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ABSTRACT

The use of bioindicators as early warning systegpsasents a powerful approach for
assessing and interpreting the impact of naturandinropogenic perturbations in soll
ecosystems on environmental quality and human tnedliving organisms are
sensitive to the cumulative effects of environmkesteessors and contaminants and,
as such, bioindicators provide information on emvimental contamination that is
complementary to direct physical and chemical mesasants (Heger et al., 2012).
Trifolium repens is a pollutant-sensitive plant, often used as @nMdicator for a
number of environmental contaminants. Specificatly,exposure to environmental
contaminants followed by a DNA analysis with molacumarkers allows the
detection of sublethal levels of genotoxic compaundthe environment (Piraino et
al., 2006). However, given the limited informatiamailable on the joint genotoxic-
effect of multiple contaminants, the interpretatiminbiomonitoring results is often
difficult. There is, then, a clear need to impraxg understanding of the combined
effects of stressors on bioindicators.

Starting from these considerations, the objectivthe first part of my PhD research
was to study the combined toxic and genotoxic ¢ffet soil Cd and As, two of the
most dangerous compounds for both environmentalhamdan health, whose joint
action is still unknown.

To do this, | exposed white cloverr(folium repens L) plants to soil spiked with
increasing concentrations of cadmium sulfate (2,aAd 60 mg Kg) or sodium
arsenite (5, 10 and 20 mg Kygseparately and in their combinations for 15 dagter
which | assessed plant growth by measuring plaptwdright (roots and shoots) and
mortality. In addition, | extracted DNA from the merimental plants in order to
evaluate DNA damage using Random Amplified PolyrhapDNA (RAPD)
techniques. DNA sequence damage induced by arsgn@admium and by their
concomitant presence was evaluated by calculatiagpercentage of polymorphism
(P %), which represents the ratio between the numbpolymorphic bands and the
total detected bands x100.
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During the experiment, | also assessed the bidabibily of As and Cd in the soil
and their concentration in plant roots and shosiaguthe method of Lindsay and
Norwell (1969) and the USEPA 3051a protocol, respely.

The results from this experiment showed that irliei and joint toxicity and
genotoxicity were related to the concentration dfadd As measured in plant organs
and that As concentration was the most relevaniable. Joint effects on plant
growth were additive or synergistic, whereas joganotoxic effects were either
additive or antagonistic. The interaction betweeha@d As occurred at both soil and
plant level: in soil the presence of As limited thieavailability of Cd, whereas the
presence of Cd increased the bioavailability of Agevertheless, only As
bioavailability determined the amount of As absdrlxy plants. The amount of Cd
absorbed by plants was not linearly correlated withfraction of bioavailable Cd in
the soil, suggesting the involvement of additiofattors, such as plant uptake
mechanisms. These results revealed that the peesdrzoth Cd and As in the soil,
although producing an additive or synergistic reiunc of Trifolium repens L.
growth, caused less DNA damage. The reductionomwtr was most likely due to a
combination of the toxic effects of Cd and As, amgblant response to the high DNA
damage, which led to a temporary arrest of celisdiv providing a longer time for
DNA repair and for production of scavenging fredicals. This would be consistent
with the antagonistic genotoxic effect observedniost of the combined treatments,
although the antagonistic interaction of Cd andcAsld also be linked to the similar
genotoxic mechanisms of the two heavy metals.

In the second part of my PhD, | used the inforrmaémd the techniques described
above to assess the genotoxicity of soils in thelhardy Region (Italy). | carried out
a biomonitoring experiment in collaboration witlet@atholic University of Piacenza
and the European Research Centre of Ispra.

| analyzed a total of 67 samples of surface soiB@cm in depth) which were
collected in 7 different agricultural areas of cemc within the Lombardy with
assistance from AEFORIA, a Catholic University spff The 7 different areas and

the number of soil samples collected and analyredl@own in the table below:



Area Sample name N° samples

Pieve Fissiraga (LO) Vivisc/2012 (V1-V8) 8
Autostrada Origgio (VA) O/auto/2012 (01-08) 8
Broni (PV) IT/cem/2012 (IT1-1T9) 9
Brescia Agricola S/sin/2012 (S1-S8) 8
Boario Terme (BS) F/fond/2012 (F1-F8) 8
Treviglio (BE) CR/plume/2013 (CR1-CR14) 14
Parona (PV) P/term/2013 (P1-P12) 12

After soil collection | exposed clovglants to all these soils for two weeks and then
at the end of the exposure assessed plant grovddtD&A damage following the
procedures described above. In order to betterpreethe bioindication results | also
took into account the soil properties (pH, EC, organatter content and soil texture)
and the concentrations of inorganic and organicpmumds which were determined
for the same soils by other research groups framGhtholic University of Piacenza
and from the European Research Centre of Ispra.

The results showed that most soils did not afféet survival of the test plants,
excepted for the soils CR3 and CR6 (from the afe@reviglio) and O1 (from the
Origgio area close to the highway). Furthermorestatistically significant difference
was observed in the growth of seedlings (measuréerims of dry weight), except for
some soils from the Treviglio area (CR2, CR3, CR@ &R14) and for IT5 soil from
the Broni area (PV). Although other soils from tager area led to a reduction in root
growth, they were considered to be not potentikic as the shoot growth of the
test plants was not affected and the soil charattey were not appropriate for white
clover development.

Regarding the soil genotoxic potential, in genedalsoils except those from Broni
area were found to contain bioavailable genotorimgounds and were classified as

"moderately genotoxic” on the basis of the polynmsm (P) scale shown below:
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P < 6% Non genotoxic

6% < P <20% Low genotoxicity
20% <P <35% Medium genotoxic
35% <P High genotoxicity

The genotoxicity results are summarised below:

1 P< 6%, non genotoxic
[_16% <P< 20%, low genotoxicity

| B%O Teme (BS)I:I 20% <P< 35%, medium genotoxic
Treviglio (BE) I 35% <P, high genotoxicity
Origgio (VA)
i [ Brescia
ek ~J Pieve Fissiraga (.LO)
Paroha (PV) —

Broni (PV)

0 5 10 20 30 40
O wm Viles
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1. Introduction

1.1General properties of soil

As defined by Soil Survey Staff (1999): “Soil isnatural body comprised of solids
(minerals and organic matter), liquid, and gases thccurs on the land surface,
occupies space, and is characterized by one or d@lothe following horizons, or
layers, that are distinguishable from the initiaterial as a result of additions, losses,
transfers, and transformations of energy and mattehe ability to support rooted
plants in a natural environment”. Soil is a natursédium made up of five major
components: mineral particles (clay, silt, sand gravel), organic matter (decaying
plant and animal material), water, air, and livimganisms (soil biota- ranging from
bacteria, fungi and earthworms) (DEPI, 2014). $gks are different, depending on
the parent materials from which they came and ftben surrounding environment.
Soils are dynamic, forming continuously over a Iqgagiod of time. The way in which
soil forms depends on: parent material, climatgogwaphy, living organisms and time
(Harrison and Strahm, 2008). Soil has many enviemtal functions, for example the
capacity to remove contaminants from the envirortntignfiltration and adsorption.
Soil has some different meanings (Fitzpatrick, 2013) for soil scientists, soil is
made up of different-sized mineral particles (sasif, and clay) including organic
matter and has complex biological, chemical, phalsicmineralogical, and
hydrological properties that are always changingrdaime. So, it is ubiquitous and is
dynamic, teeming with organisms, and is an integaat of both terrestrial and aquatic
environments, (2) but for farmers, gardeners, agréoreomists, soil is just a medium
for growing crops, pastures, and plants, (3) ameéfgineers, soil is a material to build
on and excavate. Thus soils can be both naturaluroing, comprising natural
minerals and organic materials, and human-madé, asithose that often contain very
small amounts of manufactured materials, includioick fragments, explosive
residues, or paint flecks. Soil has many ecologacal socio-economic functions. Soil
Is a core component of land resources and the #dgigrdof agricultural development
and ecological sustainability. It is the basis flood, feed, fuel and fiber production
and for many critical ecological services and maplex, dynamic living system and

its suitability varies from place to place (FAO12@).



Soil quality is considered to be important for th&sessment of the extent of land
degradation or amelioration, and for identifyingmagement practices for sustainable
land use (Dexter, 2004). However it is difficultdefine the “soil quality” because it is
not easy to define exactly the physical chemical &iological properties of soil.
There is no clear boundary among these differesttiglines. To be simpler in this

thesis, physical, chemical and biological featufesoil will be considered separately.

1.1.1 Physical property

Physical properties of soil can change graduallgrdime. It is not always easy to
qguantify any significant changes over a short tireeiga. Two important physical
properties of soils are texture and structure.

Solil textureis a term used to refer to the size distribution c girimary mineral
particles in the soil. It is commonly used to desig the proportionate distribution of
the different sizes of mineral particles in a shiidoes not include any organic matter.
These mineral particles vary in size from thoselgagen with the unaided eye to
those below the range of a high-powered micros¢ojpe 2014). They are: Sand = <2
to 0.05 mm, Silt = 0.05 to 0.002 mm, Clay = <0.002n. Sand, silt, and clay
constitute the “fine-earth fraction”, and represamrganic soil particles less than
2mm in diameter. Inorganic soil particles 2mm aadér are called “rock fragments”
(USDA, 2014). On the basis of relative sand, sitl alay percentages the soil textural
classes are defined (Figure 1).

From textural classes of soils, it is easy to res soil general characteristics. For
example, sandy soils generally contain low organatter contents, are well aerated

but do not retain moisture and nutrients well, sogenerally of low fertility.



o
" VAVAVA N
de /\/\/\clu}'/\/\/\ ;)2
o Lo o
& 00 [2Y
& NNNANNN B
“Q?'-f.u NS %
& B
& 4. TATATAN A o°

— clay

clay loam
FASWANAY
W 7 s, v, o v . St TN S U S

A
AN, VAVAVAVAV,
WAV VAVAVAVAVAVAVAWAN
\VAVAVAVAVAVAVAVAVAVAVAV,

-— Sand Separate, %

Figure 1. Graph showing the percentages of sand, silt,céangin the soil texture classes by
Soil Survey Staff (1999)

Soil texture plays a key role in soil degradatiamd avater transport processes,
controlling soil quality and its productivity (Hél, 1980) and in determining the extent
to which specific soils become compacted and theilpleseffects on root growth

(Alameda and Villar, 2012). It may also be an intaot factor affecting the

mineralization response to dry/wet cycles due sordle in the stabilization of soil

organic matter, and effects on pore size distrdsutihat also affect the moisture
release characteristics of soils (Harrison-Kirkakt 2013). Soil texture affects also
plant growth by influencing root distribution antiet ability to take up water;

specifically, the amount of water the soil can holte rate of water movement through
the soil and nutrients disturbance of soil struetthrough compaction or tillage can
result in the rapid recycling of nutrients, crugtimeduced water and air availability to
roots and how workable and fertile the soil is (o and Lal, 2005). If a soil

contains a lot of macropores, like coarse santhseés water through gravitational
drainage easily. As a result, many pores are opeadration, and little water remains
for plant. This can cause drought stress to ocating dry periods. On the contrary, a
fine-textured soil, such as a clay loam, has mammlyropores which hold water tightly
and don't release it under gravity. This kind ofl 38 prone to poor aeration and

anaerobic (without oxygen) conditions, which camgatevely affect plant growth.



Well-aggregated, loamy soils are best suited fppbkung plants with water because
they have enough macropores to provide drainagaaration during wet periods, but
also have adequate amounts of micropores to pravater to plants and organisms
(McCauley et al., 2005). In addition, soil textuaHects the extraction efficiency of
bacteria from soils and also their biosynthetigvagt the finer the soil the higher the
extraction efficiency of bacteria and the higher biesynthetic activity and turnover
of bacteria (Uhlirova and Santruckova, 2003).

The second important physical property of soiltiacure. This term refers to the way
soil particles group together to form aggregateschvivary in size and shape from
small crumbs through to large blocks. Solil struetisra key factor in the functioning
of sail, its ability to support plant and animdkliand moderate environmental quality
with particular emphasis on soil carbon sequesimasind water quality. Along with
texture, it affects water availability, nutrienttage and leaching thereby affecting
ground and surface water supplies (Bronick and 2@05). A healthy soil structure is
a key factor for crop production because it costrdépth-penetration of roots, the
extent of soil water storage, and the movement atfewy air as well as soil fauna
(Pardo et al.,, 2000). Thus the determination ofi sbiucture is essential for
understanding soil functionality and for a propearmagement of agricultural and
environmental problems involving soil compartmemtexter, 1997). In fact soil
structure is the property most frequently evaluasdten determining soil quality
under different land uses and tillage practices Uisually evaluated in an indirect way
from properties such as soil organic carbon contauik density, porosity, soil water
retention curve, soil resistance to root growth anfdtration rate (Moncada, 2014).
These properties can be used as indicators oplsgdical quality.

Solil structure can be improved by enhancing thermity and quantity of soil flora
and fauna (Bronick and Lal, 2005)

1.1.2 Chemical property

Soil cation-exchange capacity (CEC), pH and salinre the most frequently
evaluated parameters to determine soil chemicgepties.

Some plant nutrients and metals exist as positichBrged ions, or “cations”, in the

soil environment. Among the more common cationsitbin soils are hydrogen {4



aluminum (Ar®), calcium (C&), magnesium (M), and potassium (. Most heavy
metals also exist as cations in the soil envirortm@lay and organic matter particles
are predominantly negatively charged (anions), laade the ability to hold cations
from being “leached” or washed away. The adsorbatioms are subject to
replacement by other cations in a rapid, reversibteeess called “cation exchange”
(USDA, 2014).

Cation Exchange Cations and
anions in solution
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Figure 2: Soil cation-exchange capacity (McCauley et £103).

Soil cation-exchange capacity (CEC) is the maximgumantity of total cations that
a soil is capable of holding, at a given pH valaregilable for exchange with the soll
solution. CEC is used as a measure of fertilitytriant retention capacity, and the
capacity to protect groundwater from cation contation. It is expressed as centi-
mol of hydrogen per kg (cmgkg or me@/100g). Most of the soil's CEC occurs on
clay and humus (FAO, 2014b). The greater the ctay @ganic matter content, the
greater the CEC should be, although different typeglay minerals and organic
matter can vary in CEC.

Along with ion exchange property, an important ixae soil chemical properties is
soil salinity. Soil salinity is one of chemical perties of soil which affects plant
growth. The salt concentration in the water exgrdctrom a saturated soil (called
saturation extract) defines the salinity of thidl.slb this water contains less than 3

grams of salt per liter, the soil is said to be satine. If the salt concentration of the



saturation extract contains 3-6, 6-12 and more ftzag/|, the soil is said to be slightly,
medium and highly saline respectively (FAO, 2014&3lts can be transported to the
soil surface by capillary transport from a saltedadvater table and then accumulated
due to evaporation. Salinization occurs when itiaya practices are carried out
without due attention to drainage and leachinghefdalts out of the soil. Salts can also
accumulate due to seawater intrusion, or may oc@turally. As soil salinity
increases, salt effects can result in degradatiosods and vegetation. The most
common salts are combinations of the cations: sogdaalcium, magnesium and
potassium with the anions chlorine, sulfate anda@aates. Salinity has a pronounced
negative effect on soil organic matter decompasjtioespective of soil texture (Setia
et al., 2011). Most crops do not grow well on sthigt contain salts. One reason is that
salt causes a reduction in the rate and amounaténthat the plant roots can take up
from the soil. Also, some salts are toxic to plamtsen present in high concentration.
The highly tolerant crops can withstand a salt eof@tion of the saturation extract up
to 10 g/l. The moderately tolerant crops can wahdtsalt concentration up to 5 g/l.
The limit of the sensitive group is about 2.5 AAO, 2014c).

Soil pH is another important factor to define theemmical properties of a solt is an
indication of the acidity or alkalinity of soil and measured in pH units. Soils with
high acidity (pH <5.5) tend to have toxic amountglominium and manganese. Soils
with high alkalinity (pH >8.5) tend to disperse.ilSarganisms are hindered by high
acidity, and most agricultural crops do best witimenal soils ranging from 6.0 to 6.8
pH. (FAO, 2014b)
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Figure 3: The range of pH values found in soils (QG, 2014)

Among soil properties (for example organic matt@ntent, cation exchange capacity
(CEC), the contents of clay minerals and so on),@$ was found to play the most
important role in determining metal speciation,ubdity from mineral surfaces,
movement, and eventual bioavailability of metalge db its strong effects on solubility
and speciation of metals both in the soil as a wilaold particularly in the soil solution
(Zeng et al.,, 2011). Some nutrients become undlaild the soil pH remains at
extremely acid or extremely alkaline conditions 1f@2s, 2013a). A pH range of 6.0 to
6.8 is ideal for most crops because it coincideth wptimum solubility of the most
important plant nutrients. Some elements for exand and Mg are more available
at higher pH than other elements. However, heavialnoations are most mobile in
acid soils. This means that metal contaminantsreme available for uptake by plants,
or to move into the water supply (EC, 2014) andehg posing a threat to human
health (Zeng et al., 2011).

1.1.3 Biological property
Together with physical and chemical properties| balogical properties are very

important in assessing soil quality. Bigikys a crucial role in biological property of



soil, especially soil organic matter which is prodd from biotaSoil organic matter
(SOM) which is derived from residual plant and aalirmaterial at various stages of
decomposition, ranging from fresh undecomposed madde through partially
decomposed and short-lived products of decompaositiovell-decomposed humus by
microbes under the influence of temperature, mmsand ambient soil conditions,
plays an importance role in maintaining soil fuons because of its influence on soil
structure and stability, water retention, soil wedsity and as a nutrient source for
plant (EC, 2012; Osman, 2013a). The primary camstit of soil organic matter
(SOM) is soil organic carbon (SOC). It is a mainmpmnent of global carbon cycle,
and also plays a major role in regulating and naammg ecosystem functions,
including atmospheric exchanges of {J@ocita et al., 2013). It was proved that soil
organic carbon originating from plants, animals amécroorganisms, and their
exudates enhance aggregation through the bondipgiragry soil particles (Bronick
and Lal, 2005). Dissolved organic matter is the tmmoebile soil organic matter or
humus fraction. It plays an essential role in $orimation and mineral weathering,
binding a variety of compounds ranging from smdiarged compounds such as
metals to larger hydrophobic substances includesgfipides and polycyclic aromatic
hydrocarbons (Nierop et al., 2002). In additionalgo supplies organic chemicals to
the soil solution that can serve as chelates aockase metal availability to plants
(Zeng et al., 2011).

Activity of soil microfauna (mainly protozoa and matodes) is important in the
formation of organo-mineral complexes and aggregatiBronick and Lal, 2005). Soil
organisms have different important functions inrggetransfer and nutrient cycling
(Nannipieri et al., 2003). They may act as a natrisource and are involved in
humification processes, degradation of pollutaats] maintenance of soil structure
(Marcin et al., 2013). They produce organic mattammsume organic matter, and
decompose them usually the most active in the seirgail zone of 0—15 cm or in the
plowed player because this zone has accumulatiarg#nic residues and available
nutrients. As the soil microfauna, soil microbiahemunities play an important role to
plant. For example, they break down organic mattaking nutrients available for
uptake by plants. In addition, they also contribigtesoil C and N transformations and

nutrient cycles and thus affect soil biological,ecthical, and physical properties



because the activity of soil microorganisms deteasinot only soil C sequestrations
and emissions, and the decomposition and accuronlafisoil organic matter but also
N fixation, nitrification and denitrification, and ¢haccumulation of plant available
NH4" and NQ ~ (Chen et al., 2014). The nutrients stored in theid® of soil

organisms prevent nutrient loss by leaching (FA@,4b).
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Figure 4: Soil organisms make up the diversity of life hetsoil, play an important role in
decomposition and accumulation of soil organic eratfRose and Elliott cited by FAO,
2014d)

1.2 Soil pollutants and sources

1.2.1 Heavy metals and metalloids

Nowadays heavy metals are the environmental pyigrailutants and are becoming
one of the most serious environmental problems witheasing industrialization and
disturbance of natural biogeochemical cycles (Fd #Wang, 2011). Heavy metals
enter the environment from natural and anthropagyenirces. The most significant
natural sources are weathering of minerals, erosiod volcanic activity while
anthropogenic sources include mining, smeltingctedplating, use of pesticides and
(phosphate) fertilizers as well as biosolids iniagdture, sludge dumping, industrial

discharge, atmospheric deposition, etc (Ali et2013).



It is difficult to quantify the real extent of locaontamination as many European
countries lack comprehensive inventories and tlseaelack of EU legislation obliging
Member States to identify contaminated sites (H1,22. However, according to what
estimated by European Commission in 2007 (EC, 20d#lpwing over 200 years of
industrialization, soil contamination has becomevidespread problem in Europe:
approximately three million European sites are ppoadly affected by activities that
can pollute soil with the most frequent contamisaiteavy metals and mineral oil
(Figure 5) and approximately 250,000 of these st@y need a urgent remediation.
Heavy metal contaminated soils have been estimatedpresent about the 35% of

polluted soils.
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Figure 5. Most frequent soil contaminants in Europe (ECL80

The accumulation of contaminants and in particdarheavy metals in soils and
waters poses a risk to the environmental and humeatth. Heavy metals accumulate
in the body tissues of living organisms (bioaccuatioh) and their concentrations
increase as they pass from lower trophic levelsdber trophic levels (a phenomenon
known as biomagnification) (Ali et al., 2013). Sealemetals are essential for animal
and plant life whereas other do not have any knbisiogical function. For example
Zinc, Fe and Cu are essential elements and theypniectoxic only at high
concentrations. Cd, PE*, H*, Ag" and AS* are instead non-essential compounds

and are toxic to plants and animals and react tiéh body’'s bio-molecules often
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forming extremely stable biotoxic compounds whicte difficult to dissociate
(Hashim et al., 2011).

1.2.1.1Cadmium (Cd)

Cadmium is of concern because of its toxic effeatsumulation and persistence in
the environment, causing a risk to plants, aniraals human. Cadmium is widespread
in soils, water and atmosphere. It is releasedtimoenvironment by heating systems,
metallurgic industries, waste incinerators, urlbraffic, and cement factories (Sanita di
Toppi and Gabbrielli, 1999). It is also known tifetilizers may contain trace element
contaminants such as cadmium that can be inadwgrtertroduced into soils. In
particular, phosphorus (P) fertilizer, applied owbe long-term, can serve as an
important source of trace elements such as arseadmium and lead that can
potentially accumulate in plants and soils (Altartset al., 2014). Because of a strong
demand for Cd worldwide, particularly in the nickéd battery industry,
approximately 30,000 tones of Cd are releasedtir@@nvironment each year, with an
estimated amount of 4,000-13,000 tones coming fratastrial activities (Gallego et
al., 2012). However, its usage in developed coastnias begun to decline because of
its toxicity.

The amount of cadmium in soil varies with locatidne to differences in soil
formation, management practices and exposure totjgol sources, but the level of
Cd in the soil appears to be increasing over tigmit et al., 1998).

Cadmium concentrations in crops increased witheiasing soil Cd concentrations, all
other factors being constant (Six and Smolders40h Europeanalysis of archived
soil samples from experimental stations in UK, Ee@and Denmark revealed that soil
Cd increased by factors 1.3-2.6 during the 19th 2@ith century. Mass balances
(input—output) reflecting the period 1980-1995 pre=tl larger Cd inputs via
phosphate (P) fertilizers and atmospheric depwsitian outputs via crop uptake and
leaching (Six and Smolders, 2014). The gradual emee of soil cadmium
concentrations in European soils during th& 2entury has prompted environmental
legislation to limit soil cadmium (Cd) accumulatigBix and Smolders, 2014). In
numerous regions of the world food and feed crep<altivated in soils contaminated

by plant-available heavy metals. This leads to eonn losses and have negative
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effects on human health (Meers et al., 2010). éxample, rice is staple food in Asia
and is also staple food of half the world populatiblowever, in the recent years,
millions of tons of Cd contaminated rice have beetarded in rice bowls of Asia
such as Thailand and China because of the applicadi phosphate fertilizer
contaminated with Cd and irrigation of rice fieldsing wastewater released from

mines (Sebastian and Prasad, 2014).

1.2.1.2Arsenic (As)

Most environmental arsenic problems are the restltmobilization under natural
conditions such as weathering reactions, biologamivity and volcanic emissions
(Zhang et al., 2002). However, man has had an itappbadditional impact through
mining activity, combustion of fossil fuels in ceaand oil-fired power plants,
municipal solid waste, the use of arsenical pefi herbicides, algicides, wood
preservatives, crop desiccants and the use of As gowth stimulants for plants,
additive to livestock feed, particularly for powitr(Eisler, 1988; Smedley and
Kinniburgh, 2002; Zhang et al., 2002). The produttiof antifungal wood
preservatives is a significant industrial sourcarskenic that can contaminate soil (EC,
2014). The natural contents of arsenic in the so#sdifferent depending on parental
material. Arsenic concentrations in uncontaminaatiare generally in the range 0.5—
40 mg kg, with lowest concentrations in sandy soils andséhderived from granites,
whereas larger concentrations are found in allugial organic soils (Mandal and
Suzuki, 2002). As contamination of surface soilsgiag from 50 to >15000 mg As
kg' by anthropogenic activities has been documented,tihe occurrence of As
concentrations >15000 mg As kds not common in the soil environment (Smith et
al., 2014).

Although the use of arsenical products such asiqudss and herbicides has
significantly decreased in the last few decade%; ttse for wood preservation is still
common and the impact on the environment of theofisesenical compounds, at least
locally, will remain for some years (Smedley andchiiburgh, 2002). It was also
reported that ground water contaminated with higbemic contents are used for

drinking water in many areas in the world espegiah India, West Bengal,
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Bangladesh, China, Taiwan and in many countrieSaoath East Asia (Berg et al.,
2006; Khan and Yang, 2014).

In Italy, high As concentrations have been deteatethe soil and groundwater of
several regions (Campania, Lombardia, Puglia, C@abazio, Toscana, Emilia-
Romagna, Veneto, and Sardegna; Sommella et aB)201

Natural arsenic contamination in groundwater isesftead and there are a number of
regions in the world where arsenic contaminationdohking-water is significant.
More than 100 million people worldwide ingest exsies amounts of arsenic through
groundwater enriched from natural geogenic sou{Baschmann and Berg, 2009). In
Asian countries, an estimate by World Bank in 2805wed that nearly 65 million
people are at risk of ingesting unsafe levels seamic through drinking water (WB,
2014).

1.2.1.3Lead (Pb)

Natural sources of lead are mainly from volcanitvéty, geochemical weathering and
sea spray emissions. However, lead pollution in éngironment is mainly from
human activities such as use of leaded petrol (g&3p production of lead-acid
batteries and paints, jewellery making, mining, kimg refining and informal
recycling of lead, leaded glass manufacture imrmfl and cottage (home-based)
industries, electronic waste and use in water pamessolder (WHO, 2014c). The anti-
knock properties of tetraethyl lead (TEL) were digered in 1921 and it had been
introduced into the market as leaded gasoline BB1The commercial use of leaded
gasoline has led to environmental effects which erglent over the entire globe
(Walraven et al., 2014). In Europe, anthropogemioree of atmospheric lead has
dominated over the geogenic source since indugatedn (Thevenon et al., 2011).
Globally, in the late 1980s, anthropogenic emissiohPb were estimated more than
20 times greater than natural emissions, an engahfactor far greater than any other
trace metal (Watmough and Hutchinson, 2004). Algholeaded gasoline is not in use
in most of the European countries anymore, leatillsvidely found in vegetation and

topsoil (TomasSevi et al, 2013).
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1.2.1.4Mercury (HQ)

Mercury is a metallic element that exists naturaflythe earth’s crust. It is released
into the environment through natural processes sischolcanic activity, forest fires,
weathering of rock, and biologic processes and 80 Mercury releases in the
environment result also from human activity, maifigm coal-fired power stations,
residential heating systems, waste incineratorsaand result of mining for mercury,
gold and other metals (WHO, 2014c). The global mubgenic Hg emission to the
atmosphere was estimated to be 2190 tons in 200@htoh the Asian countries
contributed about 54% (especially China with mdrant 600 ton of Hg contributing
about 28% to global emissions; it was the top teantry with the highest Hg
emissions from anthropogenic activities), followbg Africa (18%) and Europe,
including the European part of Russia (11%) (Paoghal., 2006). Global natural
mercury emission was approximately 1800-5800 t@as/(Li et al., 2009). According
to Pirrone et al (2010) on an annual basis, naggaices accounted for 5207 tones of
mercury released to the global atmosphere (inctudime contribution from re-
emission processes, which are emissions of prelyiaeposited mercury originating
from anthropogenic and natural sources, and primamyissions from natural
reservoirs) and anthropogenic mercury emissioncgsuwere estimated to be 2320
tones annually, which include a large number otigtdal point sources.

It was believed that the timing of long-term inges in mercury levels found in ocean
life could be tied to historical events. For instansignificant increases in marine
mercury levels beginning in the 19th century wekely to have been caused by
industrialization in Europe and North America, wées recent jumps in the amount of
mercury found in the seabirds’ eggs from the Sdtiima Sea were consistent with
Asian industrialization (EC, 2014). In additionwas also revealed that Arctic marine
animals have 10-12 times higher concentrationsercary in their bodies than before
1800 (EC, 2014).

1.2.1.5Chromium (Cr)
Chromium occurs in each of the oxidation statesnfré to +6, but only the 0
(elemental), +2, +3, and +6 states are common (JPZD&4). Chromium (Cr) is

considered a metal of increasing concern regarédmgronmental health although
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only the form Cr(VI) is toxic (EC, 2014). Cr(VI) baunique properties of corrosion
resistance, hardness and color and therefore fange number of applications as well
as a rapid increase in the utilization in industrigankar and Patil, 2014). USEPA'’s
Toxic Release Inventory listed 1,762 industrialilibes that released a total of 52,600
metric tons of Cr into the environment (Choppalaakt 2013). Cr is found in all
phases of the environment, including air, wated sail. Naturally occurring in sail,
Cr ranges from 10 to 50 mg kglepending on the parental material (Shanker and
Venkateswarlu, 2011). Human activities are alsooarce of Cr; they include
industrial, commercial and residential fuel combarsi{coal, and oil), emissions from
metal industries, and wastewaters from industriesh sas electroplating operations,
leather tanning industries, and textile manufantui(Wise Sr et al., 2009). Industries
all over the world have used Cr for more than awsnand at present Cr is a primary

pollutant at over half of all hazardous waste di&sanker and Venkateswarlu, 2011).

1.2.2 Organic pollutants

Apart from heavy metal(loid, soil organic pollutants are also concerned. Most
organic pollutants are persistent organic pollggfOPs). POPs are chemicals that
are extremely stable and persist in the environm&ataccumulate in organisms and
food chainsare toxic to humans and animals and have chromectsf such as the
disruption of reproductive, immune and endocrinestays, as well as being
carcinogenic (UNEP, 2014). An increasingly indwdized global economy over the
last century has led to dramatically elevated msasaof anthropogenic organic
chemicals into the environment (Gerhardt et alQQ0Soil plays an important role in
the fate and distribution of organisc pollutantsl azan act as a sink or a source
because once released into air or water, theyenwdl up in soils, with the exception of
those that are deposited at the bottom of ocealy @14). Prevalent organic
pollutants found in soils include polycyclic aromsathydrocarbons (PAHS),
polychlorinated biphenyls (PCBs), dioxins and dmkke chemicals, herbicides,

pesticides, organic fuels (gasoline, diesel), etc.
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1.2.2.1 Polycyclic aromatic hydrocarbons (PAHS)

PAHs are a group of organic compounds containing oarbon and hydrogen and
constituted by two or more aromatic rings fusecetbgr. They enter the environment
via the atmosphere during industrial processessaaiy incomplete combustion of
products like coal, oil, gas, and garbage (USEP®.4D). Many PAHs have been
identified as being carcinogens, with possible gexio properties (EC, 2002). They
do not burn very easily and can stay in the envivent for long periods of time. Most
of them do not break down easily in the water (USEP014b). PAHs have been
detected in vegetables contaminated by the depoifiairborne particles or grown in
contaminated soil (EC, 2002).

1.2.2.2 Dioxins

Dioxins are a group of chemically-related compouniat are highly toxic and

persistent environmental pollutants (POPs). Theenaaioxins" is often used for the
family of structurally and chemically related pdijorinated dibenzo para dioxins
(PCDDs) and polychlorinated dibenzofurans (PCDES),(2014). The chemical name
for dioxin is: 2,3,7,8- tetrachlorodibenzo paraximo(TCDD) which has a wide range
of effects and was classified by the WHO’s Inteiloral Agency for Research on
Cancer (IARC) in 1997 and 2012 as a human carcimogewever, TCDD does not

affect genetic material (WHO, 2014b). Several dielike polychlorinated biphenyls

(PCBs) with similar toxic properties are also irdg#d under the term “dioxins”. There
are 419 types of dioxin-related compounds that Heaen identified but only about 30
of these are considered to have significant toxiaitith TCDD being the most toxic

(WHO, 2014b).

When dioxins enter soils, they remain (i) in theyip layer (0.1 cm) with a half-life

of 9-15 years and (ii) at deeper soil levels pérgisfor 25-100 years (EC, 2014).
Vietnam is thought to be the site of the world’sglest and most significant dioxin
contamination event (dioxins include polychlorirht@gibenzo-p-dioxin [PCDD] and

polychlorinated dibenzo-furan [PCDF]; Tawara ef 2011) which was caused by US

army.
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1.3 Effects of pollutants on plant and human health

1.3.1 Effects on plant

1.3.1.1Principal inorganic pollutants

Many metals such as Ca, Co, Cr, Fe, K, Mg, Mn, Ng,and Zn are known as
essential elements or micronutrients in small art®and play important roles in the
biological processes of organisms. Some other mstath as Ag, Al, Cd, Au, Pb, and
Hg are non—-essential and potentially toxic to oigras. At high concentrations, both
essential and non—essential metals can damage nwathbranes, alter enzyme
specificity, disrupt cellular functions, and damalfe structure of DNA (Cukurluoglu
and Muezzinoglu, 2013), inhibit transport procesaed basic metabolism of plant
(Ovetka and Tak& 2014). Once metalare added to soil, they remain there for
thousands of year. Sensitive plants exposed toatddvor toxic concentrations of
heavy metal ions, usually exhibit considerably watligrowth, productivity and yields
(Ovetka and Tak& 2014). The toxicity of heavy metals at the celfuhnd molecular
level may result from the binding to sulphydril gps of proteins, leading to an
inhibition of activity or disruption of structuréy the displacing of essential elements
(Hall, 2002) and it is related to their interactiorth the thiol and carboxylate groups
and also to their ionophoretic properties and tddi to generate free radicals
(Rodriguez-Zavala et al., 2007). Among the effeets to heavy metal compounds, in
this chapter the effects of As and Cd will be intigalar considered as they are the
two metal(loid)s studied in the first part of titeD research.

Arsenic does not break down but it can change fa&khhough a variety of natural
processes affect its fate and transport in soilaater, including chemical reactions
(e.g., oxidation-reduction reactions), ligand exuwm reactions, and
biotransformations (metabolism by living organisms)organic arsenic has been
shown to persist in soil over 45 years (USEPA, 2014

Toxicity of arsenic highly depends on its chemispéciation. It is well known that
inorganic arsenic compounds are more toxic thamrecgcompounds, and trivalent
species are more toxic than pentavalent speciegganic forms are more mobile than
organic arsenic species (Eisler, 1988; Adriano let 2004). Methylated forms
(methylarsonate, MMA and dimethylarsinate, DMA)methyl-arsine oxide (TMAOQO)

and tetra- methyl-arsonium (TETRA) are consideraty enoderately toxic whereas
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arsenobetaine (AsB), arsenocholine (AsC) and o#tieenosugars (AsS) show no
toxicity (Ventura-Lima et al., 2011).

The availability of soil arsenic is determined bgil sproperties, notably mineral
composition, organic matter content, pH, redox pio& and phosphate content
(Huang et al., 2006). For instance soils with ehlegntent of clay and organic matter
favor soil adsorption and restrict As bioavaildlil(Fernandez et al., 2005). Clayey
soils therefore generally have a higher As contemipared to more sandy soils, and
at the same total soil concentration, clayey smisless toxic compared to sandy soils
because As is more strongly bound (Heikens, 20@&ogenic As-contaminated
(gossans), and mine soils generally have much lof®rrelative bioavailability
compared to soils contaminated through pesticideswmcticide applications (Smith et
al., 2014).

As reported above, the solubility and speciatioA®fare influenced by several factors
of which the most important ones are the redoxma@kand pH. Plants take up AsV
and Aslll by different transport systems. As(V)eiasily incorporated into plant cells
through the high-affinity Pi transport system areliidar As(V) is usually rapidly
reduced to As(lll) in cells, either enzymatically monenzymatically (Verbruggen et
al., 2009). Due to its structural similarity to pbate, As(V) exerts its toxicity by
uncoupling oxidative phosphorylation, thereby dmitng ATP synthesis, while As(lll)
binds to thiol groups, which can result in enzymigibition (Poirel et al., 2013). AsllI
is absorbed through aquaporin channels since ifoisixd in the environment
predominantly as As(OH)3, a neutral compound. Tinidecule has a great affinity to
sulfhydryl groups -SH, important component of enggnand proteins, which can lead
to cell dysfunction and death (Gusman et al., 2013)

The paradox is that, although As is toxic at highaentrations (Shaibur and Kawali,
2009), it is nutritionally essential or beneficat low doses which stimulate growth
and development in various species of plants (Ei$@88). If plants are exposed to an
excess quantity of As either in soil or in hydromowgultures, they can exhibit a
multitude of symptoms such as (a) inhibition ofdsgermination and seedling growth,
(b) decreases in shoot growth, plant height, clployd content, and tillering, (c)
reductions in leaf area and photosynthesis, andof@@r yields of fruit and grain

(Rahman et al., 2014). Visible symptoms of As-tayivary depending on the plant
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species. For example, in Japanese mustard spit@eh,symptoms and crop yields
may not always be correlated with As concentrationshe medium (Shaibur and
Kawai, 2009).

Figure 6: Physiological response of Japanese mustard spiwéb different levels of As.
Shoot height and root lengths were much affectethbyelevated concentrations of As after

14 days of As exposure (Shaibur and Kawai, 2009).

Concerning the effects of As on plant growth, fostance, Duxbury et al (2007)

reported that arsenate induced a decrease in miaiass (Figure 7)

™\

Figure 7: Effect of increasing soil As from 12 to 58 mg &g(from left to right in picture) on
maize biomass production (Duxbury et al, 2007)
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Also the development of rice plants exposed to dded via As(V) in irrigation water
was affected by increasing As concentrations leathra reduction in biomass as well
yield (Heikens, 2006).

Figure 8: Effect of soil As concentration (from 12 to 58 kg 1, from left to right) on rice
growth in buckets (Duxbury et al, 2007)

The amount and localization of As in the plant ues differs depending on the
external conditions and the plant species. For @kanAs levels in normally-edible
parts of the vegetable increased in the approxiroater as: peppermint < Indian
squash < bottle gourd < cluster beans < spinacitter lgourd < peas < sponge gourd
< okra < brinjal (Baig & Kazi, 2012). Arsenic cent in maize leaves was > than
arsenic content in maize straw that was > thamarsmntent in grain (Duxbury et al,
2007) and As concentrations in rice were rankedolsws: root > straw > husk >
grain (Heikens, 2006). Jamali et al (2008) repotteat leafy vegetables had high
capability to accumulate high levels of trace netald minerals from soil than other
vegetables. Thus, localization of As varies greatly only among plant species but
also among different tissues of cultivars withie #ame species.

The distribution of arsenic among plants is alseaéd by the level of As in soil.
Villatoro-Pulido et al (2009) reported that radiglants grown on “lower As soil”
accumulated more As in the leaves than in the yodtereas those grown on “higher

As soil” had more As in the roots than in the leaviem addition some plants may
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increase As availability by releasing root exudatasluding organic acids, which
exert their action on for example oxides/hydroxidad ion exchange sites on the soil
particles where As is adsorbed because organics dtade a major effect on the
mobilization of elements in the rhizosphere (Bergget al., 2014). For example, the
hyperaccumulating ferrteris vittata andPteris biaurita increased the plant-available
As in the soil by releasing exudates from theitsq@&onzaga et al., 2009).

Anyway, the translocation of inorganic As from tto®ts to the above ground parts is
usually limited. However, the ferffteris vittata (brake fern) is extremely efficient in
extracting arsenic from soils and translocatingtio its above-ground biomass with
large amounts of arsenic without toxic symptomscakding to Ma et al (2001), fern
Pteris vittata (brake fern) can take up large amounts of arsemdciis fronds in a short
time, arsenic concentration in fern fronds growingsoil spiked with 1500 mg Ky
arsenic increased from 29.4 to 15861 mg kytwo weeks. Furthermore, in the same
period, ferns growing in soil containing just 6 kgj' arsenic accumulated 755 mg kg
! of arsenic in their fronds, a 126-fold enrichmeBtake fern is considered as an
arsenic hyperaccumulator which not only has theemal for phytoremediation of
arsenic contaminated soil, but also provides areleea@ opportunity to investigate
plant detoxification mechanisms for arsenic (Zhaey al., 2002). Arsenic
hyperaccumulation seems to be confined to the ddesae family of ferns
(Verbruggen et al., 2009).

Apart from As, soil characteristics such as soil, psalinity, humus content

significantly influence crop uptake, uptake ratel &moavailability also of cadmium.

Cadmium mobility and bioavailability are higher more acidic soils, and lower in

chalky/lime soils (EC, 2014). However, cadmium ntegyadsorbed on clay minerals,
carbonates or hydrous oxides of iron and mangawoesmay be precipitated as
cadmium carbonate, hydroxide, and phosphate. Uadglic conditions, cadmium

solubility increases, and very little adsorptionaafdmium by soil colloids, hydrous
oxides, and organic matter takes place (EC, 2(Bdgause of its high mobility and
water solubility, Cd can readily enter the rootsotlgh the cortical tissue and can
reach the xylem via an apoplastic and/or a symiplasthway to form complexes with
organic acids or phytochelatins (Salt et al., 1995)
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Higher plants can uptake Cd, depending on its alvaitly and concentration, from soill
and water; rather little is also taken up direétym the atmosphere (Clemens, 2006).
The uptake and transport of Cd in plants varie wiiecies and with cultivars within
species (Grant et al., 1998). An (2004) reported itth 4 test species (sweet cofiea
may; wheat, Triticum aestivum; cucumber,Cucumis sativus;, and sorghumgorghum
Bicolor), cucumber retained the greatest amount of cadniuthe roots while the
roots of sorghum transported more of their absor®ddo the shoots than the other
plant species and accumulated the most Cd; Cd w@sralated mainly in the roots
and that only small amounts of Cd were transpadudedtie shoot.

Cd uptake in soil by plant roots also depends @nrtot morphology. Plants with
numerous thin roots accumulate more metals thamathefew thick roots (Das et al.,
1997), and the greater surface area of thin angl foats compared to thick and short
roots contribute to more absorption of Cd in piamts (An, 2004).

Varieties and the presence of elements in soil @i@wt plant Cd absorbtion. Seth et al
(2007) reported that Giant DuckweeSbifodela polyrrhiza L.) accumulated about
1.5-fold more Cd accumulation than As at the samecentration and exposure
periods and low accumulation of the metal was m@®drin combination when
compared with separate exposures.

Plant uptake of Cd at levels present in the sditgm is dependent on a system that is
largely metabolically mediated and competitive witle uptake system for Zn and
possibly other metals (Grant et al., 1998).

Thus Cd toxicity to plants is affected by the preseof other elements in soil.
Pollutants in soil and water can induce additivéagonistic or synergistic effects on
plant and animal growth (Liu et al., 2007a; Huahgle 2009a; Huang et.aP009b).
Analyses of chemical mixtures indicate that thedibx may be equal to the sum of the
fractional toxicities of individual components, bigher/lower than the sum due to
synergistic/antagonistic interactions. For examateording to Liu and Zhang (2007),
a combined exposure to Cd and As produced greaxasityy to wheat than single
exposure to each metal separately. However, Sah(2008) reported that a combined
toxicity of arsenic and cadmium is less severe thah of single As or Cd in terms of
rice growth (because Arsenic can mitigate Cd-indugghibitory effect on plant

growth). If the rate of absorption of metals bylanp exceeded the rate of arrival by
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convection, a depletion zone was created at the and the concentration gradient
promoted diffusion from the soil to the root (Dasaé, 1997). However, excess Cd
causes a number of visible toxic symptoms in plaath as growth inhibition, rolled
and chlorotic leaves and other toxic symptoms saglinhibition of photosynthesis,
induction and inhibition of enzymes, altered stamhaction, water relations, efflux of
cations and generation of free radicals (Clemed86 R

Some plants can accumulate relatively high levetsadmium, without adverse effects
on growth. They belong to the class of hyperaccatous. For example, some Cd-
hyperaccumulating populations df. caerulescens, T. praecox, and Arabidopsis
halleri, all belonging to theBrassicaceae familyand Sedum alfredii (Crassulaceae)
require Cd for optimum growth (Verbruggen et al09). Plants have evolved several
mechanisms to cope with €dtoxicity and attempt to adapt themselves to
environments contaminated with excess Cd. Somkeoptevalent mechanisms of Cd-
tolerance are: accumulation, sequestration, thalgzation by sulphide ions, damage
rescue by heatshock proteins and phytochelatintitoinsg organics (Prasad, 1995). A
major strategy to detoxify nonessential trace niétadl)s is the synthesis of specific
low-molecular-weight chelators to avoid bindingptoysiologically important proteins
and to facilitate their transport into the vacuo(®®rbruggen et al., 2009). Plants
could develop a detoxification mechanism which eletes metals from them by
translocation of metals from roots to the brownvésaand leaf fall (Dahmani-Muller
et al., 2000). Restricted distribution of the metatensitive tissues, metal binding to
the cell wall are also some of these mechanismdlgggaet al., 2012). In plants,
metallothionines are important components for naamimg homeostasis of essential
metals and detoxification of toxic elements like madn (Cd) and As (Robinson et
al., 1993). To prevent Cd accumulation in sho@uEs, plants can restrict the entry of
Cd to the xylem by restricting Cd movement to thgem through both the
symplasmic and the apoplasmic pathways. (Lux e2@l0). The uptake of Cd from
the soil seems to occur mainly via®Ga&e*, Mn?*, and ZA* transporters (Verbruggen
et al., 2009). If zinc is present, it can reducedna@m’s availability to plants, by
inhibiting calcium uptake and preventing it from virgg from the roots to the shoots
of the plants (EC, 2014).
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It was reported that heavy metal pollution inducesctive oxygen species generation
in cells that damage plants major cell macromokesybroteins, lipids, and DNA
(Gichner et al., 2004). Generally, plants possessral antioxidative defense systems
such as NP-SH, cysteine, glutathione (GSH), tocapfieascorbic acid, and enzymes
like catalase (CAT), superoxide dismutase (SOD)aiapol peroxidase (GPX),
glutathione reductase (GR), and ascorbate peraxida$’X) to scavenge toxic
reactive oxygen species to protect them from thdamt stress (Seth et al., 2007).
Metal hyperaccumulation by plants has an adaptwvetion, mostly defense against
insect herbivory (Boyd, 1998). For example, theem&ébn of high concentrations of
arsenic in sori is probably a defensive strateggirey pests to sustain the life cycle
(Bondada et al., 2004). Hyperaccumulation of heaeyals by higher plants from the
soil to the shoots is a complex phenomenon whigblues several steps such as: (a)
bioactivation of metals in the rhizosphere througiot—microbe interaction; (b)
enhanced uptake by metal transporters in the plasembranes; (c) detoxification of
metals by distributing to the apoplasts like bimggdia cell walls and chelation of metals
in the cytoplasm with various ligands, such as ptiyelatins, metallothioneins, metal-
binding proteins; (d) sequestration of metals itlte vacuole by tonoplast-located

transporters (Yang et al., 2005) shown in Figure 9.

Distribution and
sequestration

(cell wall binding,
vacuole sequestration,
cytoplasmic chelation,
etc)

Xylem transport

(symplastic loading
and ion exchange
etc.)

Root absorption and
compartmentation
(transporters, channels,
—.cytoplasmic chelators,
etc)

Bioactivation in the W\
rhizosphere ! Al
( root-microbe J
interaction, etc) 4

Figure 9: Major processes proposed to be involved in haaeyal hyperaccumulation by
plants (Yang et al., 2005)
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1.3.1.2Principal organic pollutants

In addition to heavy metal(loid)s, organic composihdve been known to be toxic and
genotoxic to plant and their accumulation dependsspecies and, environmental
conditions. Highly persistent compounds, such aBPBand PFC-compounds may
accumulate in agricultural soil after repeated afserganic fertilizers containing these
compounds, and accumulation potential of PBDEsble@sn demonstrated for example
for zucchini, radish, alfalfa, summer squash, pumpkaize, and ryegrass (Suominen
et al., 2014). Most plants do not bioaccumulate #@Bm contaminated soil due to
the presence of a waxy layer, or cuticle, whichdbithe PCBs and prevents them from
being absorbed into the plant (USEPA, 2014c). Maignt species for example,
lettuce, potato, tomato, rice, garland chrysanthemGhinese cabbage, maize, and
soybean, can absorb organic compounds through iiheis, but usually very small
amounts of these substances are translocated fvota to shoots. However, some
species of cucumber family, Cucurbitaceae, are kntmnaccumulate higher levels of
POP such as polychlorinated dibenzo-p-dioxins (PELDDpolychlorinated
dibenzofurans (PCDF) and PCB in their tissues esjiecin leaves and fruits,
compared with other plant species (Wyrwicka et2014). As a result, they may show
secondary oxidative stress in plant cells and redyce plant growth and development
(Wyrwicka et al., 2014).

Polycyclic aromatic hydrocarbons (PAHs) such as zbfjpyrene (BaP) and
naphthalene (Naph) are among the most dangerousemental contaminants due to
their toxic, carcinogenic and mutagenic effects.wiis reported that they were
genotoxic forTrifolium repens L, inducing significant changes in root and shDbIA
sequence (Aina et al., 2006). Dihydrophenanthreaee lleen also proven to inhibit
germination of seed, and induced DNA changes iferdint target sequences of
Arabidopsisthaliana (L.) Heynh (Labra et al., 2003).

1.3.2 Effects on human health

1.3.2.1 Principal inorganic pollutants

Unlike organic contaminants, heavy metals and roetsl are generally non
biodegradable, immutable and persistent in natNeertheless, they can become

mobile in soils, sediments and in water to the mixteat a fraction of their total mass
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can become bioavailable to organisms includingtplaanimals and humans (Adriano
et al., 2004).

Many heavy metals and metalloids are toxic and camse undesirable effects and
severe problems even at very low concentrationisef/dl., 2013).

Some heavy metals may transform into the persisteziallic compounds with high
toxicity, which can be bioaccumulated in the orgams, magnified in the food chain,
thus threatening human health. For example, aftgrisd deposited in soils and
sediments, bacteria and microbes are mainly reggenr changing mercury to
methylmercury. Once methylmercury is formed, it legcin the environment for
thousands of years, exposing humans and otherespexipotentially toxic levels for
generations (EC, 2014). Significant examples ofé¢hare the outbreaks of severe
mercury poisoning in Minamata, Japan, and Iraghm last centaury had posed the
shocked disaster to eco-environment system and mureangs (Li et al., 2009). In
Minamata Bay, mercury-contaminated effluent waslthsged from an acetaldehyde-
producing factory over a 30-year period ending 63 (from 1958 to 1959, this
effluent was discharged into the Minamata Riverhe Ttotal amount of mercury
discharged from the chemical plant was reporteddo70-150 t or more, which
contained significant levels of methylmercury gexted as by-product in the
acetaldehyde process (Tomiyasu et al., 2014). Metrgury is readily accumulated
by aquatic biota. Over 90% of the mercury foundish is methylmercury (EC, 2014).
For many years, no one realised that the fish wentaminated with mercury, and that
it was causing a strange disease to people whihatish in the local community and
in other districts. At least 50000 people were @#d to some extent and more than
2000 cases of Minamata disease were certified (WB4c). In the early 1970’s
mercury’s use in agriculture has led to distressinghan health incidents. A major
methylmercury poisoning catastrophe occurred bysemption of seed grain treated
with a fungicide containing mercury, which an estied 10,000 people died and
100,000 were severely and permanently brain dam@dged al., 2009).

Toxic metal ions that enter plant roots and abowexgd different organs can pose a
potential threat to human health. Metal accumutaiio edible parts of crop plants
represents the principal route of toxic metal eninyo the human food-chain

(Clemens, 2006). Cadmium belongs to the metals e/imss are most readily taken
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up by plant roots and therefore is the elementreaigst concern in food chain (Giller
and McGrath, 1988). Much of the Cd taken up by tglas retained in the root, but a
portion is translocated to the aerial portionsh& plant and into the seed. Some crops
such as durum wheat, flax, sunflowers and potate@saccumulate amounts of Cd
which exceed current and proposed maximum accept@ablconcentrations (Grant et
al., 1998). Cadmium and cadmium compounds have tlassified as carcinogenic to
humans (Group 1) by The International Agency forséach on Cancer (IARC,
2014a), meaning that there is sufficient evidermethieir carcinogenicity in humans.
Around 90% of cadmium exposure in non-smokersngugh food (EC, 2014). Cd is
retained for many years in the human body with dgmal half-life 10-35 years,
accumulates primarily in the kidneys (WHO, 2014m) consumption of foods high in
Cd can induce chronic toxicity (Candéiasa et &11@. One example for this is Itai—
itai disease in Japanese in the 1950s and 1960&h wdeveloped in numerous
inhabitants of the Jinzu River basin in Toyama &skire, was the most severe form of
chronic cadmium (Cd) poisoning caused by prolonged Cd ingestion resulting in
osteomalacia and bone fractures. Its cause hasdieefred to be environmental Cd
pollution originating from effluent from zinc mirlecated in the upper reaches of the
river. Inhabitants used water polluted with Cd tp@y to their food crops, mainly
rice, soybean, and then ate them accumulated with(I@aba et al., 2005). Many
studies using cultured animal cells show that ewxposo cadmium compounds
damages genetic material. DNA strand breaks, namstichromosomal damage and
cell transformation have been observeditro. Cadmium compounds inhibit the
repair of DNA damaged by other agents, thereby reeihg their genotoxicity (IARC,
2014a).

In addition to cadmium, arsenic is one of the nshgtliied soil pollutants because of its
ubiquity, toxicity, and persistence. Arsenic casoaknter food chain causing wide
spread distribution throughout the plant and anikmafjdoms. The concentration of
arsenic in cereals, vegetables and fruits is dyaeiated to the level of arsenic in
contaminated soil (Zhang et al., 2002). Fish, &u#énd vegetables primarily contain
organic arsenic which has low toxicity, less th&@®olof the arsenic in these foods
exists in the inorganic form, although the arseiotent of many foods (i.e. milk and

dairy products, beef and pork, poultry, and cejaalsnainly inorganic, typically 65—
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75% (Mandal and Suzuki, 2002). High As levels innfeng zones add substantial
amounts of As to the diet intake through agricaltyproduct consumption, thus posing
risk to human health (Rosas-Castor et al., 2014)p€£for human consumption and
animal fodder cultivated on soils and/or irrigateith As-enriched water have shown
corresponding high As contents and expose humaseuere health risks associated
with high As concentrations in many areas in theldv(Bundschuh et al., 2012). Rice
is the staple food of many countries in Asia. Hogre\arsenic contamination of rice
by irrigation with contaminated groundwater andosetarily increased soil arsenic

compounds the arsenic burden of populations demgnole subsistence rice-diets
(Sengupta et al., 2006). High As accumulation céypad rice poses immense health
hazards to almost 50% of world population who apethdent on rice as their staple
food (Nath et al., 2014). Arsenic and inorganicears compounds are classified as
carcinogens to humans (Group 1) by the Internaltidgancy for Research on Cancer.
This means that there is sufficient evidence in &osfor the carcinogenicity of mixed

exposure to inorganic arsenic compounds, includgirggenic trioxide, arsenite, and
arsenate (IARC, 2014b). Arsenic can pass throughptacenta, so pregnant women
exposed to arsenic through drinking water are aatgr risk of miscarriage, stillbirth

and pre-term birth (EC, 2014). There is evideneg &xposure to arsenic in the womb
or in early life increases the risk of lung canaed other lung disorders (EC, 2014). In
general, the ingestion of As by humans can cawseiaty of disorders, including skin

lesions (e.g., hyperpigmentation, melanosis, kers{orespiratory system problems
(e.g., chronic cough, shortness of breath, broishihervous system effects (e.g.,
neuropathy, neurobehavioral, weakened memory, loM@Er decreased attention),

cancers of different organs (e.g., skin, lung, 8&yl and reproductive effects (e.g.,
pregnancy complications, fetus abnormalities, ptemeadeliveries, reduced birth

weight) (Kapaj et al., 2006).
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Figure 10: Typical skin lesions and skin cancer found in pasevho have been chronically
exposed to arsenic: (A) hyperpigmentation, (B) lprgmentation, (C) keratosis, and (D) skin
cancer (Ng et al., 2003).

Levels of leadin the blood began to decline earlier in the Westeuropean and
Scandinavian countries than in Eastern Europeghgarigecause unleaded petrol was
gradually introduced earlier in these countries ,(E2014). However, significant
sources of exposure still remain, particularly aveloping countries (WHO, 2014e).
Fruits and vegetables grown in lead contaminatddrsmy become contaminated as a
result of plant uptake of this metal from soilsdarect deposition of leaded dust onto
plant surfaces. The occurrence of lead in the edibktion of the plant is of specific
interest from a health point of view, since ingastof the plant may contribute to
elevated body burdens of lead (Finster et al.,, 200Ae International Agency for
Research on Cancer (IARC) has classified inorgéeacl compounds as probably
carcinogenic to humans. It has been estimatedl¢hdt exposure was responsible, in
2004, for 143 000 deaths and 0.6% of the globatdmrof disease (expressed in
disability-adjusted life years), taking into accoumild mental retardation and
cardiovascular outcomes resulting from exposurieao (WHO, 2014d). Childhood
lead exposure is estimated to contribute to ab00t0®0 new cases of children with

intellectual disabilities every year (WHO, 2014e).
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Cr toxicity is observed at multiple levels in plardand animals, from reduced vyield,
through effects on leaf and root growth, to inhdrit on enzymatic activities and
mutagenesis (Shanker and Venkateswarlu, 2011).1Ch@s long been recognized as
a carcinogen in human and mammalian systems, af\d)&ontaining compounds
are genotoxic and can induce gene mutations and Dé&tdons (Shanker and
Venkateswarlu, 2011). Since chromium is a knownageh and carcinogen, the
prevalent pollution laws in most countries requisecomplete removal from industrial
effluents before discharge (Itankar and Patil, 20C4(V1) inhibits DNA, RNA, and
protein syntheses in biological systems (Labrd.e2@03). In addition, Cr is known to
induce apoptosis, a process by which cell deatitiated and completed in an orderly
manner through activation or synthesis of gene ymtsdnecessary for cell destruction
(Shanker and Venkateswarlu, 2011).

1.3.2.2 Principal organic pollutants

Polycyclic aromatic hydrocarbons (PAHs) are knovatatively chemically inert
compounds. PAHs have severe mutagenic and carcimogkects by binding to DNA
(adduct formation) at specific sites known as xeotnb response elements (XRES),
promoting DNA instability and potentially givingse to strand breakage (Costa et al.,
2008). PAHs are capable of covalent interactiorhwmticleophilic centres of DNA
through metabolic activation to electrophilic datives (e.g. diolepoxides, quinones,
conjugated hydroxyalkyl derivatives). These addwét®AH to DNA cause base pair
substitutions, frameshift mutations, deletions,hage arrest, strand breakage and a
variety of chromosomal alterations (Piraino et 2006). Experimental results on mice
showed that when pregnant mice ate high dosesP#ta (benzo(a)pyrene), they had
reproductive problems such as birth defects, aedeer in their offspring body weight
and other effects including damage to the skin,ybiaids, and the immune system
(USEPA, 2014b).

Dioxins are highly toxicand can cause reproductive and developmental pnsble
damage the immune system, interfere with hormondscause cancer (WHO, 2014b).
Once dioxins have entered the body, they remainafdong time because of their
chemical stability and their ability to be storedbody fat with their half-life in the
body estimated to be 7 to 11 years (WHO, 2014b).
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Figure 11 President Viktor Yushchenko of Ukraine before afigtr dioxin poisoning with
2,3,7,8-TCDD (Schecter et al., 2006)

The Vietnam War ended over 35 years ago, but hdeimesidues which contain

dioxins are still producing adverse effects on Néghese people who lived in the
sprayed areas and on the country’s ecosystems éNak, 2009). At least 2.1 million

and possibly as many as 4.8 million Viethamese lgesould have been exposed to
these contaminants (Stellman et al., 2003; Tawaah,2011)

1.4 Assessment of soil pollution: chemical and bmgical approaches

The detection of dangerous compounds in the enwiemt is the first step in the
evaluation of the exposure risk for human, whiclaigery complex condition (risk
identification). Although the chemical methodologythe most common and direct
approach in determining the xenobiotic presend@enenvironment, it is important to
underline that the dangerousness is related rgttorihe xenobiotic amount but also
to the exposure time (dose) and to its bioavailgbwMvhich is the amount of free and
biologically active compound available for targétustures. In fact the ability of
classical chemical analyses to define a pollutevel depends on the identification
and quantification of the single xenobiotics. Nowagsl that strategy is very limited
and is not able to assess the risk. In fact, mamypounds inducing diseases such as
cancer are still unknown or are active at very loencentration not detectable by

analytical instruments. In addition chemical analydoes not allow an integration of
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the combined effects produced by the chemical mexpresent at a polluted site and
total concentrations can overestimate the real askaging processes can strongly
reduce the bioavailability and, subsequently, thhacity of pollutants (Fernandez et
al., 2005). For this reason the integration of ciceimdata with further biological
analyses become necessary for a realistic rislssis@nt for environment and humans.
In biological field, bioindication techniques wedeveloped and applied. Exploiting
animals, plants and microrganisms sensitive to ateds) biological analyses enable
the qualitative and quantitative determination &k txenobiotic effect on the
ecosystems. The actual challenge in biomonitormgsists in the ability to determine
the xenobiotic effect at sublethal level, to pravamther environmental and health
damage and to allow the application of remediasigstems.

Bioindicators are organisms sensitive to contanisarhey are used to determine the
presence of environmental contaminants by assesbmgeffects of pollutant/s on
them. For instance white clover is widely usedest plant to assess the presence of
genotoxic compounds in both soil and air compartséAina et al. 2002; Piraino et

al. 2006). In Table 1, examples of organisms usdui@ndicators are reported.
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Table 1. Examples of organisms used as bioindicators

ORGANISM BIBLIOGRAPHY
Bacteria| Bacillus Leifer et al., 1981
Escherichia coli Brusick et al., 1980
Salmonella Ames et al., 1973
Yeast | S cerevisiae Zimmmerman, 1984; Resnick et al., 1986
Fungi | Neurospora Brockman et al., 1984; Bahnoori and
Venkateswerlu, 1998
Algae | Phormidium Wang et al., 1998
Selenastrum U.S. EPA, 1978
Piants | Allium Levan, 1949; Sharma, 1995; Fiskesjo, 1995; Rgank
and Nielsen, 1998, Kipopolou et al., 1999
Arabidopsis Conte et al., 1998
Capsellla bursa- Aksoy et al. 1999
pastoris
Hordeumvulgare Zhang et al., 1994
Nerium oleander Aksov and Ozturk, 1997
Pisum sativum Grant and Owens, 2001
Plantago major Bakker et al., 2000

Taraxacum officinalis | Malaska and Wilkormirski, 2000

Tradescantia Knasmuller et al., 1998; Fomin et al., 1998
Trifolium pratense Micieta and Murin, 1995
Vicia faba Kihlman, 1975 ; Grant, 1982a; Kanaya et al. 1994,

Koppen, et al. 1996

After exposure to environment, bioindicators aralgred by considering appropriate

markers and specific technologies. Table 2 showsgkes of markers.
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Table 2 Examples of markers.

CONTAMINANT MARKER

DNA change

Metallothionein

Heavy metals (Cd, Cr, Cu, Ni, Zn, Hg and| Phytochelatin
AQ)

Dry weight

Enzymes and anti oxidant molecules
(i.e. catalase reductase ascorbic acid)

DNA change

PAH P450

Dry weight

Specifically to study DNA changes, Comet test amthddm Amplified Polymorphic
DNA (RAPD) are two of the principally applied techues.

The Comet assay method

The comet assay, or single-cell gel electrophoréSGGE) has become one of the
common methods for assessing DNA damage, with egipins in genotoxicity
testing, human biomonitoring and molecular epiddogy, ecogenotoxicology, as
well as fundamental research in DNA damage andmrepar the past decade (Collins,
2004). In 1984, Ostling and Johanson introducedutes of a microgelectrophoresis
technique to detect increased levels of DNA dansgeits repair in individual cells
exposed to a genotoxic agent. In 1988, Singh alldbayators introduced an alkaline
(pH .13) version of the Comet assay, which greaxiyanded possible applications by
allowing for the detection in single cells of ditesingle strand beaks, single strand
breaks associated with incomplete DNA repair sitas] alkali-labile DNA damage
(Tice, 2010).

In general, the comet assay has many advantagds &sicrelative simplicity,
sensitivity, versatility, rapidity and economy. Hever, although relatively simple to
perform, there is not a adequately validated statizied version of the Comet assay

and several issues that impact on data interpoetdé.g., optimal cell sampling and
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electrophoretic conditions, cell scoring criteti@e impact of cytotoxicity on increased

DNA migration, many types of DNA damage are noedttd) remain to be resolved.

RAPD: a biomolecular technique to analyse DNA segae

Biomolecular techniques have been widely appliediatogical research for a variety
of purposes for many last decades. Since the apiolic of plants in many cases was
limited because of their complexity of genome, kangoloidy and difficulties in
isolating easily scorable phenotypes, the developmimolecular marker technology
including RADP has provided new tools for the detec of genetic alteration by
looking directly at the level of DNA sequence ahd&ure (Conte et al., 1998).
Among of biomolecular techniques, the RAPD methas heen initially used to detect
polymorphism in genetic mapping, taxonomy and pygletic studies and later in
genotoxicity and carcinogenesis studies (Atienzaal.e 1999; Atienzar et al., 2006).
In recent years, the RAPD-PCR technique (Randomli@appolymorphic DNA-
based on polymerase chain reaction) has been umskdoamsidered one of the most
powerful and useful tools in the assessment of fgaio effects of organic and
inorganic agents on different organisms (Aina et 2008; Cansaran-Duman et al.,
2011; Cenkci et al., 2009; Liu et al., 2009; Picart al, 2006; Salem et al., 2014;
Vardar et al, 2014; Wolf et al., 2004). It can lmsidered extremely efficient for
DNA analysis in complex genomes as it could betinadly inexpensive and yields
information on a large number of loci (Atienzaragt 1999; Gupta and Sarin, 2009;
Wolf et al., 2004).

The principle of this technique is that, a gé# short oligonucleotide primer,
which binds to many different loci, is uséa amplify random sequences from a
complex DNA template. This means that the anguliffragment generated by PCR
depends on the length and size of both ghmer and the target genome. The
assumption is made that a given DNA sequéoomplementary to that of the
primer) will occur in the genome, on opposileNA strands, in opposite
orientation within a distance that is rnbad amplifiable by PCR. These
amplified products (of up to 3.0 kb) are usuallgparated on agarose gels (1.5-
2.0%) and visualised by ethidium bromide stgr{Kumar and Gurusubramanian,

2011). The comparison of RAPD profiles (the ametifiproducts on gel) obtained
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from plants exposed to environment with those oleicifrom control plants allows the
detection of DNA changes induced by genotoxic sarists eventually present in the
environment. Changes in DNA sequence are relateduiation in primer annealing

sequence and in the sequence region between theartbrand reverse primer

annealing sequences. Profile changes include theaapnce of extra amplified bands,
the disappearance of amplified bands, and the @saimgamplified band fluorescence.
New PCR amplification products may reveal a chaimgthe DNA sequence due to
mutations (resulting in [a] new annealing even) pjd/or large deletions (bringing
two preexisting annealing sites closer) and/or Hoguus recombination (juxtaposing

two sequences that match the sequence of the pramewn in Fig 12 and 13.

t::-.-'cles 1 2 3 "aw 20
P s
- ‘ V5, ;
B
o] 2-31 —
target T
gene AT — 21 4_?483643
::.., ——s < \ copies
—

22 = 23 = 24 =

4 copies 8 copies 16 copies

Figure 12 Polymerase chain reaction (PCR) (Allan and M2810): The PCR method
begins with total genomic DNA extracted from anamgm. The DNA is combined with site-
specific primers, Taq polymerase, and other reagéaty., MgCI2, buffer, dNTPs) and
subjected to repeated cycles, each of which caenefsa denaturation phase, annealing phase
and extension phase. Denaturation separates detitaleded DNA, allowing primers to
anneal to specific sites, followed by incorporatafrdeoxynucleotide triphosphates (ANTPs;
A, C, G, T), thereby extending the target sitehia 5’-3’ direction (on both separated strands).
The first cycle is completed when one round of derdion, annealing and extension is
finished, resulting in two new copies of the targié. Subsequent cycles (typically 30-35)
repeat the 3-phase process, resulting in manyomifiold copies of amplified DNA.
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Figure 13 RAPD profiles show changes in the DNA sequence wubreak, deletions or

insertions, mutations.
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2. Aim of the study

The use of efficient early warning bioindicationssyms represents a powerful
approach for assessing and interpreting the immdchatural or anthropogenic
perturbations in soil ecosystems preventing enwiremial alteration and human
disease. Living organisms provide information ore ticumulative effects of
environmental stressors and as such bioindicaia@omplementary to direct physical
and chemical measurements (Heger et al., 2012).

Trifolium repens is a pollutant-sensitive plant, suitable for biantoring campaigns.
Specifically, its environmental exposure followeg @ DNA analysis with molecular
markers allows the detection of sublethal levelsgehotoxic compounds in the
environment (Piraino et al., 2006). However, gitka limited information available
on the joint genotoxic effect of chemicals, theemptetation of biomonitoring results is
often difficult. In addition, most environmentaski assessments of contaminated lands
are currently based on guideline values derivenhftioe ecotoxicological properties of
specific chemicals, whereas it is well known thavieEonmental pollutants interact
producing additive, antagonistic or synergisticeeté on exposed organisms (Zhou et
al., 2006; Liu and Zhang, 2007a; Wang and Fowle§82 Huang et al., 2009; Tkalec
et al., 2014); it is then evident that there isleac need to improve the knowledge
about the combined effects of stressors on bioatdrs.

As mentioned in the introduction, Cd and As are oi’/the most dangerous pollutants
for both environment and human health, as theydadgenome alteration to living
organisms. However most information regarding Cd As genotoxicity comes from
studies on one or the other of these heavy metdisreas no data are available on
their genotoxic joint action. Starting from thesensiderations, the objective of the
first part of my PhD research was to study the doeibtoxic and genotoxic effects of
soil Cd and As. The study was organized in threeessive steps:

(1) assessment of the general toxicity and gencitgxof soils contaminated with
increasing arsenic concentrations;

(2) assessment of the general toxicity and gencitgxof soils contaminated with

increasing cadmium concentrations;
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and (3) assessment of the toxicity and genotoxiafy soils simultaneously

contaminated with arsenic and cadmium concentratishich were selected on the
basis of the results from (1) and (2).

In the second part of my research | used the irtion and the techniques that |
learned during the first period to assess the gemoty of soils in Lombardy Region

(Italy) performing a biomonitoring experiment in lledoration with Catholic

University of Piacenza and European Research Cehtspra.
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3. Materials and methods

3.1 Experiments with As and Cd contaminated soildart 1

3.1.1 Plants used for the experiments

White clover {rifolium repens) cultivar Ladino (Ingegnoli Milano) was selected as
the test plant. Based on literature datéolium repens is highly sensitive to organic
and inorganic compounds; it also shows a genetfoumity and is easy to handle and
grow (Citterio et al., 2002; Piraino et al., 20@éna et al., 2008).

3.1.2 Soil used for control treatments of the experiments

Commercial soil used for control treatments wasvioled by Compo Company and
has the following characteristics:

o pH: 6.2

. Organic matter: 48.5 %

. Components: neutral sphagnum peat, perlite (< Bib)eral fertilizer

« Total porosity: 91 % v/v

. Density: 135 kg/m

Before use, the soil was sifted through a 3 mmhnsésve.

3.1.3 Sand

Sand used for the preparation of experimental sa@k: Ticino Sand (VAGA);
granulometry 0,1 mm-0,9 mm

3.1.4 Chemicals

- Agarose, Cadmium Sulfate (3Cd$S8H,0) and Sodium Arsenite (NaAspD
produced by Sigma-Aldrich, USA.

- Trizma base, minimum 99.9% titration (Sigma-Addirj USA).

- Boric acid, minimum 99.8% B}D; (AppliChem, Germany).

- EDTA disodium salt dihydrate, 99% ¢El14N-Na,Og.2H,O (AppliChem, Germany).

- Other chemicals used in this study were bougihfQIAGEN.

3.1.5 Soil contamination and plant exposure (As, Cd)

Trifoliumrepens L. seeds were surface sterilized with 15% bleatation, for 10 min
and then washed with tap water for at least 10 dinddter sterilized and washed,
seedswvere directly sown in 3% organic matter soil fovdeks.

The nearly 10-cm high plantlets were transferrecddparate pots containing either

control soil (uncontaminated soil) and artificialbpntaminated soil, obtained by
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adding different concentrations of metals, for 2 ek Cadmium sulfate
(3CdSQ.8H,0) and sodium arsenite (NaAgQvere dissolved in distilled water to
make stock solutions for soil contamination. Thegrevthen opportunely diluted and
accurately mixed with soil to obtain homogeneoustaminations. The Cd and As

concentrations (mg.koil) that were used in this experiment are liste@iable 3.

Table 3 As and Cd concentrations in single and combtreatments

Single Treatments
As (mg.kg') 5 10 20
Cd (mg.kg") 20 40 60
Combined Treatments
As+Cd (mg.kg) 5+20 5+40 5+60
As+Cd (mg.kd) 10+20 10+40 10+60
As+Cd (mg.kg) 20+20 20+40 20+60

Cd and As concentrations were selected throughnurelry experiments (data not
shown here) in which the effects of many differeamncentrations of the two
contaminants were tested on plant growth. Eaclineat consisted of 3 pots (or 3

repetitions) each containing 18 plantlets for altof 54 plantlets. Experimental design

is shown in the Figure 14A and 14B.

Figure 14A: Trifolium repens grew in 3% organic matter soil for 4 weeks, and thery there

transferred to the control soil (artificially undaminated) and contaminated soils.
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Contamination with As and Contamination with As and Cd
Cd separately in combination
As (mg/kg) Cd (mg/kg)
www As 5 mg/kg www 5 20
www As 10 mg/kg www 5 40
w As 20 mg/kg www 5 60
TEE o o
w Cd 20 mg/kg www 10 =Y
E cony, |TEW 0«
w Cd 60 mg/kg www 20 20
20 60
CEE o CEE o

Figure 14B:. Experimental design show3rifolium repens were transferred to soll
contaminated with As and Cd seperately (on thé;lIstiil contaminated with As and Cd in

combination (on the right) and the control (soit adificially contaminated)

3.1.6 Mortality and dry weight

The survival of plants was assessed during thesxpgat the end the percentage of
dead plants was calculated along with the deteimimaof dry weight of plantlets
survived.

3.1.7 DNA extraction and quantification

Samples of roots and shoots were ground by moatadgpestles. DNA extraction was
performed according to the protocol, DNaesy Plamtdibook (Qiagen). Steps of DNA
extraction can be summarized as following:

- Add 400ul Buffer AP1 to 100 g of root (leaf) maad which is ground, and then add
4 uIRNase A stock solution (100mg/ml) and vortegovusly.

- Incubate the mixture for 10 min at %5 Mix 2 or 3 times during incubation by
inverting tube.

- Add 130ul Buffer AP2 to the mixture above, mirdancubate for 5 min on ice.

- Centrifuge the mixture for 5 min at 14000 rpm.
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- Pipet liquid in the mixture into the QIAshreddéimi spin column (lilac) placed in a
2ml collection tube, and centrifuge for 2 min adQ@a@ rpm.

- Transfer the flow-through fraction from the stdmove into a new tube (not supplied)
without disturbing the cell-debris pellet.

- Add 1.5 volumes of Buffer AP3 to the cleared tgsand mix by pipetting.

- Pipet 650 ul of the mixture from step above, udahg any precipitate that may have
formed, into the DNeasy Mini spin column placedi@ ml collection tube (supplied).
Centrifuge for 1 min at 8000 rpm and discard tlwevfthrough. Reuse the collection
tube in the next step.

- Repeat the step above with remaining sample.abidsiow-through and collection
tube.

- Place the DNeasy Mini spin column into a new 2wilection tube (supplied), add
500 pl Buffer AW, and centrifuge for 1 min at 80f@m. Discard the flow-through
and reuse the collection tube in the next step.

- Add 500 ul Buffer AW to the DNeasy Mini spin catm, and centrifuge for 2 min at
14000 rpm to dry the membrane.

- Repeat this step again, add 500 pl Buffer AWh® DNeasy Mini spin column, and
centrifuge for 2 min at 14000 rpm.

- Keep DNeasy Mini spin column to dry the membréayecentrifuge for 2 min at
14000 rpm.

- Transfer the DNeasy Mini spin column to a 1.5amP ml microcentrifuge tube (not
supplied), and pipet 100 pl sterilized distilled teradirectly onto the DNeasy
membrane. Incubate for 5 min at room temperatuse2fC), and then centrifuge for
1 min at 8000 rpm to elute.

- Finally, collect DNA for analysis.

The amount of extracted DNA from each sample wasnated by comparing an
aliquot of extracted DNA with different concentais of A DNA through an
electrophoresis on 1% agarose gel in 1IXTBE bu®&mM Tris Base, 89mM Boric
Acid, 2mM EDTA). Through the same electrophoretia the purity and integrity of

the extracted DNAs was also evaluated.

43



3.1.8 PCR-based RAPD profiles

- PCR was performed in a reaction volume of 12.6ontaining 3ul of genomic DNA
(5nghul), 3.25ul of primer, 6.25ul of TopTag Master 2X (Qiagen)

The amplification reaction was carried out in arthecycler (iCyclel", Bio-Rad).
The PCR program consisted of the following steps:

e Initial denaturation: 94°C for 3 min

o 45 cycles: 94°C for 30 sec
35°C for 30 sec
72°C for 30 sec

* Final extention: 72°C for 8 min

- The products of RAPD-based PCR analyses werecteetdoy using agarose gel
electrophoresis (2% in 1X TBE buffer) and ethidilmmomide (1 pg/ml) staining.
GelPilot 1 kb Plus Ladder (Qiagen) was used as DiNgkker. Gels were run at 85 V
for 3.5 hours. Finally, the products of amplificati were examined under UV
illuminator and images were acquired with GEL-DQOIDQ (Biorad).

3.1.9 DNA polymorphism assessment

- An initial screening of 20 RAPD primers was penfied in order to test amplification
profiles for the readability and reproducibility pblymorphism. After this preliminary
screening, a total of 12 primers were selecteds Halection was based on high
polymorphisms and good reproducibility of the fragits generated.

The following are the sequences of primers useédarstudy:

Primer Sequence (5°— 37)
OPAO2 TGCCGAGCTG
OPAOS GTGACGTAGG

OPA13  CAGCACCCAC
OPA18  AGGTGACCGT
OPHO4  GGAAGTCGCC
OPHO8  GAAACACCCC
IOPHO9  TGTAGCTGGG
OPHI2  ACGCGCATGT
OPH18 GAATCGGCCA
OPHI9 CTGACCAGCC
OPC06  GAACGGACTC
OPCO7 GTCCCCGACGA

- Only reproducible and clear amplification band=srevscored for the construction of

the data matrix. The marked changes observed in[RAPRYiles (disappearance
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and/or appearance of bands in comparison with gbiteatments) were evaluated.
Polymorphic bands were scored as present (1) @naly8) for each primer.

- DNA sequence damage induced by arsenic or cadmuam evaluated as the
percentage of polymorphism (P %), which represtdmggatio between the number of
polymorphic bands and the total detected bands:x100

P = [(a+b)/c]*100

P: polymorphism percentage

a: total number of new appeared bands compareontool

b: total number of disappeared bands comparedrtrato

c: the number of total bands in control sample)+ (a

3.1.10 Bioavailable concentrations of Asand Cd in soils

Total pollutant concentration (for example Cd ol Assoils is not a good indicator of
mobility, availability and the associated enviromta risk (Larios et al., 2012)

because organisms respond only to the fraction ithdtiologically available. The

bioavailable fractions of contaminants are depenhdensoil properties and various
processes varying with time and on the behaviothertarget organism (Harmsen,
2007). The main difficulty on the study of pollutavailability for plants relies on the
evaluation of an appropriate extraction methodsfits, since it is desirable that the
applied method simulates the real uptake by pldr@sos et al., 2012). Bioavailability

may be assessed in two complementary ways: (ihbynecal methods (e.g., extraction
methods), which determine a defined available ifwacbf a well defined class of

contaminants; and (ii) by biological methods, whetpose organisms to soil or soil
eluates to monitor effects (Harmsen, 2007). In #higly, for bioavailable As and Cd
quantification in soil samples before plant expesand in control treatments of this
experiment, the protocol of Lindsay and Norwell @29 suitable for metal extraction
from non-acid soils was applied. Briefly, 5 g ofilssere extracted with 10 ml of 5

mM DTPA (Sigma), 0.1 M trietanolamine (Sigma) an@1l0M CaCl2 (Sigma), for 2 h

at 20 °C under stirring. Samples were then filteaed metal concentrations were
determined by graphite furnace atomic absorpti@tspscopy (GFAAS; SIMA 6000,

Perkin-Elmer).
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3.1.11 Concentrations of Asand Cd in plant organs (roots and shoots)

To determine the amount of As and Cd in plant osganots and shoots), the USEPA
3051a protocol was applied. The harvested plante warefully washed with tap
water and then with distilled water to remove siébris before analysis. All the
samples were dried at 100 °C overnight. For eanipkal0 mL of HNQ and 2 mL of
HCIO; were added to 0.2 g of dry plant matter. The samplere digested by using
the ETHOS HPR 100/10 microwave lab station (FKVrdaeno, Italy) reaching the
180 °C temperature. After their complete mineralizatithey were opportunely
diluted and analyzed by graphite furnace atomimgdien spectroscopy (GFAAS;
AAnalyst600, Perkin-Elmer). Standards (from ENEAsBa&ch Centre, Roma, lItaly)
and blanks were run with all sample series for igguabntrol.

3.1.12 Statistical analysis

- Statistical analyses were performed using thep&ad Prism software for Windows
(version 4.0 GraphPad Software Inc., San Diego @NOVA and Dunnet or Tukey
test were applied to the data when normality anthdgeneity of variance were
satisfied. Data which did not conform to the assuwngt were alternatively
transformed into logarithms or were analysed by sKalh Wallis non-parametric

procedures.

- The interaction type existing between Cd and Mgach treatment and concerning
their joint effect on plant growth and DNA sequendsange were evaluated by
applying the statistical method reported by Incale(1999). The method was based
on testing the null hypothesis of “additive efféecit 95% confidence level and

summarized the following:

The interaction of Cd and As in each treatment wasessed by comparing the
observed toxicity at the"itest level and at the concentration (x + y)i (vehgrand y
were the concentrations of the first and secondet¢mespectively) with the value of
the null hypothesis at that level, defined as “shen of the toxicity indices of the two
elements, tested previously at x and y”.

- For the joint effect on plant growth, evaluatiohthe null hypothesis was based on
multiplication of plant dry weigh (PDW) of each elent as percentage of control,
whereas for the joint effect on DNA sequence chantie null hypothesis was

evaluated by the addition of plant damage induce@dch element, defined as PP =
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polymorphism percentage. Thus, toxic and genotoxeractions at each binary test
level were assessed by statistical testing of weertull hypotheses PDMVand PR,
defined by Equation 1 and Equation 2 for growth BNA damage data, respectively:
(1) HO Plant growth: PDWX + y)i = (PDWXx)i *(PDWYy) i/100

(2) HO Plant sequence changesyB® y)i = (PPx)i + (PPy)i

where (x + y)was the ! combination of Cd and As concentrations in SGDYVX)i
and (PDWy)i the plant dry weight (as %) for eachtahen, recorded at the "iand
yi™ singular concentrations, and (PPx)i , (PPy)i tlecentage of polymorphism
induced by each element, recorded at thard yi" singular concentrations.

The compound interactions were called “antagoajstiadditive,” or “synergistic”
according to the statistical significance (t stuleartd the sign of the difference
between the tested hypothesis and the value afliberved effect.

Regression and Redundance statistical analyses R@re also applied to investigate
the relationships between variables and their egleg to the joint-effects of Cd and
As.

3.2 Experiments with soil samples collected in Londrdy region- Part 2

3.2.1 Lombardy Region: an overview

Lombardy is the largest and most wealthy regiohaly; the territory of the province
of Lombardy region covers a surface of 24000 sqkémeneters and the population of
approximately 10 million inhabitants (the 3rd m@stpulated region in Europe after
Tle-de-France and Baden-Wiirttemberg) (Regione Laodiba2014).

Gross product pro capita: &3,648 (Baccini et al., 2011) and the gross domesti
product (GDP) of Lombardy amounts to 296 billiorreeurepresenting 20% of the
national value (Regione Lombardia, 2014).

The Lombardy region lies in the north of the coyntrsharing a border
with Switzerland. Lombardy region consists of 12oyinces: Bergamo, Brescia,
Como, Cremona, Lecco, Lodi, Mantova, Milan, MorRayia, Sondrio, Varese. Milan
is the capital city (Figure 15).
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Figure 15: Lombardy region of Italy shows the 12 provinceslaMis the capital city.

The Lombardy’s climate depends on altitude andpitesence of inland waters. The
temperature shows high annual variations (in Mitae, average temperature is°C5
in January and 2€ in July), and thick fog is frequent between Oetoand February
(Baccini et al., 2011).

Productive activities in this region have develop@dmany past decades. The region
can be geographically and economically divided Btpones: the mountain range of
the Alps; the sloping foothills; and the immediéeing plains (Baccini et al., 2011).
Milan develops mainly service sectors while indastactivities focus in Varese,
Como, Lecco, Bergamo and Brescia. Agricultural vaitis are mainly in Pavia,
Sondrio, Cremona, Mantova, Lodi and some partsesf@mo and Brescia province.
Industry and service sectors play an important irole region. However, agriculture
still contributes significantly to the region’s emmy. Rice (about 600,000 metric tons
from nearly 100,000 ha in 2008) as human food aaen(about 3 million metric tons
from nearly 250,000 ha in 2008, mainly as cow aigdfpdder) are the two main cash
crops in the region (Rubino et al., 2012). Italytie leading rice producer with
approximately 50% of the total harvest in Européémon, about 41% total rice

produced in Lombardy, mainly in Pavia and Milanrf®oella et al., 2013).
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The plain area of the Lombardy region is charao¢eri by the combination of
unfavorable atmospheric dispersion conditions vatlhigh population density and
intensity of industrial, traffic and agriculturattavities, which make it one of the most

polluted areas in Western Europe (Caserini e2@ll 3).

3.2.2 Sampling areas, soil sampling methodology and plant exposure

Soil sampling was carried out in collaboration WREFORIA, a Catholic University
spin-off. Surface soil layer of 0-30 cm in depthsweollected. A total of 67 sall
samples were collected in 7 agricultural areasooicern in Lombardy region (Figure
16).

Bergamo O
Varese
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Milan O
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Fig. 16 Localization of the seven areas of concern tlekveonsidered in this study.

A brief description of the 7 areas is reported Heziew:

- Parona area: it is the area surrounding the weesdément plant located near the town
of Parona within Pavia province. The plant occupiesarea of about 110,00¢ @nd

its total capacity is approximate 200,000 tonesminicipal solid waste and non-
hazardous waste (Line 1) per year and 180,000 tohesen-hazardous waste per year

(Line 2). Twelve samples of soil (P1-P12) were ecd in the four cardinal
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directions with distance of 500, 1000 and 2000 speetively from the plant (Figure
17).
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Figure 17: Area for sampling soils around the waste treatrpéamt in the town of Parona,

Pavia province.

- Pieve Fassiraga Viscolube area: at the vicinitthe waste oil refining company of
Viscolube which was founded in 1963 in Pieve Feggr, within Lodi province. In

2010 this company processed about 130,000 tonessike oil to produce over 80,000
tons of high quality oils, reducing simultaneoudhastic sulfur content. In this area 8
samples of soil (V1-V8) were collected in the faardinal directions, at a distance of

500 m and 1000 m from the company (Fig 18).
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Figure 18: Area for sampling soils around the waste oilmefj company in Pieve Fassiraga

Viscolube, Lodi province.

- Origgio area: the area adjacent to Milano-Varesghway near the village of
Origgio within Milan province. This araa esposed to the vehicular pollution and was
previously investigated for the presence of mercpalladium, platinum and lead,
emitted from catalytic converters, and PAHSs. Irstarea 8 samples of soil (01-08)
were collected. Sampling points were positionef0ain and 150 m from the highway,
perpendicularly to it (transet). The distance betwévo transets was 500 m (Figure
19).
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Figure 19 Location of the 8 sampling sites (O1-08) in tleaaadjacent to Milano-Varese

Highway, Origgio village in Milan, Lombardy

- Brescia area: it is an area affected by bothstréal and agricultural activities close
to Brescia town. The area belongs to a vast areamtibnal concerns as it is highly
contaminated mainly by PCB compounds. Eight sah@as (S1-S8) were collected
in 8 sites distant 200 m each other (Figure 20).

52



o Brescia

N
A 0 5 10 20 30 40
- Miles

mS7
S8
sS4 =
- M Site for sampling soil
.85 pling
-86
m S3
m S2 \
H S1 A

Figure 20. Location of the 8 sampling sites (S1-S8) in Brascea.

- Treviglio area: This area has been identifiedhi& past as an area contaminated by
Cr(VI). The area include five cities (Verdellino,ekdello, Ciserano, Arcene and
Pognano) near Treviglio (Bergamo). Fourteen saitas were collected (Cr1-Crl4)

as shown in Figure 21.
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Figure 21 Location of the 14 sampling sites (CR1-CR14)axkd in Treviglio area.
- Boario Terme area: it is the area near a steklsiny at Boario Terme, within the

Brescia province. Eight soil samples were colle¢teld F8) with a distance of 500 and

1000m from the steel industag shown in Figure 22
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Figure: 22: Location of the 8 sampling sites (F1-F8) in BoaBrescia province

- Broni area: Nine soil samples (IT1-IT9) were eoted within the area surrounding

the clinker and cement producing plant of Bronilwa distance of 500, 1000 and
1500m from the plantyithin Pavia province (Figure 23).
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Figure 23 Location of the nine sampling sites (IT1-IT9)Broni, Pavia province

Soil was collected in these 7 areas by applyingysaesnatic sampling by using a
regular grid of 20 x 20 meters divided into 25 geba was applied. Soil was collected
from 15 subareas randomly chosen (Figure 24). Hmeping sites were identified
through their GPS co-ordinates. If a sampling fatein inaccessible area, the soil was
collected at a new co-ordinate which has a suitahly equivalent distance. The litter,
roots, stones and other coarse materials were munénom the field during the

sampling procedures.
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Figure 2Design for soil sampling

For each site, collected soils were mixed and dtanePVC bags for the successive
exposure tarifoliumrepens and also for analyzing chemical and physical prioger
Plant exposure was carried out following the samecgdure used for the
determination of Cd and As joint effects and ddxaatiin the chapter 3.1.5. Each soill
sample consisted of 3 pots (3 repetitions) eactadung 18 plantlets for a total of 54

plantlets.
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4. Results

4.1Results- Experiments with As and Cd contaminated sis

4.1.1 Soil biovailability of As& Cd

The bioavailable amount of Cd and As in artifigfationtaminated soils was assessed
just before white clover exposure. The measuredeammations of DTPA-extractable
Cd and As are reported in Table 4. The results skothat Cd was much more
bioavailable than As: the percentage of bioavadakd and Cd ranged from 0.016 to
0.055 and from 0.43 to 0.79, respectively. In sailsntaminated with single
compounds the bioavailable amounts of both Cd asdhéreased in parallel with the
increase of metal concentration added to s&il#r0.99 fa= 0.97). A different trend
in bioavailability was instead observed in soil sitaneously contaminated with the
two elements: the presence of As reduced the amaififtioavailable Cd, whereas the
presence of Cd increased the amounts of bioavaikabl

Table 4: Concentrations of bioavailable As and Cd in cdnttod contaminated soils,
evaluated by atomic absorption spectrophotometyAbefore plant exposure. The mean
values of three different samples for each treatmeith standard deviation and the
percentage (%) bioavailable are reported. CTR: robnsoil (soil not artificially

contaminated); BDL: below the detection limit oétimstrument

Soil sample pH Bioavailable As (ug9 | Bioavailable Cd (ug g)
CTR 7.9 BLD BLD

AsH 7.8 0.08+0.01 BLD
As10 8.0 0.25+0.04 BLD
As20 7.8 0.80+0.06 BLD

Cd 20 7.8 BLD 15.76x2.72
Cd 40 7.8 BLD 26.81+4.32
Cd 60 7.9 BLD 36.79+5.91
As5+Cd20 8.0 0.13+0.02 9.87+1.59
As5+Cd40 8.0 0.12+0.03 18.65+2.96
As5+Cd60 7.8 0.14+0.02 32.57+5.41
As10+Cd20 7.9 0.33+0.03 8.91+1.49
As10+Cd40 7.9 0.32+0.04 17.41+2.72
As10+Cd60 7.9 0.37+0.03 31.9945.18
As20+Cd20 7.9 1.11+0.05 9.58+1.55
As20+Cd40 7.9 1.04+0.04 19.83+3.20
As20+Cd60 7.9 0.93+0.05 30.70+4.95
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4.1.2 General toxicity through plant survival and growth

Single and joint effects of Cd and As on plant stalvand plant development were
assessed after 15 days of exposure to treatmdatg. d@velopment was evaluated by
measuring plant organ dry weight (DW). As expecbedthe basis of preliminary

trials, none of the single Cd or As concentratioegatively affected plant survival and
plant DW (Fig.25). Plant survival also was not aféel by all the combined

treatments. On the contrary, the combination of W& the higher Cd concentration
(Cd 60) and the combination of As10 with Cd 40 ar & and of As 20 with all the

tested Cd concentrations significantly reducedsiheot development (p < 0.05; Fig.
25). Concerning the effect of these combined camaBans on roots, although a
growth reduction trend was observed, the resultsmioéd were not statistically

significant, given the root very low DW and the sequent difficulty in assessment
(Fig.25).
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0.003+
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0.001+

¢ PN AP E AP DA S DS
? S A A A A

IR I O
L O S
Figure 25: Effect of metal(loid) stress oh repens growth, measured as dry weight (DW).
Data are the mean of 30 measurements from singtespper each treatment. The asterisk (*)
indicates statistically significant differences lwiespect to the control (ANOVA and Dunnet

test; P<0.05).



The statistical approach of Ince et al. (1999) waplied to evaluate the type of
interaction existing between As and Cd, respongdai¢he joint effect on plant growth
observed in each treatment. Table 5 shows thetsestiithe analysis. A synergistic
effect leading to plant growth reduction was fouwtien the higher tested Cd
concentration (Cd 60) was combined with As 5 orl@sor As 20. An additive effect

was instead determined for all the other soil bimaixture.
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Table 5: Observed and calculated toxic effects at binasy¢embinations x:y, and single metal concentratigny, respectively (predicted interaction

types). PDW: plant dry weight; S: statisticallyrsiicant; I: statistically insignificant; df: degreetfreedom

Calculated toxicity Difference
X y Observed PDWcaic Difference standard t Student Significance Interactive
(Mg gY) (ug gh) toxicity PDWops (PDW, * PDW, /100)  (PDWy - PDWiyo) error (df=34)  (P<0.05) Effect
As Cd
5 20 84+ 51 101: + 81 -17.0 9.6 -1.8 | additive
5 40 80.C £ 62 91€ + 59 -11.6 8.5 -1.4 | additive
S 5 0 /01 + 47 110, + 7.8 - 40.6 9.1 -4.5 S synergistic
g 10 20 9%0€&zx 76 771 £ 62 13.5 9.8 1.4 | additive
o 10 40 714 £ 54 697 = 45 1.7 7.0 0.2 | additive
T 10 60 69.C £ 39 84z + 59 -15.2 7.1 -2.1 S synergistic
20 20 647+ 41 76f £ 62 -12.2 7.4 -1.7 | additive
20 40 732+ 48 69: £ 45 3.7 6.5 0.6 | additive
20 0 °l€ * 3.0 84( + 59 -32.4 6.6 - 4.9 S synergistic
5 20 92¢ = 7.7 1208 + 13.5 -27.9 15.5 -1.8 I additive
5 40 12351 + 87 96¢&¢ = 111 -6.8 14.1 -0.5 | additive
5 60 836 £ 84 142¢ + 266 -59.2 27.9 -2.1 S synergistic
R 10 20 95z + 84 8L( = 90 14.2 13.1 1.1 | additive
8 10 40 98% + 104 64¢ + 7.4 9.1 12.8 0.7 | additivel
T 10 60 73z = 97 9.¢ £ 179 - 40.8 20.3 -2.0 I synergistic
20 20 103.¢ + 101 97.& £ 109 5.8 14.8 0.4 | additive
20 40 976 £ 56 784 = 90 19.3 10.6 1.8 | additive
20 60 691 + 6.0 115¢ £ 21.6 -44.2 22.4 -2.0 S synergistic
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4.1.3 Accumulation of Cd and Asin plant organs

The total amount of Cd and As accumulated in plargans at the end of the
experiment, was calculated by multiplying the elatneoncentration, determined by
AAS in root and shoot (Fig.26), with the correspemidorgan DW (Fig.25). The
obtained results are reportedFig.27.

A  Plant=——as
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Metal(loid) concentration (ug g-1)
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Figure 26: Metal(loid) concentration (ig gdry matter) in white clover plants after exposure.
The mean concentration obtained by AAS * standardation for each plant organ and for
each soil is shown. Uppercase letters representifisant differences with the correspondent
concentration of Cd control (P < 0.05); Lowercasttels represent significant differences

with the correspondent concentration of As confirok 0.05).
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Figure 27. Metal(loid) total content (ug) im. repensplants after exposure. Mean total
amount of Cd and As accumulated in plant organswguexposure, was calculated for each
treatment by multiplying the metal(loid) concenwat determined by AAS in root and shoot,
with the correspondent organ dry weight. Upperdatters represent significant differences
with the correspondent concentration of Cd con{f+0.05); Lowercase letters represent
significant differences with the correspondent @ntration of As control (P<0.05).
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Arsenic accumulation in plants grown on soil conteated with As was more or less
proportional to its concentration in the soil andts bioavailability (ﬁ,ioav_As: 0.97,

P<0.05). For cadmium, there was a slight tendeocyricreasing Cd accumulation in
the plants with higher concentrations in the dmil; it was not significant statistically
(Fig.27A). Moreover, with respect to the availalmounts of Cd and As, plants
accumulated a greater relative amount of As than I@deed, considering that the
available amounts of Cd in each pot containing @kgoil were much higher (ranging
from about 32 to74 mg) than those of As (rangirgrrabout 0.16 to 1.6 mg), the
relative mean amounts of Cd accumulated per ptang{ng from about 0.4 to 0.7 pg)
were proportionally lower than those of As (rangfrgm 0.05 to 0.2 ug;), suggesting

different plant absorbtion mechanisms for the tweiaifloid)s.

Similarly, in soils contaminated with both As and,@s accumulation in plants was
related to its bioavailability (multiple’= 0.90, P<0.05). Furthermore, since the
presence of Cd in soil increased the bioavailgbiit As, concentrations of As in

plants grown in the presence of both elements vglseh than that measured in the
plants grown in presence of As alone. In contr&d, accumulation was not

proportional to its bioavailability in soil and wdswered by the presence of As
(Fig.27A).

Regarding the distribution of Cd and As in plangams, most of them were
accumulated in root (Fig.27B) and the very low anteutranslocated to shoot
(Fig.27C) were proportional to the amounts accutedldn root (fcg= 0.51, fas =
0.69, P<0.05).

A similar trend of Cd and As accumulation and disition was also observed
analyzing the mean metal(loid) concentration messun plant organs (Fig.26).
However it can be observed that, due to the differeduction in plant growth,
induced by the different metal(loid) treatmentg thean total amount of Cd and As
(calculated multiplying metal concentration for DVdjd not always reflect the mean
concentration of elements in plant organs. Foraimst, the mean concentration of Cd
measured in roots of plants grown in As20+Cd60was statistically higher than that

found in root of plants grown in As20+Cd40 soil wées the mean total amount of Cd

64



was not statistically different between the twoatreents, due to the higher growth
reduction of plants grown in As 20+Cd 60 soil. Thimsour data elaboration, the total
amount of metal(loid)s was calculated to properyrelate the amount of element
absorbed by plant with its bioavailable soil quntwhereas the concentration of
elements in plant organs was also taken in to adcmubetter evaluate the observed

toxic and genotoxic effects of metal(loid)s

4.1.4 Single and joint genotoxic effects of Cd and As

DNA sequence changes were evaluated by means oDR&Rlysis, a technique
which detects mutations at the primer annealingssand also within the amplified
DNA fragments i(e.deletions or insertions). Twelve single primers evapplied for
the shoot and root analysis revealing a total di 4Bd of 152 reproducible bands,
respectively. Of these bands, 3.52% and 4.62% welgmorphic among the shoot
and root controls, respectively. These values weresidered as a basal polymorphic
level amondr. repens plants {(.e. intra-species variability).

Taking into account all the independent repetitiddsIA sequence damage, induced
by Cd and As, was calculated as the percentagelgimprphism (P%) of the treated
samples compared to that of the control plantsrapdrted in Figure 28. All tested As
and Cd concentrations (alone or in combinationermheined a statistically higher
percentage of polymorphisms in the shoots and enrtlots compared to the control
plants. For both Cd and As, induced plant damage apgroximately two-three fold
higher in the roots than in the shoots, accordiniipé low amounts of both metal(oid)s
translocated to shoot. Moreover, DNA damage wasedlto the concentration of Cd
and As accumulated in shoot and in root. Finallg,was more genotoxic than Cd: 5
Hg g* of As induced a double amount of DNA polymorphisth4%) than 5 pg dof
Cd (6%), and 20 pg §of As induced a significant higher amount of DNA
polymorphism (32%) than 20 pg'epf Cd (25%).
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Figure 28 Analysis of the percentage of polymorphism (PY%mumber of polymorphic
loci/number of total loci) detected by RAPD in DN#om T. repensplants exposed to
increasing concentrations of Cd. Root and Shootnnpesicentages + SD for each treatment
are reported. The asterisk and circle show steai$yi significant differences with respect to
the control (ANOVA and Dunnet test; P<0.05).

The interactions between Cd and As, responsibletlier joint genotoxic effects
observed in Fig. 28, were defined applying thesttaal analysis of Ince et al. (1999).
The results are shown in Table 6. Differently frdm interactions responsible for the
joint effects on plant development, an antagonistieraction, leading to a DNA
damage reduction, was observed in roots of plarmosed to all the combined
concentrations tested. In shoots the interactiors vaaditive except for soils
contaminated with the lower Cd concentration (Ci @mbined with As 5, or As 10,

or As 20, which was antagonistic.
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Table 6: Observed and calculated genotoxic effects at pibtest combinations x:y, and single metal concéiotna x, y, respectively (predicted

interaction types). PP: percentage of polymorphiSnstatistically significant; I: statistically iggiificant; df: degrees of freedom

Calculated
genotoxicity Difference
X y Observed genotogity PPl Difference standard t Student Significance Interactive
(Mg gl) (g gl) PPobs (PR + PR) (PPRops-PRa) error (df=4) (P<0.05) Effect
As Cd
S 5 20 11.3+1.2 26.2 +3.7 -15.0 3.9 -3.9 S aonagjic
5 40 149+23 26.8+4.1 - 11.9 4.7 -2.5 | ddab
H 5 60 18.5+2.3 29.8 + 3.7 -11.3 4.4 -2.6 I addit
(@) 10 20 16.5+2.3 27.8+2.9 -11.3 3.7 -3.1 S @onéstic
o 10 40 23.5+29 28.3+3.4 -4.8 4.4 -1.1 I addit
10 60 24.0+29 31.3+2.9 -7.3 4.1 -1.8 I addit
T 20 20 179+2.3 30.8+3.7 -13.0 4.4 -3.0 S @onéstic
20 40 205+2.3 31.3+4.1 -10.9 4.7 -2.3 I tiddi
20 60 27.0+2.3 34.4+37 -7.4 4.4 -1.7 | asdit
5 2C 22.8+ 2.2 39.2+ 34 -16.4 4.1 -4.C S anfagonistic
5 40 25.0+2.3 45.0+3.7 -20.0 4.4 -4.6 S antaggien
R 5 60 34.1+35 49.4+34 -15.3 4.8 -3.2 S antaggien
@) 10 20 31.1+1.7 495+3.9 -18.4 4.2 -4.3 S ameagic
0 10 40 32.1+29 55.2+4.2 -23.1 51 -4.6 S armasgic
10 60 35.7+2.3 59.6 + 3.9 -23.9 4.5 -5.3 S armasgic
T 20 20 38.7+2.3 56.7+2.4 -18.0 3.4 -5.3 S armasgic
20 40 39.9+23 62.4+2.9 -22.5 3.7 -6.1 S ameagic
20 60 41.1+1.7 66.8 + 2.4 -25.6 3.0 -8.5 S ameagic
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4.1.5 RDA analysis

In order to better understand the correlation ambegsoil metal(loid) concentrations,
their accumulation in plant organs and their effeonh plant growth and DNA

sequence, a RDA statistical analysis was carridd feig. 29 shows that 4 of the 6
variables considered (Cd and As bioavailability, &dl As concentrations in plant
organs) were significant (P < 0.05) in determiniihg toxic and genotoxic effects and
that the concentration of As found in plant orgamss the most relevant factor
(Fig.29)

(@] Variable Lambdal LambdaA P F 0Cd60
‘—' [As]_PL* 0.45 045 0001 1148
BIO_Cd* 0.27 0.13 0.038 39
TOT_Cd_PL 0.09 0.08 0.061 2.97
Tlicd)_pL* 0.15 009 0049 409
BIO_As* 0.34 0.09 0.007 5.9
TOT_ASs_PL 0.39 0.01 0.889 0.13 TC)T_Cd_PL 0A320+Cd40
[Cd]_PL*
BIO Cd*
| DW PL As5+oCd40 - Pol PL
TOT_As PL
As10+Cdd0 As20+C120
As10+Cd20 0 o BIO As*
Cd20
° [As].PL*
0 1§ [
As5+Cd20 0
As5+Cd60
° 0
o Cdd0  sct0+Cde0
As20
As10
0
© As5 o o
P Control © As20+Cd60
I i i
-1.0 1.0

Figure 29 RDA analysis showing the relationship between rtregal(loid) effects on plant
growth (DW_PL) and DNA sequence (Pol_PL) and tHe¥ang variables: total content of
metal(loid)s in plant (TOT_Cd_PL and TOT_As_PL)ncentration of metal(loid)s in plant
([Cd]_PL and [As]_PL). (*) indicates statisticaltjfferent (P < 0.05)
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4.2 Results-Experiments with soils collected in Lobardy region

4.2.1 Assessment of general toxicity through mortality and dry weight measurement

The same methodology used in the first part ofthesis was applied to assess the
general toxicity of each soil: plant survival andm development ofrifolium repens
were assessed after 15 days of exposure to expgahteeatments. Plant development
was evaluated by measuring plant organ dry weiQW)

The results obtained from the analysis of samples feach area are reported in the
Table 7.

All plants exposed to soil fromt Pieve Fissiragas@élube) and Brescia (agricultural
area SIN) survived. For soils from the other lomadi, a significant number of dead
seedlings were observed only for the soil Ol/ab22and for the soils CR3 and
CR6/plume 2013 from the Origgio and Treviglio are@spectively. The latter two
soils also caused a reduction in the growth of tpioots. Statistically significant
variations in the growth of the shoots of seedlifgeasured in terms of dry weight)
were also observed for other soils from Treviglieaa(CR2 and CR14 / plume / 2013)
which did not induce significant plant mortalitynly the soils from the town of Broni
(PV) induced a reduction in the growth of the plesuts, but among them only soll
ITS also led to a reduction of shoot growth. Thisuwd suggest that in the case of
Broni, the variations in the growth can be attrdzltto the soil characteristics
(particularly high presence of clays) more tharh® presence of toxic substances in
the soil.

Finally, some soils favored the growth of the skoaf the test plants. This
phenomenon may be related to hormesis mechanisfarandhe possible presence of
a larger amount of organic matter in these soilsgared to the control.

In general, these data indicate that the contarnsnamesent in the soils have minor or
no effects on short-term survival and growth of tmeindicator. However it is
necessary to emphasize that many hazardous substasach as carcinogenic
compounds, while not having immediate effects avida growth, are responsible for

the onset of disease in the long term.
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Table 7. Growth parameters (Survival and dry weight) meaduor test plants after 15 days of

exposure to soils. *: statistical significant (P3®, Anova + Dunnet Test) in comparison with the

control; in grey the values statistical lower tlilha control are highlighted.

Dry weight g (Mean + Standard Deviation)

AREA

Sample

Root

Shooi

Entire Plant

e
T

Viscolube
Pieve
Fissiraga

V1/visc/201:
V2/visc/201:
V3/visc/201z
VA4/visc/201:
V/5/visc/201:
V6/visc/201:
V7Ivisc/201:
V8/visc/201:

0,0044+0,001
0,0033+0,001
0.0038+0.001
0,0037+0,001
0,0033+0,001
0.0032+0.001
0,0037+0,001
0.,0034+0.000

0,0161+0,004
0,0194+0,002
0.0186+0.001
0,0162+0,003
0,0191+0,002
0.0211+0,0021
0,0229+0,0032
0.0206+0.003

0,0204+0,005
0,0227+0,003
0.0224+0.,002
0,0200+0,004
0,0223+0,002
0.0244+0.0022
0,0266+0,0031
0.0241+0.004

Autostrada
Origgio

Ol/auto/201:
0O2/auto2012
0O3/auto/201.
O4/auto/201:
O5/auto/201.
O6/auto/201.
O7/auto/201:
08/auto/201.;

0.0031+0.001
0,0048+0,001
0,0039+0,000
0,0040+0,001
0,0036+0,000
0,0037+0,000
0,0046+0,001
0,0042+0,000

0.0105+0.005
0,0279+0,0053
0,0303+0,0051
0,0311+0,0070
0,0174+0,032
0,0193+0,001
0,0223+0,005
0,0244+0,0055

0.0136+0.004
0,0327+0,0062
0,0342+0,0053
0,0352+0,0071
0,0210+0,003
0,0229+0,002
0,0270+0,0065
0,0286+0,0059

Broni
Italcementi

IT1/cem/201.
IT2/cem/201:
IT3/cem/201.
IT4/cem/201.
IT5/cem/201:
IT6/cem/201.
IT7/cem/201.
IT8/cem/201:
IT9/cem/201.

0,0014+0,0006
0.0016+0.0011
0,0013+0,0011
0,0016+0,0009
0.0023+0.0006
0,0020+0,0011
0,0019+0,0008
0.0022+0,0006
0,0016+0,0006

0,0128+0,005
0.0151+0.004
0,0124+0,002
0,0148+0,036
0.0094+0.001 *
0,0115+0,002
0,0148+0,004
0.0133+0.001
0,0115+0,001

0,0143+0,005
0.0167+0.004
0,0137+0,002
0,0164+0,003
0.0116+0.0015
0,0136+0,002
0,0167+0,004
0.0154+0.,002
0,0132+0.001

SIN -
Brescia
Agricola

S1sin/201:
S2isin/201:
S3sin/201:
S4,sin/201:
S5isin/201:
S6.sin/201:
S7,sin/201:
S8isin/201:

0,0025+0,001
0,0023+0,000
0,0035+0,001
0,0024+0,000
0,0040+0,001
0,00:3+0,000¢
0,0028+0,000
0,0034+0,000

0,0134+0,002
0,0146:0,002¢
0,0173+0,003
0,0144+0,000
0,0195+0,004
0,0161+0,001
0,0127+0,002
0,0161+0,003

0,0158+0,002
0,0169+0,003
0,0208+0,003
0,0168+0,000
0,0235+0,004
0,0194+0,001
0,0155+0,003
0,0195+0,003

Fonderia -
Darfo
Boario
Terme

F1/fond/201:
F2/fond/201:
F3/fond/201:
FA/fond/201:
F5/fond/201:
F6/fond/201:
F7/fond/201:
F8/fond/201:

0,0023+0,000
0,0030+0,000
0.0031+0.001
0,0034+0,001
0,00:2+0,001:
0.0030+0.001
0,0059+0,007
0,0042+0.000

0,0148+0,004
0,0166+0,003
0.0309+0,0081
0,0143+0,002
0,0159+0,002
0.0326+0,0063
0,0169+0,003
0.0234+0.005

0,0171+0,004
0,0196+0,003
0.0341+0,0087
0,0176%0,002
0,0191+0,001
0.0356+0,0059
0,0228+0,005
0.0276+0,0053

Treviglio
Plume
Cromo
esavalente

CR1/plume/201:
CR2/plume/201.
CR3/plume/201.
CR4/plume/201.:
CR5/plume/201.
CR6/plume/201.
CR7/plume/201.
CRS8/plume/201.
CR9/plume/201.

CR10/plume/201.
CR11/plume/201.
CR12/plume/201.
CR13/plume/201.
CR14/plume/201.

0.00490.002
0,0040+0,001
0,0034+0,001
0,0038+0,000
0,0045+0,001
0,0044+0,001
0,0037+0,000
0,0037+0,000
0,0035+0,001
0,0046+0,001
0,0042:+0,001
0,0039+0,001
0,0042+0,000
0,00:7+0,001

0.0221+0.0046
0,0132+0,004 *
0,0106+0,003 *
0,0253+0,0043
0,0173+0,0029
0,0152+0,003 *
0,0292+0,0094
0,0242+0,0041
0,0212+0,0040
0,0415+0,0087
0,0256+0,0056
0,0183+0,0042
0,0245+0,0048
0,0145+0,003 *

0.0269+0.006
0,0172+0,005
0,0137+0,003
0,0291+0,0044
0,0218+0,003
0,0196+0,005
0,0328+0,0094
0,0278+0,004
0,0247+0,003
0,0462+0,0102
0,0298+0,0053
0,0221+0,005
0,0287+0,0046
0,0182+0,005

Parona -
Inceneritore

Plterm/201:
P2term/201.:
P3iterm/201:
P4iterm/201:
P5term/201.
P6iterm/201:
P7iterm/201:
P8term/201.:
P9iterm/201.
P10term/201:
P1lterm/201:
P12term/201:

0,0024+0,001
0.0033+0.001
0,0045+0,001
0,0031+0,001
0.0038+0.001
0,0034+0,001
0.0059+(,0014
0.0036+0.001
0,0039+0,001
0,0030+0,000
0.0046+0.000
0,0039+0.,001

0,0138+0,002
0.0242+0.005
0,0230+0,004
0,0239+0,006
0.0279+0,0052
0,0237+0,007
0,0289+0,0085
0.0278+0,0076
0,0252+0,005
0,0229+0,005
0.0212+0.002
0,0196+0,005

0,0162+0,003
0.0275+0.,007
0,0275%0,004
0,0270+0,006
0.0317+0.0045
0,0271+0,006
0,0348+0,0089
0.0314+0,0083
0,0291+0,0067
0,0259+0,005
0.0258+0.,002
0,0234+0,004

AR NANDINNIRMONDINNONNONONNND NNUONNOINNNNNNNNNOOONNNNNGOIAROGOTRD 0000000
NN, DML ONOSNOOONOON R OROMANOMRL,RNNIMOLONMWONOOOOONMMPOORODOMOMNMDNMONDNONSNEDMMO ML DWW

CONTROL

Survival
Mean %
36 100%
36 100%
36 100%
36 100%
36 100%
36 100%
36 100%
36 100%
31* 86%
36 100%
36 100%
36 100%
33 92%
36 100%
36 100%
36 100%
34 94%
36 100%
36 100%
36 100%
34 94%
36 100%
36 100%
36 100%
36 100%
36 100%
36 100%
36 100%
36 100%
36 100%
36 100%
36 100%
36 100%
34 94%
36 100%
36 100%
33 92%
36 100%
36 100%
34 94%
36 100%
36 100%
33 92%
27* 75%
36 100%
34 94%
29* 81%
36 100%
36 100%
36 100%
36 100%
36 100%
36 100%
36 100%
36 100%
35 97%
36 100%
36 100%
36 100%
36 100%
36 100%
36 100%
36 100%
36 100%
36 100%
36 100%
36 100%
36 | 100%

0.0038+0.001

1 0,0148+0,003

[ 0,0186+0,003
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4.2.2 Assessment of genotoxicity by PCR-based RAPD profile analysis

DNA sequence damage induced by genotoxic substaacastually present in the
soils collected in Lombardy areas, was assessdABLCRmolecular markers and was
calculated as the percentage of polymorphism (P¥)example of gel obtained by
the RAPD analysis of plants exposed to the soileported in Figure 30. It can be
observed that in some lanes (soil samples) theeelack of bands (arrows) which
means that soil induced a damage to plant DNA dnd ttontains one or more

genotoxic compounds.
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Figure 30 An example of RAPD analysis (primer OPCO7) oftr@NA from Trifolium
repens exposed to soils (S1-S8) collected in Brescia ime®/ (Lombardy region) and to
control (CT). Arrows indicate the principal polynpbiic bands.

The results obtained by RAPD analysis are sumntiizd-igure 31. On the basis of

the polymorphic percentage, soils were classifnetthe 4 classes:

Class Polymorphism Explanation

6%-20% Moderately genotoxic
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Polymorphysm (%) H
Area Sample Root Plant P
V1/visc/201: 16 11 5.¢
V2/visc/201. 14 9 3
V3/visc/201: 19 12 6.C
" ; feci V4/visc/201: 20 13 6.1
Viscolube Pieve Fissiraga VBAiSe/201: 21 1 66
V6/visc/201: 20 12 6.C
V7/visc/201. 24 £
V8/visc/201: 16 .
Ol/auto/201; 17 11 4,
O2/auto/201: 14 12 5
O3/auto/201; 9 8 5
uostada Origgio | 4210120t e i :
O6/auto/201. 18 4
O7/auto/201; 13 5
O8/auto/201. 12 5
IT1/cem/201: 7,
IT2/cem/201. 7.
IT3/cem/201: 7,
IT4/cem/201. 7.5
Broni Italcementi IT5/cem/201. 7.6
IT6/cem/201; 8.1
IT7/cem/201. 8.C
IT8/cem/201; 8.C
1T9/cem/201: 7.8
S1/sin/201:
SZ/sin/201:
S3/sin/201:
SIN - Brescia Agricola S?j/z:ﬂggi
S€/sin/201:
S7/sin/201:
SE&/sin/201:
F1/fond/201:
F2/fond/201:
. ) F3/fond/201:
Fonderia - Darfo Boario E4/fond/201;
Terme F5/fond/201:
F6/fond/201:
F7/fond/201:
F8/fond/201:
CR1/plume/201.
CR2/plume/201:
CR3/plume/201. 10 7,C
CR4/plume/201. 16 6,2
CR5/plume/201. 12 7,4
CR6/plume/201. 8 6,2
- CR7/plume/201. 15 7,C
Treviglio CR8/plume/201; 14 71
Plume Cromo esavalente CR9/plume/201: 12 6.6
CR10/plume/201: 14 71
CR1Y/plume/201: 10 7,7
CR12/plume/201. 10 6,€
CR13/plume/201: 15 7,2
CR14/plume/201. 9 6,6
P1/term/201.: 12 4.€
P2/term/201. 9 5,7
P3/term/201. 12 7.3
P4/term/201. 10 54
P5/term/201. 12 6.3
Parona - Inceneritore E%gmggi ﬁ gg
P8/term/201: 9 5,€
P9/term/201. 10 6.1
P1C/term/201: 9 6.5
P11/term/201: 8 54
P1Z/term/201: 13 5.2

Fig 31 DNA damage (Polymorphism %) detected in test tslaiter 15 days of exposure to soils.
Colors indicate the class of polymorphism.
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The results reported in Fig 31 indicate that adl sloils except those sampled in Broni
(PV) induced damage to plant DNA (expressed as % alymorphism). However
these DNA changes were few, so these soils wessifikd as moderately genotoxic.
It's interesting to note that in general the swmibuced a higher DNA damage to root
than to shoot, suggesting the presence of organiatants in addition to inorganics in
some sites. Exception were soils O4-O7 and CR1-CR8&-CR10 from Origgio and
Treviglio, respectively, in which polymorphisms wemore consistent in the shoot
suggesting in this case the presence of inorgaoiiltitpnts which are more easily
translocated to the aerial part of the plant.

It is also important to note that the genotoxicembial of a soil is strongly influenced
by the bioavailability of contaminants. In fact, lpnf genotoxic pollutants are
bioavailable can they be absorbed by the bioindrcamd cause changes to DNA. The
bioavailability of contaminants is regulated by e factors of which the most
important are the soil pH, the redox potential, domtent of organic materials, the
presence of humic substances, and adsorbentsdinglelays). For example all the
soils from Broni were alkaline, which the lack ardage to test plants, so these were
classified as non genotoxic. In contrast, soilsnfBieve Fissiraga and Origgio were
acid, which might explain why limited concentrasof pollutant induced DNA

changes.

73



5. Discussion and conclusion

5.1 Experiments with As and Cd contaminated soils

Cd and As are two of the main environmental contamis, often occurring
simultaneously in polluted sites. Although, theidividual toxicity and genotoxicity
are well known, few data are available on theimfoeffects; in particular no
information is available on their joint genotoxictian. In this study, the effect of
combined concentrations of Cd and As on the gramith DNA damage ofrifolium
repens was investigated, by using a sensitive plant to metalgjely used in
biomonitoring campaigns. Plants are efficient biogators to get information on the
cumulative effects of environmental pollutants. yhare used as early warning
systems for preventing environment alterations lamehan diseases. However, given
the complexity of the mechanisms causing the fiekiécts, the results obtained
through bioindication systems should be betterpneged if the knowledge about the
interaction of pollutants had improved.

Individual and joint effects of soil inorganic patidnts on bioindicators depend on
different factors. First of all, at soil level, theobility of chemicals influences the
amount of compounds which can be absorbed by tast:pNevertheless, the uptake is
not only dependent on pollutant bioavailability kutis also dependents on plant
uptake mechanisms, which are compound-specific. atldition plants possess
detoxification strategies, such as metal exclusiarhich influence the final
concentration of compounds inside the cells (Vagbgan et al., 2009; Hossain et al.,
2012). Finally when two or more compounds are siamdously present in soil, the
toxic final effects depend also on the interactomong pollutants which can occur at

all levels.

In this experiment, it was found that all the indival concentrations of Cd and As,
selected for the experiment, did not induce angatfbn plant survival and growth,
whereas they induced a DNA damage related to théalflwed) concentration

measured in plant organs. Moreover, it was alsandothat some of the tested
combined concentrations of Cd and As produced argystic effect on plant growth
and an antagonistic effect on DNA, suggesting aeraction between the two

compounds.
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In order to understand the main factors which deiteed the results, the soil
bioavailability of Cd and As and the total amouatgl concentrations of metal(loid)s

accumulated in plant organs were measured.

Concerning soil Cd and As bioavailability, in kesgiwith literature, Cd was much
more bioavailable than As (Smith et al., 1999; Lwral., 2008; Sun et al., 2008;
Verbruggen et al., 2009). The very low availabilifyAs measured can be ascribed to
the form of As that was used to contaminate the(agsenite) along with an alkaline
soil pH. In fact (Smith et al., 1999) observed tthegt proportion of arsenite sorbed by
soil increased with increasing pH. Specificallyylabserved that sorption by the soil
ranged from approximately 0.80 of added As(lll)aav pH, to approximately 0.95 of
added As(lll) at pH 6 to 7. In addition the low dahility of As that we recorded
should be related to the DTPA-based method thatiseel. This method was applied
because according to several studies, it provitles prediction of trace elements
uptake by plants from soils. In particular, Karaka¢ (2011) showed a very high
correlation between DTPA-extractable As and thddgtool of As suggesting that the
latter is the portion of As most hazardous for horhaalth, due to the possibility of

entering the food chain.

Interestingly, for both the metals, bioavailabilibcreased with increasing metal in the
soil only when the two compounds were used indiailyy whereas, when they were
simultaneously used to contaminate soil, the pesef Cd increased the amount of
bioavailable As and on the contrary the presencgsafeduced the Cd bioavailability.
The reduction of Cd bioavailability in presenceA# was also observed by Sun and
collaborators (Sun et al., 2008). This type of lesuggests a sort of competition
between the two metal(loid)s for binding with soilnstituents (clays, Al or Fe or Mn
oxides, organic matter etc). Generally, both Cd Aadetention in soil is due to their
primary association to organic matter and amorphltaisnd Mn oxides (Keil et al.,
2011; Karak et al., 2011; Gonzaga et al., 2008%. then likely that in this experiment
the interaction between Cd and As, involved theskc®nstituents. Anyway, given
the different characteristic of As and Cd, it isrwdlifficult to understand the
mechanism determining the bioavailability chandes wvere observed when the two
compounds were simultaneously present in a soilfartder work beyond the aim of

the present study is needed to clarify the Cd amddkption-desorption processes.
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In any case in the experiment, bioavailability was/ery important factor for As
accumulation, given the linear correlation foundamen the total As in plant and soll

As bioavailability.

The result was consistent with previous works (Learal., 2008; Sun et al., 2008;
Fayiga and Ma, 2005) showing a significant (p < Pdfrelation between As uptake
by plants in various treatments and total soil @s.the contrary, regression analysis
indicated that Cd accumulation was not linearlyrelated to soil bioavailability. This
is also in agreement with previous studies whidwstd that the uptake of Cd by plant
increases proportionally to increasing soil Cd ambyto about 20 mg kigabove which
the trend becomes curvilinear (Smolders, 2001). different behavior of the two
metal(loid)s could be explained by considering rthedsorption mechanisms. The
uptake of Cd from the soil occurs mainly via’C&e&*, Mn** and Zi3* transporters
(Clemens, 2006), whereas that of As(lll) (the fattmat we used for contamination
which likely represents the main form in our soi&€curs mainly by diffusion across
membrane through members of the NIP (nodulin 2é-ikrinsic protein) subfamily
of aquaporins (Bienert et al., 2008; Isayenkov Mahthuis, 2008). Thus it can be
assumed that in conditions of this experiment, thain factor determining As
accumulation in white clover was bioavailabilityh@reas the limiting factor for Cd
accumulation was related to the uptake system. Mame the possible combination of
that fraction of arsenate [As (V)], likely formeul $oil from [As (111)], with Cd (C4* +
AsO,> = Cdy(AsOy),) could have decreased the ion activity on the mofaces
playing a role in the depression of Cd uptake, esahstrated by Liu and Zhang
(2007a) and explaining the reduction of Cd accutrarathat was observed in plants

grown in presence of both the metal(loid)s.

Interestingly, as shown by RDA analysis, in thisdstthe accumulated total amounts
of Cd and As in plant organs were not statisticalfnificant to explain the observed
toxic and genotoxic effects. This because sometneras induced a plant organ
reduction, so that the effects were related to tbacentration of metal(loid)s

measured in plant organs and not to the total &ksbmamounts. Specifically As
concentration was the most important variable auédth its intrinsic toxicity, that

was higher than that of Cd at equal concentrationagreement with Luan and

collaborators, 2008), and to its chemical char@ties allowing a plant uptake

76



proportional to soil bioavailability which was alsmreased by the presence of Cd in
soil. Moreover, although the concentration of Cdsvedso important in determining
the observed effects, it should be considered th&grently from As(lll) which is
chemically neutral, a fraction of the total amoahCd™* accumulated in plant organs
was likely stored in cell walls, as the negativarges of the cell wall bind and retain
heavy metals (Polle and Schitzendibel, 2003; Lual.e 2010). It is one of the
several mechanisms evolved by plants to cope with",Qimiting intracellular

internalization and associated toxicity (Clemer)& Zhu et al., 2013).

Concerning the observed toxic effect, a reductioplant growth was induced by most
of the combined concentrations of Cd and As tesiée. type of interaction between
the two metal(loid)s was additive except for thembmations of the higher Cd
concentration (Cd 60) with any As concentrationjchilwere synergistic. Joint Cd and
As toxicity on plant growth was previously investigd with contrasting results. For
instance, Luan and collaborators (2008) reportesy@ergistic effect on soybean
plants. On the contrary, Liu and Zhang (2007) amdh 8t al (2008) observed an
antagonistic effect on wheat and rice biomass ol The divergent results are
probably due to the different experimental condi@nd to the plant mechanisms of
response to metal stress which are species-spatificeven development stage and
organ specific (Tkalec et al., 2014). White clowera pollutants-sensitive plant and
lack of consistent tolerance mechanisms. For te@son it cannot tolerate high
concentrations of metal(loid)s, whose effect can dxacerbated when they acts
simultaneously. Accordingly, in this experimentymergistic effect on plant growth
was observed in those plants showing a higher tmatentration of metal(loid)s.
Likely a consistent inhibition of enzymes due t@ thigh Cd and As reactivity to
sulthydryl groups (—SH) along with oxidative stressd deregulation of homeostasis
of essential element or their displacement fromeing primarily due to Cd chemical

similarity to Zn Cu and Fe, led to the inhibitiohagllular functions and growth.

In addition the observed plant growth reductionlddae associated to an arrest of cell
cycle specifically induced by plant in responseniigh DNA damage caused by high
concentrations of metal(loid)s. The temporary iitfoh of cell cycle progression and
DNA synthesis would provide a longer time for DNépair and for the production of

free radical scavengers. In support of this hypgthé& was found an antagonistic
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genotoxic effect in most of the combined treatmeifitsee antagonism could be also
related to the similar genotoxic mechanisms of @d As involving the induction of
ROS and the inhibition of DNA repair enzymes whaduld be reach a maximum in
presence of a defined concentration of metal(ldgond which it does not increase.
Anyway, further investigations are needed to darihe cellular molecular

mechanisms involved in the interaction between Qi As.

In conclusion, the results of this experiment shibvlgat Cd and As can interact at
different levels producing additive, synergistic antagonistic effects. In this

experimental condition, in soil the Cd presencedased As bioavailability whereas
As presence reduced Cd bioavailability. Nevertrelei®availability determined the

absorption of As but not that of Cd which was hkkinited by its uptake mechanisms.
Toxicity and genotoxicity were related to the tatahcentration of Cd and As in plant
organs and As concentration was the most signifiganiable. Joint effects on plant
growth were additive or synergistic, whereas jgahotoxic effects were additive or
antagonists. It was supposed that growth redueti&s due to both toxic effects of Cd
and As and plant response to high DNA damage, whéshled to a temporary arrest
of cell cycle providing a longer time for DNA repand for the production of free

radical scavengers. This hypothesis is consisté&httive antagonistic genotoxic effect
observed in most of the combined treatments. Negkass the antagonistic interaction
of Cd and As could be also associated to the sigdaotoxic mechanisms own of the

two metal(loid)s.

5.2 Experiments with soils collected in Lombardy rgion

Soil pollution is a very important environmentabplem which has been attracting
considerable public attention over the last decaflewage sludges, fertilizers, manure
and pesticides applied from agricultural activite distributed on the soil. Pollutants
dispersed in the atmosphere from industrial anffidractivities could settle on the
soil. These can cause a negative impact over tBod.is considered as a sink of
environmental pollutants, both inorganic and orggpollutants, non-genotoxics and
genotoxics. Many genotoxic pollutants have beemothiced into soils through
anthropogenic pathways such as improper disposdbtelustrial wastes, wastewater

irrigation, pesticide application and accidentahki@ge/spoilage occurring during
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transport and storage of industrial materials wiitreasing industrial production and
organic waste release (Ansari and Malik, 2009)rtifammore the physiochemical and
biological reactions of organic and inorganic ptalhts with naturally occurring
inorganic compounds in soil might lead to the fatiora of by-products which are
mutagenic or genotoxic (Song et al., 2006). The plewity of contaminant
composition can make difficulty the evaluation oéngtoxic potential through
conventional chemical and physical analysis becastndard chemical and
pedological analyses are limited in their ability tharacterize the chemical
composition of genotoxicants in soil (Alam et &Q09). Soil pollutants can induce
additive, antagonistic or synergistic effects ama snicroflora can convert non-
genotoxic compounds to genotoxic derivatives (Roagt al., 2008). Moreover, the
interaction of genotoxics is affected by living s@s, types of genotoxics and
environmental factors (temperature, humidity, ljgsdil pH, CEC, Eh, organic matter
content, etc). Bioassays provide a means of asgp$ise genotoxicity of complex
mixtures without the need for precise chemical abrization (Alam et al., 2009).
The use of efficient early warning bioindicationssyms represents a powerful
approach for assessing and interpreting the immdchatural or anthropogenic
perturbations in soil ecosystems preventing enwiremial alteration and human
disease. Living organisms provide information ore ticumulative effects of
environmental stressors and as such bioindicaia@omplementary to direct physical
and chemical measurements (Heger et al., 2012paih 2 of this study, a strategy
which is based on plant biomonitors was appliedv@luate the genotoxic potential of
the soil environment in Lombardy region. Many poems studies were carried out and
have demonstrated that plants growing in or claseetvironment polluted by
genotoxics from agricultural, industrial and traffactivities showed the significant
DNA damage compared to that growing in unpollutadimnment (Sriussadaporn et
al., 2003; Piraino et al.,, 2006; Aina et al., 20@nsaran-Duman et al., 2011).
Recently, Salem et al (2014) reported that fishasd in surface water body polluted
with heavy metals from municipal leachates alsongtbhigh DNA damage compared
to that living in unpolluted water environment.

There are several limitations for biological tegike first is the different reactions of

various organisms to the same environmental faddoisecond limitation is that
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bioassays depend on environmental conditions, ahdmy on weather or season, but
also on different micro-conditions in the test si@ésniere et al., 2010). However, in
this study experimental plants in the control tnezts and tested treatments (soils)
grew in the same growing chamber. So, artificialimmmental conditions for plant
growing (temperature, humidity, light density, wat:nd so on) were equal to both
treatments. Another disadvantage for bioassayseirtase of polymorphism test is that
polymorphic bands can occur between plants withispacies. To minimize these
limitations and standardize results achieved framalysis of polymorphic bands,
polymorphism evaluation was also performed withie tplant individuals of the
control. Aina et al. (2006) reported that approxeha4.8% and 3.9% of reproducible
bands were polymorphic among the control shoot exod of Trifolium repens L,
respectively. These values were considered as al Ipamdymorphic level among
Trifolium repens L. plants, representing the intraspecies varigbilBased on DNA
damage levels induced by genotoxicdrifolium repens DNA carried out by Citterio
and collaborators (2002), polymorphism valuesloaivided into four levels (%): 0—
6, no genotoxicity; 6—20, low genotoxicity; 20—38edium genotoxicity and above
35, high genotoxicity.

In the present study soil samples were collected’ iareas of concerns within
Lombardy Region. The potential toxicity and genatay of the soils were assessed
by using the bioindication system set up by Cittexti al. (2002) and based on the use
of white clover as plant bioindicator and molecutaarkers as tool to determine DNA
damage.

Potential toxicity was assessed by measuring greatameters (plant surviving and
dry weight).

In the following pages the results obtained forhead the seven areas will be
discussed considering the mean values of toxicith genotoxicity parameters and the

characteristics of the areas.
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Table 8: The mean values of toxicity and genotoxicity parsreand the soil characteristics
of the PIEVE FISSIRAGA area

PIEVE FISSIRAGA AREA Mean SD Law limit
Survival (%) 100 0 -
Root 0,0036 0,0013 -
Dry weight (g) Shoot 0,0192 0,0029 -
Entire plant| 0,0228 0,0034 -
Root 19 3 -
Polymorphism (%) Shoot 5 1 -
Entire plant| 12 2 -
pH 6,2 0,3 -
C organic (%) 1,53 0,30 -
:irr:?iganic elements higher than Ia\T/Sn mgkg | 1.4 0,99 A(152/06)

The results of the biological tests indicate thatthe soils collected in the Pieve
Fissiraga area (Table #&)ere are compounds (inorganic and/or organic) doahot
affect the growth of bioindicator but have a madergenotoxic activity. As the
genotoxic damage involved only the root systens ilikely that the cause has to be
found among the organic compounds that are unlikalyslocated to the shoot.

This observation is supported by the features ef Rieve Fissiraga area, which is
characterized by the presence of a waste oil refiscompany (Viscolube) founded in
1963. In 2010 this company processed about 130@0&s of waste oil to produce
over 80,000 tons of high quality oils, reducing gitaneously drastic sulfur content.
Oils from Viscolube plant can be then responsibletiie soil genotoxicity observed in

this area.
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Table 9: The mean values of toxicity and genotoxicity parsreand the soil characteristics
of the ORIGGIO area

ORIGGIO AREA Mean SD Law limit
Survival % 97 5
Root 0,0040 0,001
Dry weight (g) Shoot 0,0229 * 0,0048
Entire plant 0,0269 * 0,0052
Root 14 3
Polymorphism (%) Shoot 11 5
Entire plant 12 3
pH 51 03
C organic (%) 14 0,17
Inorganic elements higher than law limifs Sn mg/kg 16 0,84 (152?06)

The soils of this area (Table B)duced a moderate DNA damage in both shoot and
root, suggesting the presence of bioavailable {dube acidity of the soil) genotoxic
inorganic substances, which were translocateddcshwoot. This is also supported by
the hormetic effect (biomass increase due to tlesgmce of low concentrations of
inorganic) induced by the soil on the growth ofibibcator. The cause of the observed
genotoxicity could be then due to the presencaafganics, which, even if present in
limited concentration, may act in an additive/sgmsic way. The presence of a

heavily trafficked highway is likely the sourcetbfs kind of pollutants.
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Table 10: The mean values of toxicity and genotoxicity parearseeand the soil characteristics
of the BRONI area

BRONI AREA Media SD 152/06
Survival % 99 2 -
Root 0,0017 * 0,0009 -
Dry weight (g) Shoot 0,0128 0,0032 -
Entire plant 0,0146 0,0033 -
Root 4 1 -
Polymorphism (%) Shoot 2 1 -
Entire plant 3 0 -
pH 7,9 0,2 -
Clay % 39,5 5,5 -
Texture Silt % 43,9 4,6 -
Sand % 16,6 6,4 -
C organic % 1,42 0,30 -
Inorganic elements high U mg/kg 192,3 117,98 A
than law limits Sn mg/kg 20 1,26 A

On average, the soils from Broni area did not irdany toxicity/genotoxicity in the
bioindicator. The decrease in root growth compaoeithe control was probably due to
the texture of the soil (high clay percentageiist be also noted that the alkaline pH
of the soil limited the bioavailability of inorganelements (Table 10).

Broni area is characterized by the presence ofreenefactory. The lack of negative
effects that | found analyzing the test plants ddog¢ explained taking into account
that, although the cement plant opened in 1962umes an area of 4.6 hectares and
produces 240,000 tonnes of clinker per year and0880tones of cement per year, the
plant’s activity has committed to reduce and prévea risk of soil contamination. For
example, with regard to the emission of dust, suffioxides and nitrogen oxides, the
plant has used filtering systems and their valuescanstantly monitored 24 hours
everyday. The plant air quality is also tested ulgio the analysis of the honey
produced by bees specifically placed inside themmter of the plant. So, pollutants
emission may have been controlled strictly to pnéveeir release into the surrounding

area.

83



Table 11: The mean values of toxicity and genotoxicity pargareand the soil characteristics
of the BRESCIA area

BRESCIA AREA Media SD 152/06
Survival % 100 o -
Root 0,0030 0,0008 -
Dry weight (g) Shoot 0,0155 0,0025 -
Entire plant | 0,0185 0,0028 -
Root 16 3 -
Polymorphism (%) | Shoot 9 2 -
Entire plant | 13 2 -
pH 7,7 0,1 -
Clay % 9,7 4,0 -
Texture Silt % 46,4 4,9 -
Sand % 43,9 5,8 -
C organic % 2,7 0,39 -
As mg/kg 71,0 58,62 B
Pb mg/kg 203,5 185,34 A
Inorganic elements cy mg/kg 137,5 62,76 A
higher than Ila
limits Zn mg/kg 276,0 159,40 A
Hg mg/kg | 5,9 6,59 B
Sn mg/kg 4,6 2,58 A

Overall, the results obtained in the Brescia afeble 11) indicate the presence of
potentially genotoxic substances in the soil, whitith not affect the survival and

growth of the bioindicator because they probablyensot highly bioavailable. These
soils are known to be contaminated with PCBs, nrgramd arsenic, which together
would induce high genotoxic damage. The moderaiteage found can be probably
attributed to the alkaline pH of soils which suredgtricted the inorganic contaminant
availability and to the presence of PCBs congemetis a high number of chlorine

atoms, which are less bioavailable than the loworahhited PCBs (Anyasi and

Atagana, 2011).
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Table 12: The mean values of toxicity and genotoxicity parearseeand the soil characteristics
of the BOARIO TERME area

BOARIO TERME AREA Media SD 152/06
Survival % 08 4
Root 0,0035 0,0011
Dry weight (g) Shoot 0,0207 0,0044
Entire plant 0,0242 0,0047
Root 18 1
Polymorphism (%) Shoot 4 1
Entire plant 11 1
pH 6,8 08
C organic % 2,18 0,64
Inorganic elements high rAS mokg 089 3282 °
than law limits Sn mglkg 16 0,84 A

On average, the results show no evidence of tgxioibrtality and reduced growth) of
soils from the Boario Terme area (Table 12). Néadetss the analysis of genotoxicity
allowed us to classify theses soils as moderatetyompxics. Polymorphism
percentages suggest the presence of bioavailaht@agec substances in the soil that
are not translocated to shoot. The presence ofhiarseuld explain the results. In fact
thanks to the experience and data that | acquiuedglthe first part of my thesis | can
state that As is low translocated to clover showt that the presence of the “sole” As
in the soil, although inducing genotoxicity to tiéoindicator, cannot reduce its
growth.

The steel industry present in this area can bedhece of arsenic.
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Table 13: The mean values of toxicity and genotoxicity parearseeand the soil characteristics
of the TREVIGLIO area

TREVIGLIO AREA Media SD 152/06
Survival % 96 8 -
Root 0,00404 0,00139 -
Dry weight (g) Shoot 0,02160 * 0,00485 -
Entire plant 0,02562 * 0,00541 -
Root 13 4 -
Polymorphism (%) Shoot 11 4 -
Entire plant 12 3 B
pH 7 0,4 -
C organic % 1,78 0,52 )
Inorganic elementy ZN Ma/kg 1751 165,9 A
higher than law limits Sn mglkg 2.2 1,52 A

The data obtained indicate the presence of bicaailgenotoxic contaminants in the
soil, which can be translocated to the shoot. Ashan case of the Origgio area the
induction by the soil of a hormetic effect is inregment with the presence of low
concentrations of inorganic bioavailable compoutidg, even when present in very
low concentrations, may act in an additive/syneigiway. This area was considered
in this study because in the past it was identiistan area contaminated by Cr(VI).
Low bioavailable concentration of Cr, which were mwre found in the soil by

chemical analysis, and/or other inorganic compowswtsh as Zn can be the cause of

the observed negative effects on the bioindicator.
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Table 14: The mean values of toxicity and genotoxicity parearseeand the soil characteristics
of the PARONA area

PARONA AREA Media SD 152/06
Survival % 100 0
Root 0,0038 0,0011
Dry Weight (gr) Shoot 0,0235 * 0,0056
Entire plant 0,0273 * 0,0059
Root 18 3
Polymorphism (%) Shoot 2 2
Entire plant 11 2
pH 5,7 0,7
C organic % 1,0 0,34
Inorganic elements higher
o Sn mg/kg 1,2 0,75 A
than law limits

The results suggest the presence of inorganic amdganic substances in the soll
(Table 14), which were bioavailable, potentiallyng®xic, but that were not

translocated to the clover shoot. Given the abseférorganic elements exceeding
lawful limits (othern than Sn whose limit is notiadle) the genotoxic activity can be
ascribed to additive/synergic effects of individualements (present at low
concentration) and/or organic substances. Theirceooould be the waste treatment

plant located in the area.

Overall the results from the seven areas examiheded that the quality of most of
these soils is poor and that remedial actions shbalstarted as soon as possible. In
fact the potential risk due to the contaminant booenulation and transfer to the food

chain, that has humans as ultimate consumers, mtibe underestimated.
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GENERAL CONCLUSION

Results from this study showed th&ifolium repens is a sensitive plant not only to
organic genotoxics but also to inorganic genotoxiosfirming the data reported by
other authors (Citterio et al, 2002; Piraino et 2006; Aina et al., 2008). In addition
they showed that RAPD technique is a powerful aseful tool for detecting DNA
damage induced by organic and inorganic genotammepounds, especially non-lethal
levels of contaminants. Since there were many kimidsontaminants in the soils,
which can induce DNA damage and since their co-expomay also cause genotoxic
effects, even if the concentration of individuahtaminant is very low (Feng et al.,
2007), it is clear that soil genotoxicity assayaivaluable complement to chemical
analyses not only in supplying useful informatidnsoil containing multi-genotoxics
but also in identifying the potential ecologicaks of pollutants brought in to the soil

ecosystem (Song et al., 2006).
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Appendix 1: DNA damage (Polymorphism %) detected in root,o$femd plant offrifolium
repens after 15 days of exposure to soils collected irnv@iarea, Lodi province, Lombardy
region.
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Appendix 4. DNA damage (Polymorphism %) detected in root,asland plant offrifolium
repens after 15 days of exposure to soils collected ino&trada Origgio area adjacent to the

Milano-Varese Highway, Milan province, Lombardy i@y
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Appendix 7: DNA damage (Polymorphism %) detected in root,asland plant offrifolium
repens after 15 days of exposure to soils collected invijle area, Bergamo province,

Lombardy region

113



