 4 is a proper roasting area, forming a true
iron pan, quite difficult to penetrate by plants, and has
an acidic reaction (pH=5.3). The acidic environment en-
hances metal solubility, and therefore their transfer from soil
to plants, although there was no apparent visual phytotoxicity,
as reported also by Giordani et al. (2012) in plants grown with
iron nanoparticles.

Metals accumulate in leaves more than in roots, which
qualifies dandelion as an indicator plant, as proposed by
Baker (1981). The metal translocation ability, expressed by
the ratio of metal concentration in shoots and roots (Malik
et al. 2010), in almost all the investigated samples, presents
positive translocation factors (TF>1) (data not shown), indi-
cating that 7. officinale does not present a barrier effect against
metals. Conversely, other studies (Mangabeira et al. 2001;
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Fig. 3 a, b Transverse section
(LM) of the leaf lamina in 2013 at
greater magnification (bar

50 um). a Control plant; b plant
from site 4 (ch chloroplasts). ¢, d
transverse section of the mibrid in
2013 (bar 500 um). ¢ Control
plant; d plant from site 4. e, f, g,
h Transverse section of the roots
(LM); arrows indicate the
mycorrhizal sheath, asterisk the
intercellular spaces (bar 100 pm).
e Control plant f plant from site 2;
g plant from site 4; h plant from
site 6
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Kabata-Pendias and Mukherjee 2007; Bini et al. 2008) report
some root barrier for non-essential metals (e.g. Cd, Cr, Pb)
uptake, suggesting some exclusion strategy by plants. Yet, as
reported by Memon et al. (2001), plant species that have no
exclusion mechanism in the roots absorb and translocate
metals and accumulate them in their shoots, especially in
leaves, without showing any toxicity symptoms, via a sort of
internal resistance or accumulation mechanism.
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Concerning cadmium, it is interesting to note that its con-
centration in both leaves and roots from the unpolluted site is
higher than that from contaminated sites. The different soil
parent material is likely to regulate the uptake of Cd as Ca-
substituted element in dolomite at the control site, as reported
by Dubois et al. (1998) in soils from Switzerland.

The differential HM content decrease in leaves collected in
2013 in comparison to 2011 (up to 100-folds for Pb) suggests
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Fig. 4 Ultrastructure of
parenchyma cells (TEM); arrows
indicate the mitochondrial cristae
(bar 1 pm); a Control plant; b
plant from site 2; ¢ plant from site
4; d plant from site 6

Fig. 5 Ultrastructure of
parenchyma cells (TEM) showing
the restored internal membrane of
mitochondria. Same samples as in
Fig. 4. a bar 1 um; b, ¢, d bar
0.5 um
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that metals are leached with different pathways, according to
their available fraction in the soil. Metals with the highest
concentrations in 2011 leaves (Pb, Zn) were decreased to a
major extent in comparison to the less concentrated ones.
Lead was the easiest to be removed, as indicated by its strong
decrease in 2013 leaves. Despite their less abundant content,
Cd and Cr presented a minor decrease, which suggests some
exclusion strategy for these non-essential elements. Copper
and iron concentrations were relatively high (Cu up to
15 mg kg ', Fe up to 636 mg kg ') in 2013 leaves, with a
less than fivefold decrease in comparison to 2011, in agree-
ment with their essential/critical role as micronutrients, and do
not determine any visual symptoms of phytotoxicity, suggest-
ing a Cu—Fe tolerance (Abreu et al. 2008).

4.2 Plant morphology

In this study, any evident variation of the macromorphology
was recorded in 7. officinale by HM excess; indeed, all the
plants examined (control and samples 2, 4, 6), even consider-
ing the range of species variability, present similar morpholo-
gy and dimensions. Consistently, any apparent toxicity symp-
toms were visible in numerous accumulator plants, as reported
by Memon et al. (2001). However, we observed a little differ-
ence in leaves colour (a less intense green colour in specimens
of contaminated sites in comparison to control). These state-
ments are consistent with findings by Kupper et al. (1998),
who noted that in water plants transition metals such as Cd,
Cu, Ni, Pb, Zn may substitute for Mg in the chlorophyll
molecule, thus reducing the photosynthetic function, which
results in colour change (i.e. chloroplasts number decrease,
and consequently the chlorophyll production). It is likely that
analogous process would occur in our studied plants.

A modified growth of leaves and roots, instead, was re-
cently observed by Ashrafetal. (2011) in several plants grown
on mine tailings. Although the leaf morphology of
T officinale does not present particular differences among
the specimens of various sites, at microscopic level morpho-
logical and histological changes were observed. The actual
thickness measured by microscopy (and which is not appre-
ciable with the visual observation), is different in the observed
samples (Fig. 2), and decreases with increasing HM content of
plants. The different leaf thickness is consistent with the
reduced, or even lacking, photosynthetic parenchyma normal-
ly structured as palisade on the adaxial leaf surface, and
spongy parenchyma on the abaxial surface, as observed in
control plants.

In the mibrid, the reduced number of vascular bundles
(proportional to the contamination level), in comparison to
control, have, as a consequence, less water availability for
leaves, which certainly influences the plant metabolic activity.

Vacuoles constitute the cell compartment where HM, taken
up by active transport systems, are deposited; in vacuoles,
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plants, according to a metal-adaptive strategy, isolate HM,
thus inhibiting any interference with the plant metabolic reac-
tions ( Memon et al. 2001; Schutzendubel and Polle 2002).

At relatively low metal concentrations, metals isolated in
cell walls and vacuoles, are confined in roots, and therefore it
is unlike to relate HM contents in soil with those in leaves, as
reported by Rosselli et al. (2006). It is possible that plants
grown at site 2 (the less contaminated) deposited all HM in
cell walls and in vacuoles, since no macroscopic neither
cellular deformations were observed. With higher soil metal
contents, plants are able to translocate metals in the aerial
parts, particularly in leaves (Keunen et al. 2011). In our study,
plants from the most contaminated sites (samples 4, 6) pre-
sented HM contents in leaves related to those of the corre-
sponding soils (with the exception of Cu which probably has a
less effective transporter). The metal amount transported to
leaves provokes cell morphology modification, as shown in
figures above. Yet, as observed in samples 4 and 6, the cell
metal content is responsible for serious deformations of mito-
chondria, the organelles performing aerobic respiration.
Keunen et al. (2011) reported that PHEs provoke an increase
in reactive oxygen species (ROS) production, and a reduction
of mitochondria respiration functions. Similarly,
Karuppanapandian et al. (2011) found that ROS gener-
ated under stress conditions provoke cell damage in
various cellular compartments, including chloroplasts,
mitochondria, endoplasmic reticulum and plasma mem-
branes. Our morphological study ascertained mitochon-
dria cristae reduction in sample 6, and even lack in sample
4, confirming recent physiological observations by
Karuppanapandian et al. (2011), Keunen et al. (2011) and
Lopareva-Pohu et al. (2011).

Micromorphological studies on plant cells subjected to HM
stress are nearly lacking. In a recent paper, Zhao et al. (2011)
report the effects on the morphology and ultrastructure of
tomato plants subjected to lead-induced stress. Besides a
reduction in size of different parts (fruits, leaves, stems and
roots), thinner cell walls, swollen and deformed chloroplasts
are recorded at ultrastructural level. Reduction in thickness
and dimensions of leaf blade has been recorded also in soy-
bean by Weryszko-Chmielewska and Chwil (2005). More
recently, Giordani et al. (2012), in an experimental work on
metal nanoparticles (NP) application to tomato seed-
lings, found clear effects at both morphological and
genetic level (e.g. root hair formation, epidermal cells
outgrowth). In our study, no deformation was observed in
chloroplasts; however, in sample 6, and in sample 4 in partic-
ular, chloroplasts are smaller and numerically less than in the
control (Fig. 3a, b).

Considering the HM—plants relationships, and their adap-
tion to contaminated environment, it is important to remind
that in geophytes like Taraxacum complete detoxification
occurs at the end of the vegetative season, when plants loose
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leaves, which accumulate on the ground, and after winter
dormancy, during the subsequent spring season, a new leaf
generation may start again with metal deposition in vacuoles.

It is worthy to note also that all the investigated samples,
including the control plants, resulted to being mycorrhized.
Several studies have dealt with a possible alleviation of metal
toxicity by mycorrhization, but only few presented evi-
dence of such effects (Peterson et al. 2004 and
references therein). In our samples, the PHEs effect is
certainly attenuated, since there is a hindered access of
metals to the root surface, which suggests the metal-induced
stress response to be significantly reduced, as stated also by
Schutzendubel and Polle 2002.

5 Conclusions

—  Soil analysis shows that PHEs are released from mine
tailing because of low pH and low available water capac-
ity; part of their bioavailable fraction is taken up by
Taraxacum and transferred from roots to shoots, as it is
common in indicator plants.

—  The study shows that there is a relationship between high
metal content in 7araxacum plants and their modified
morphology. PHEs do not determine an evident modifi-
cation of the macromorphology. However, the leaf thick-
ness decreases, and the absence of a regularly structured
cellular organisation is likely related to the soil contami-
nation degree.

— Itis likely that a 2-year leaching reduced partly the HM
content of the soil, therefore decreasing their phytotoxic
effect. A gradual restoration of leaf organisation suggests
that, somewhat, resilience occurred in plants.

—  Since all samples, including control, present mycorrhized
roots, it is suggested that stress-tolerant mycorrhizal fungi
could contribute to reduce metal sorption. A comparison
with non-mycorrhized plants could clarify the effective
role of mycorrhizal fungi.

— Data which is generated through this study could be
helpful in detecting the lethal levels of heavy metals for
particular plant species, their tolerance and remediation
capacity.

—  The presence of heavy metals in dandelion has two con-
sequences: a beneficial consequence, because the land
affected by anthropogenic pollution may be restored
by natural way; a fatal consequence, because both
humans and animals feed dandelion, and, if plants are
contaminated, through this way toxic metals enter the
food chain.
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