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Riassunto

Lo stress da metalli pesanti ¢ uno stress di tipo abiotico che risulta molto pericoloso per
la salute umana. Cadmio (Cd) ed arsenico (As) sono due metalli spesso presenti in terreni
contaminati a causa di attivita minerarie o altre attivita industriali. Il Cd ¢ uno dei piu
tossici tra questi, € quando assunto dall’uomo viene accumulato in fegato e reni, causando
gravi danni a tali organi. L’As ¢ un metalloide, esistente in natura in diversi stati di
ossidazione: —3, 0, +3, e +5. La forma trivalente (arsenite) risulta essere piu tossica della
pentavalente (arsenate) Attraverso la catena alimentare, questi metalli entrano in contatto
con l'uvomo, causando malattie cardiovascolari e cancro. Alcune piante possono essere in
grado di detossificare i suoli contaminati da sostanze tossiche, quali i metalli pesanti. Tale
tecnica, nominata phytoremediation, ¢ una metodologia economica che sfrutta la capacita
di alcuni organismi vegetali di rimuovere i metalli pesanti dall’ambiante, trasformandoli
in sostanze meno tossiche e meno reattive, o accumulandoli negli organi interni. E
possibile, in base alla strategia adottata, classificare diversi processi: fitoestrazione,
fitofiltrazione, fitostabilizzazione, fitovolatilizzazione e fitodegradazione. Nella tecnica
di fitoestrazione, la pianta assorbe i metalli dal suolo, e accumula quest’ultimi negli organi
interni in concentrazioni .100 - 1000 volte piu elevate di una pianta non tollerante. Tali
organismi vengono classificati come ‘iperaccumulatori’. Il cardo (Cynara cardunculus
L.) ¢ una pianta pluriennale, particolarmente adattata all'ambiente mediterraneo in grado
di tollerare moderate concentrazioni di NaCl e crescere in terreni inquinati. Tre taxa sono
ad oggi riconosciute: C. cardunculus L. subsp. scolymus (L.) Hegi = C. cardunculus L.
var. scolymus (L.) Hayek (carciofo), C. cardunculus L. var. altilis DC. (cardo domestico),
and C. cardunculus L. var. sylvestris Lam. (cardo selvatico). Lo scopo di questo progetto
¢ stato quello di indagare sui geni associati all’accumulo di metalli pesanti in C.
cardunculus L. In particolare nell’ambito di questo lavoro ’influenza del genotipo, cardo
coltivato e selvatico, ¢ stata testata come percentuale di semi germinati su terreni
contaminati da Cd, As e Cd + As alle concentrazioni di 0, 10. 50, 100 e 200 pM. Per lo
svolgimento di questa prova, il genotipo altilis, e due genotipi sylvestris (A14SR e
R14CT) sono stati considerati. Inoltre ¢ stata valutata nelle due varieta, la capacita di
crescere in terreni contaminati con metalli pesanti, misurando radici e germogli in
piantine cresciute per tre settimane con Cd e As a0, 25, 50 uM. Prendendo come modello

tra 1 tre taxa, il cardo altilis, per 1 suoi possibili impieghi come specie che produce
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biomassa da destinare alla chimica verde, abbiamo ricercato in cardo dei geni ortologhi a
quelli di altre piante che risultano essere associati alla tolleranza e accumulo di metalli
pesanti. Per fare cid abbiamo disegnato i primers di clonaggio tramite il programma
primer3, per amplificare e clonare I’amplificato, sequenza target nel vettore utilizzabile
per il sequenziamento. Le sequenze target sono state analizzate con I’utilizzo di tools
bioinformatici (Blast, CodonCode, BioEdit, Clustal omega). Con questo metodo i geni di
cardo probabilmente associati al trasporto e accumulo di metalli pesanti, sono stati
identificati e caratterizzati. Abbiamo saggiato tramite [’uso della real-time PCR, i livelli
trascrizionali di espressione genica sui seguenti geni: Natural resistance of macrophage
isoforma 1 (NRAMP1) e 3 (NRAMP3), Zinc/Iron Protein 11 (ZIP11), Heavy metal
ATPase 3 (HMA3), Phosphate transporter 1 (PHT1) e ABC transporter C1 (ABCC1).
L’espressione ¢ stata saggiata in piante delle varieta altilis e sylvestris (A14SR) cresciute
per due e tre settimane su /2 MS medium contaminato con Cd e As a 0, 25, 50 uM. La
normalizzazione dei dati ¢ stata effettuata con I’utilizzo dei geni di riferimento EF1-alpha
e GAPDH, isolati precedentemente e valutati in funzione della loro stabilita in diverse

fasi di crescita di Cynara (altilis) non trattato.

I risultati hanno mostrato che il cardo ¢ in grado di germinare in terreni contaminati da
metalli pesanti, con una percentuale media di germinazione del 65.9 %, ottenuta dalle tre
maggiori sorgenti di variabilita, includendo il tipo di metallo utilizzato e la sua
concentrazione e il differente genotipo della pianta. Con riferimento alla germinazione,
altilis ¢ risultato il genotipo che meglio tollera il Cd durante la germinazione, con una
percentuale del 83 %, e il sylvestris A14CT il genotipo che meglio tollera 1’As durante
tale fase (76 %). L analisi della crescita della pianta in terreni contaminati ha evidenziato
una riduzione della crescita nel genotipo altilis trattato con il Cd e non con I’As, mentre,
in sylvestris una riduzione della crescita ¢ stata causata dalla presenza di As alla
concentrazione di 50 uM. La ricerca dei geni che in cardo domestico sono associati alla
risposta ai metalli pesanti, ci ha permesso di identificare ed isolare sette geni: NRAMPI,
NRAMP3, ZIP11, HMA, PCS (Phytochelatin Syntase), ABCC1, PHT. Su sei di questi
(PCS ¢ stato escluso) ¢ stata effettuata, tramite RT-PCR, 1’analisi quantitative di
espressione genica sulle varieta sylvestris ed altilis. 1 risultati hanno mostrato un
significativo incremento di espressione nella varieta sylvestris dei geni NRAMP3 e ZIP11

trattata con entrambi i metalli, e PHT e ABCCI1, trattata con As.
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In conclusione, Cynara cardunculus L. risulta capace di germinare in terreni contaminati
con As e Cd, e la risposta alla germinazione risulta fortemente influenzata non solo dalla
concentrazione ¢ dal metallo, ma anche dal genotipo. Similmente, la crescita delle
plantule ¢ risultata influenzata dalla natura e concentrazione del metallo, e dal genotipo
considerato. Per la prima volta i geni: PCS, NRAMP1, NRAMP3, ZIP11, HMA3,
ABCCI1, e PHT sono stati identificati in C. cardunculus L.. Le piante trattate hanno
mostrato una variazione dei livelli trascrizionali di espressione che potrebbe essere dipesa
dal tipo e concentrazione metallo, sul genotipo considerato, ¢ dall’organo della pianta
analizzato, radici o steli. Con particolare riferimento a quest’ultimo fattore studiato, nelle
radici e steli di sylvestris trattati con As, un significativo incremento dei livelli di
espressione dei geni NRAMP3, ZIP11, ABCC1 e PHT ¢ stato monitorato Da questi dati,
il sylvestris risulta la varieta piu tollerante e utilizzabile per la detossificazione dei terreni

contaminati da metalli pesanti.

Future analisi saranno necessarie, per comprendere pienamente i meccanismi utilizzati
dalla pianta di cardo, durante il trasporto e accumulo di metalli pesanti. La tecnica di
RNAseq potrebbe mettere in un luce la presenza di altri geni strettamente coinvolti in tale

meccanismo.
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Abstract

In plants, heavy metals stress may ultimately lead to serious
consequences for human health. Cadmium (Cd) and arsenic (As) are
frequently found in soils contaminated by mining or other industrial
activities. Through food chain, these metals may enter into the human
body, causing cardiovascular diseases and cancer. Cardoon (Cynara
cardunculus L.) is a perennial crop, particularly adapted to the
Mediterranean environment. It is able to accumulate heavy metals from
polluted soils and thus it seems to tolerate this stress. The aim of this
thesis was to characterize the transcriptional modulation of six genes
that may be involved in the response to heavy metals stress and
accumulation in C. cardunculus L.. The rate of seed germination of two
different C. cardunculus varieties, altilis and sylvestris, was scored on
agar plates medium containing Cd, As and Cd + As at 0, 10. 50, 100 and
200 uM concentrations. Transcriptional levels of Natural resistance of
macrophage isoforms 1 (NRAMP1) and 3 (NRAMP3), Zinc/Iron Protein
11 (ZIP11), Heavy metal ATPase 3 (HMA3), Phosphate transporter 1
(PHT1) and ABC transporter C1 (ABCC1) were assayed by real time
PCR in the two cardoon varieties, altilis and sylvestris, grown for two or
three weeks on solid /2 MS medium containing Cd or As at 0, 25 and 50
pM concentrations. The results showed that both cardoon varieties were
able to germinate under heavy metals contamination but just in
sylvestris a clear correlation with an increased level of expression of

genes involved in Cd and As transport was observed.
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1 INTRODUCTION

Environmental pollution, by chemicals in particular, is one of the key factors responsible
for the destruction of important biosphere components, leading to serious and irreparable
damages to earth. It can be classified in three different types: air, water and soil pollution.
These affect human health and ecosystems. The principal criteria used to evaluate the
contamination of toxic elements are: bioaccumulation, toxicity, and persistence. Air
pollution is a harmful form of environmental pollution. Most metals in the atmosphere,
are associated with particles, (diameter between 0.01 and 100 um), in a gaseous state. The
presence of these particles and their increase, have been clearly associate with the
occurrence of lung cancer, asthma, allergies, and various respiratory problems. Water
pollution is mainly caused by industrial waste products released into lakes, rivers, and
other water bodies. Trace elements, especially metals, are present as suspended colloids
or are fixed by organic and mineral substances. They may originate by either natural
processes or man’s activities. Historically soil and water pollution have been considered
separately by environmental policy makers, but of lately, they are seen as synergistic
factors that can seriously threat agricultural production and human health (Rajaganapathy

etal., 2011).

Soil pollution

Soil pollution is defined by the presence of toxic chemicals (pollutants or contaminants)
in concentrations high enough to pose a risk to human health and/or to the ecosystem.
Soil is a very specific component of the biosphere because it is involved in the transport
of chemical elements and substances to the atmosphere, hydrosphere and biota. However,
its most important role for human health, relates to the quality and safety of agricultural

products (Wuana, et al., 2011).

Soil contaminants include metals, inorganic ions and salts (e.g. phosphates, carbonates,
sulphates, nitrates), and many organic compounds (such as lipids, proteins, DNA, fatty
acids, hydrocarbons, PAHs, alcohols, etc.). Soil contamination caused by metals is largely

dependent on the agricultural practices carried out in crop farms. In fact, some phosphate
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fertilizers contain potentially toxic elements, including As, Cd, Cr, Pd, Hg, Ni, and V
(Mortvedt, 1996.) and some pesticides contain Cu and As as part of their formulation
(Quinton and Catt, 2007). It is through fertilizers and pesticides that the contaminant
enters within the food chain, polluting drinking water, and fodder (Rajaganapathy et al.,
2011). Skin contact, ingestion, inhalation, and dermal absorption are the ways that human

health can be exposed to the risk (Elliot, 2001).

Heavy metals pollution

The heavy metals (HMs) are metals with high electronegative charge and density greater
than 5 g/cm®. HMs threat the sulphide bond between HMW (high molecular weight)
proteins in the living system, using the outer-shell electrons (Agarwal, 2009). This kind
of pollution not only degrades the quality of the atmosphere, water bodies, and food crops,
but also affects the human and animal health by the mean of food chain (Dong et al.,
2011). Cadmium and arsenic are very dangerous for human health. Both are frequently
found in soils contaminated by mining or other industrial activities (Govil et al., 2007),

irrigated with waste-water, fertilizers, soil amendments and pesticides (fig.1).
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Figure 1. Scheme of possible source of heavy metals in the soil. Mahara et al., / Ecotoxicology and
Environmental Safety 126 (2016) 111 — 121
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The pollution level and potential ecological risk of the soils decrease in the following
order: urban areas>waste disposal/treatment sites ~ industrial areas > agricultural
lands ~ forest lands > water source protection areas (Hu et al., 2013). Arsenic is a
metalloid of great relevance in environmental pollution, because of its toxicity and
abundance (Peralta-Videa et al., 2009). It is released into the environment from smelting
and mining processes, agricultural practices, fabrication and consumption of wood
preservatives and food additives (Aldrich et al., 2003). About 3.5 million sites in the EU
were estimated to be potentially contaminated with 0.5 million sites being highly
contaminated and needing remediation. 400,000 polluted sites have been scored in
European countries such as Germany, England, Denmark, Spain, Italy, Netherlands and
Finland while Sweden, France, Hungary, Slovakia and Austria have 200,000
contaminated sites or less (Fig. 2) (Perez, 2012).
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Figure 2. Map of the world with evidenced the sites contaminated with As http://www.bgs.ac.uk/arsenic/

Toxicity of HMs is not limited to humans or animals, but affects many other organisms,
including plants. Under HMs excess, the plants show a biomass reduction, leaf chlorosis,
root growth inhibition, and morphological alterations (Yadav et al., 2010; AArts et al.,
2012). In plants, these types of contamination can also induce the production of reactive

oxygen species (ROS), increasing lipid peroxidation and oxidative stress (Srivastava et
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al., 2005). In humans, HMs are considered carcinogenic, or toxic, capable of causing
damages on the central nervous system, liver, kidneys, heart, lungs, skin, and

reproduction (Johnson, 1997).

Cadmium

112.411

Cadmium (atomic number 48) is a silver-grey brittle crystalline solid with atomic weight
of 112.414, specific gravity 8.69, melting point 321.069 °C (at 28 atm), boiling point 767
°C, and heat of evaporation 99.87 kJ/mol. It is one of the most toxic metals that has by
far a greater bioavailability than lead, arsenic, or mercury. It is a no-essential element
except in marine diatoms where it can replace zinc in a specific isoform of carbonic
anhydrase (Lane et al., 2005; Xu et al., 2008). In nature Cd concentration is very low and
in non-contaminated soil it varies from 0.01 to 5 mg kg™ of soil (Kabata-Pendias, 2004).
Its bioavailability in soil depends on the concentration, pH, organic matter content, clay
content, soil moisture conditions, and availability of macro- and micronutrients (Welch
and Norvell, 1999). When it is in contact with humans (by the means of food chain) is
accumulated in the kidney or liver. Accumulation in high levels causes stomach irritation
leading to vomiting and diarrhea, and sometimes death. Cadmium impairs kidney
function, reduces bone density favouring the occurrence of fractures (Fig. 3). The high
amount of Cd in the human body has also been associated with breast cancer,
cardiovascular diseases and obstructive pulmonary diseases (Toxicological Profile for

Cadmium, 2012 ATSDR).
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Cadmium toxicity
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to breast cancer.
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SOURGCES: Dr. Aimin Chen;, Casareft & Doull's Toxicology, (Curtis D. Klaassen), AP
Erwvironmental Health Perspectives, Dec. 2009

Figure 3. Health effects of Cadmium. Retrieved from: Akram (2012).

Cadmium is easily taken up by plant roots and leaf concentration greater than 5-10 mg
Cd Kg'! dry weight are toxic to most plants (Sanchez-Pardo et al., 2015). The uptake is
achieved by those systems that operate for the absorption of essential micronutrients,
mainly Zinc, iron, and calcium. High concentration of this metal in plants usually causes
stunted growth, chlorosis, necrosis, leaf curling and epinasty, brown and stunted roots. It
has been demonstrated that plants treated with cadmium exhibit a decrease of chlorophyll
amount, with inhibition of enzymes involved in chlorophyll synthesis. This happens
because the chemical structure of chlorophyll can be affected by a substitution of Mg?",
with heavy-metal ions, such as Cd*" (Kiipper et al., 1998). A number of species have
evolved Cd high-tolerance phenotype, mainly through exclusion mechanisms (Clemens,
2006; Verbruggen et al., 2009; Kupper and Kochian, 2010). There are some rare plants
that display an exceptional capacity to accumulate Cd in their hypogeal biomass. These
plants are recognized as Cd hyperaccumulators. Noccaea caerulescens (Lombi et al.,
2000), Arabidopsis halleri (Bert et al., 2003; Zhao et al., 2006), Noccaea praecox (Vogel-
Mikus et al., 2008), Sedum alfredii (Yang et al., 2004; Deng et al., 2007), Arabis
paniculata (Tang et al., 2009), Viola baoghanensis (Liu et al., 2004; Wu et al., 2010), and
Potentilla griffithii (Wang et al., 2009) can be used to clean-up the soil from this metal.


http://www.sciencedirect.com/science/article/pii/S0147651317304268#bib30
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Arsenic

Arsenic (As), atomic number 33, is a silver-grey brittle crystalline solid with atomic
weight of 74.9, specific gravity 5.73, melting point 817°C (at 28 atm), boiling point
613°C, and vapour pressure 1 mm Hg at 372°C (Mohan and Pittman, 2007). It is odourless
and tasteless. Arsenic can combine with other elements to form inorganic and organic
arsenicals (National Ground Water Association, 2001). In the environment, it is combined
with oxygen, chlorine, and sulphur to form inorganic arsenic compounds. Organic arsenic
compounds are used as pesticides, primarily on cotton plants (U.S. Department of Health
and Human Services, Public Health Service Agency for Toxic Substances and Disease
Registry, 2005). The metalloid exists in the —3, 0, +3, and +5 valence oxidation states
(Mohan and Pittman, 2007), and in a variety of chemical forms in natural waters and
sediments (Hasegawa et al., 2009). Inorganic species, arsenite [As**] and arsenate [As>'],
are the predominant species in most environments (Andrianisa et al., 2008). The pH,
redox conditions, surrounding mineral composition, influence the form (inorganic or
organic) and the oxidation state of As. As®>" is predominant in reduced redox potential
conditions (Hasegawa et al., 2009). The trivalent compounds (arsenite) are more toxic
than the pentavalent compounds (arsenates), which are thermodynamically more stable
(Ampiah-Bonney et al., 2007; Vaclavikova et al., 2008). However, the trivalent
methylated arsenic species is more toxic than inorganic arsenic because they cause DNA
breakdown (Vaclavikova et al., 2008). Particularly when exposure occurs over prolonged
periods, it affects the health of millions of people causing skin and nerve damages and
having carcinogen effects (fig. 4). The uptake by humans mainly occurs through drinking

As-contaminated water and eating plants grown in contaminated soil.
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Figure 4. The effects of As in human health. Levin, et al., 2008.

As is toxic also for plants. It causes reduction of root elongation and branching, leaf
chlorosis, and the shrinking and even necrosis of the plant aerial parts (Carbonell-

Barrachina et al., 1998).

AsV is the primary plant-available form of As in most areas. The uptake in plants occurs
via the inorganic phosphate (Pi) uptake system, because Pi transporters cannot distinguish
between the similar electrochemical profiles of Pi and AsV (Sanchez-Pardo, 2015). It
crosses the plasma membrane of root cells, and it is rapidly reduced to arsenite once inside
the cytoplasm. Since arsenate and phosphate behave as analogues with respect to their
uptake, arsenate toxicity is linked to phosphorus nutrition, and high levels of phosphate
can mitigate arsenate toxicity (Esteban et al., 2003; Sanchez-Pardo, 2015). To overcome
this problem, various methods have been used such as ex-situ or in-situ soil washing
(Dikinya and Areola, 2010) or chemical immobilization/stabilization of heavy metals in
soil (Wang et al., 2009; Houben et al., 2012). In fact, in the last decade the value of metal-
accumulating plants for the environmental remediation of heavy metal polluted soil has
attracted increasing interest (Hernandez-Allica et al., 2008). During the remediation
process these toxic elements are extracted or stabilized by plants and metabolized in their
tissues. Phytoremediation is considered an economically profitable method of exploiting

plants to extract contaminants from soil (Padmavathiamma and Li, 2007).
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1.1 Phytoremediation

Phytoremediation basically refers to the use of plants and/or association to
microorganisms to partially or completely recover selected contaminants from soil,
sludge, sediments, wastewater and ground water. It can be used for removal of organic
pollutants as well as heavy metals. The term ‘‘phytoremediation’’ is a combination of
two words: Greek phyto (meaning plant) and Latin remedium (meaning to correct an evil).
This process is relatively cost-effective, efficient and eco-friendly compared with other
remediation techniques (Wan, et al., 2016). The technique includes different processes
such as phytoextraction, phytofiltration, phytostabilization, phytovolatilization and
phytodegradation (Fig. 5) (Alkorta et al., 2004).

Ly

Phytodegredation

Phytovolatilization

[
®
o

@ Pollutant L

(s o

Phytostabilization Phytostimulation

Figure 5. Different mechanisms of phytoremediation in plants. http://tinyurl.com/kolj52p

During phytoextraction, the metal is translocated from roots to shoots, through important
biochemical process. The phytofiltration is another process, which includes rhizofiltration
(use of plant roots), blastofiltration (use of seedlings) or caulofiltration (use of excised
plant shoots) (Mesjasz-Przybylowicz et al., 2004). During phytovolatilization, the heavy
metals absorbed by plants are converted into volatile forms, and released into the
atmosphere. This process is limited by the fact that the metal is not completely removed
but rather transferred from one medium (soil or water) to another (atmosphere), and can
re-enter into soil and water. To reduce bioavailability and mobility of metals, the plants

use two processes: phytostabilization or phytoimmobilization. By these processes the
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plants reduce the toxic elements concentration in the soil and prevent food chain
contamination (Dixit, et al., 2015). In the rhizosphere plants perform the immobilization
of heavy metals by absorption through roots, precipitation and complex-formation or
metal valence reduction (Poschenrieder, 2003). The plants metabolize organic pollution
by the mean of enzymes such as dehalogenase and oxygenase, which are not dependent

on rhizospheric microorganisms (Vishnoi and Srivastava, 2008).

Aesthetically pleasing
The effectiveness in contaminant reduction
. Applicable for wide range of contaminants
environmentally friendly method
Less distruptive than current techniques
. Low cost

Advantegs of
phytoremediation
technology

The amount of produced biomass

The contaminant concetration
. Level of contamination

Limitation of *  The time-consuming method
phytoremediation . Soil chemistry
technology +  The age of plant

. Climatic condition

The impact of contaminated vegetation
. The root depth

Figure 6. Scheme on the advantage and limitation of the phytoremediation. (Tangahu, et al., 2011)

During phytoextraction, specific plant species can absorb and hyperaccumulate metal
contaminants and/or excess of nutrients in harvestable root and shoot in soils. This
process breaks down complex organic molecules into simpler molecule contaminants
(EPA, U., 2000; Prassad, et al., 2003). There are different problems on phytoremediation
use. In fact, harvested plant biomass resulting from phytoextraction may be classified as
a hazardous waste, hence, disposal should be properly done. Contaminants may still enter
the food chain through animals/insects that eat plant material containing toxic elements

(Fig. 6) (Tangahu, at al., 2011).
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In fact, for phytoremediation technology, expert project designers are required to select
relevant species adapted for specific metals and regions (Alkorta et al., 2004). The plants
to be used should not include food crops and this satisfies green chemistry material
requirements (fig.7). Green chemistry, indeed, is an area of chemistry that uses
agricultural raw materials with low environmental impact to create an innovative range
of bio-products (bio-plastics, bio-lubricants), home and personal care products, plant

protection, additives for the rubber (www.matrica.it).

Composting Extraction e
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i
) L k> ===
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| Harvested biomass of the selected industrial, fibre | ?"::"TLJ
and energy crops is processed for metal recovery | o™,
| d use and
fibres ete.
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agrotechnology is
being developed
via “-omics” and
biogeotechnology
for sustainable
development

Radionuclides Metals and metalloids

Figure 7. The approach of green technology for cleaning the soil from heavy metals. Braz. J. Plant, 2005

As regards to heavy metal tolerance and accumulation, the plants are classified into three
categories:
o excluders: plants which have high levels of heavy metals in the roots with

shoot/root quotients lower than 1 (Boularbah et al., 2006);
e indicators: plant which reflects metal levels in the soil (Baker, 1995);

e accumulators: plant species that concentrate metals in their tissues to levels far

exceeding those present in soil (Mganga et al., 2011).
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Plants that accumulate high concentrations of metals in their shoots are called
hyperaccumulators. These can take up toxic metal ions at level of thousands of ppm and
the shoot-to-root metal concentration ratio is greater than one. Hyperaccumulators can
concentrate heavy metals like Cd, Zn, Co, Mn, Ni, and Pb up to 100 or 1000 times those
taken up by nonaccumulator (excluder) plants. Non-accumulating plants typically have a
shoot-to-root ratio considerably less than one. Multiple mechanisms are involved in the
tolerance of metal toxicity. Storage in the vacuole appears to be a major one. Some plant
species have been identified for soil remediation including either no food high biomass
plants (Landberg and Greger, 1996) or low biomass plants with high hyper-accumulating

features such as Thlaspi and Arabidopsis species.

1.2 Cynara cardunculus L.

Cardoon is a perennial species, belonging to Asteraceae family, particularly well adapted
to the Mediterranean environments (Zohary and Basnizki, 1975; Raccuia et al., 2004a).
It comprises three taxa, C. cardunculus L. subsp. scolymus (L.) Hegi = C. cardunculus L.
var. scolymus (L.) Hayek (globe artichoke), C. cardunculus L. var. altilis DC. (leafy or
domestic cardoon), and C. cardunculus L. var. sylvestris Lam. (wild cardoon), considered
to be the wild ancestor of globe artichoke (Fig. 11) (Rottenberg and Zohary, 1996;
Raccuia et al., 2004b).

Figure 11. Cynara cardunculus varieties. a) C. cardunculus L. var. scolymus (L.) Hayek (globe artichoke);
b) C. cardunculus L. var. altilis DC. (domestic cardoon); C. cardunculus L. var. sylvestris Lam. (wild
cardoon).

The aerial biomass is harvested every year at the end of the growth cycle. During that
time, the plant canopy dries up and the fruits become ripe. Later on - when the climate

conditions are favourable - some buds of the plant stock sprout and a leaf rosette is
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gradually formed. This is the beginning of a new growth cycle. The aboveground biomass
produced is harvested once a year, in summer time (Fernandez et al., 2006). Cardoon
could be considered as a facultative halophyte. It can grow on slightly saline soils. When
salt level rises growth is inhibited (Raccuia et al., 2004a; Benlloch-Gonzalez et al., 2005).

For this feature it represents a species especially suitable for phytoremediation.

1.2.1 Uses of Cynara cardunculus

Each Cynara cardunculus variety is used for a specific purpose.

Globe artichoke plays an important role in human nutrition, especially in the
Mediterranean region. It is acknowledged for the benefits associated with its antioxidant
contents (polyphenolic compounds) and for the presence of inulin which is a soluble food
fibre that cannot be digested by humans and it is used as low-caloric replacement for fat
(Lattanzio et al., 2009; Raccuia and Melilli, 2010). Globe Artichoke is also known as
antidiabetic, choleretic, diuretic, cardiotonic agent (Kukic et al., 2008). Caffeic acid
derivatives are the main phenolic compounds in artichoke heads and leaves, with a wide
range of caffeoylquinic acid derivatives. Chlorogenic acid (5-O-caffeoylquinic acid) is
the most important of these derivatives. Inulin belongs to a group of fructose-based
polysaccharides called fructans, which are not digested in the small intestine because
humans can’t hydrolyse the fructan chain. For this reason is a low-caloric fibre that has
potential for use in the production of fat-reduced foods (Frehner et al., 1984; Rapaille et
al., 1995; Hellwege et al., 2000).

Leafy cardoon is an intensive growth crop with a high production of epigeal biomass,
roots and grain used for green chemistry (Raccuia and Melilli, 2007, 2010). It is a very
promising energy and biofuel crop. Its biomass has different uses. The lignocellulosic
biomass is used for alternative energy production (solid biofuel) by combustion, pyrolysis
and gasification (Gonzales, et al., 2004; Ochoa and Fandos, 2004). Biomass residues
pellets combustion for domestic heating and raw material for green chemistry. With
regard to the latter purpose, biomass can be used to prepare biodiesel from either the oil
extracted from C. cardunculus L. seeds or the lignocellulosic fraction (Toscano et al.,

2016).
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1.2.2 Cardoon for phytoremediation

In early studies, C. cardunculus was shown to be able of growing in a polluted
environment. Hernandez-Allica (2007) reported that cardoon is able to translocate to the
shoots the metal-chelate complexes (EDTA - Pb, Cd or Zn) even at high concentration
levels. Into the stele EDTA (ethylenediaminetetraacetic acid) increases the root flux
through the apoplast and then increases the metal shoot/root ratio. In addition, the Pb—
EDTA complex is known to be less phytotoxic than free Pb>" or protonated EDTA metals
(Tandy et al., 2006). Furthermore, EDTA combined with metals can reduce metal toxicity
and, at the same time, efficiently enhance shoot accumulation increasing metal absorption

and translocation via apoplast pathway.

Papazoglou et al., (2011) reported that under Cd treatment C. cardunculus grows and
develops in a similar way as in the absence of cadmium showing no evident phytotoxicty
symptoms. Furthermore, C. cardunculus has an efficient Cd translocation system from
roots to shoots and growth is unaffected by the uptake activity. C. cardunculus can be
initially considered as a Cd accumulator, because under elevated Cd soil concentrations,
it shows high tolerance and accumulation in plant organs. The translocation factor from
roots to shoots is higher than one. In contrast, cardoon does not tolerate elevated Ni

concentrations, and could not be considered as Ni accumulators.

Llugany et al., in 2012 showed that root elongation in C. cardunculus plants, a reliable
indicator for Cd sensitivity (Vazquez et al., 1992), is reduced of approximately 10% after
5 weeks of exposure to 5 pM Cd. The leaves of treated plants displayed the same length
respect to the untreated control. The metal is translocated from roots to shoots. In contrast,
in presence of arsenic, As IIl or As V, cardoon retained the metal in the roots and
phytoextraction is not feasible. According to these results, C. cardunculus plants can
indeed be considered as good candidates for phytoremediation, and can be used as an

energy crop on As polluted soils.

Recent studies (Spagnuolo, et al., 2017), reported that C. cardunculus is able to
accumulate Cd and Pb in its organs. In fact, the distribution of the Cd between shoots and
roots is homogeneous and the plants did not show any effect on photochemistry. Pb,
instead, is accumulated only in roots. Cd caused the increase of the level of Rubisco and

D1, two enzymes involved in photosynthesis, a response that is useful to neutralize
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chloroplast damage and enhance photosynthesis efficiency. The accumulation of Pb in
root, can explain the high increase of the HSP70 level induced in this organ in Pb-treated

plants.

Recently, Leonardi (2017), showed that the combination of As and Cd compounds
increased the resistance of plants promoting survival. Therefore, depending on metals
concentration and the presence or absence of Cd, plants could be used as excluders of As
in As-contaminated sites, or accumulators in sites co-contaminated by As and Cd,

respectively.

1.3 Heavy metals cellular metabolism

In general, plants with higher ability to reduce the toxicity effects are able to survive in
heavy metal/metalloid contaminated sites and are promising candidates for
phytoremediation purposes. Arsenic hyperaccumulation capacity seems to be confined to
the Pteridaceae family of ferns. Cd hyperaccumulation is present only in some
populations of T. caerulescens, T. praecox, and Arabidopsis halleri, all belonging to the
Brassicaceae family, and Sedum alfredii (Crassulaceae). The use of several chelating
agents, such as EDTA (ethylenediaminetetraacetic acid), EDDHA (ethylenediamine di(o-
hyroxyphenylacetic acid), EGTA (ethylene glycol-O,0'-bis-[2-amino-ethyl]-N,N,N',N',-
tetraacetic acid), and citric acid, has been used to enhance phytoextraction by mobilizing

metals and increasing metal accumulation (Cooper et al., 1999).

To understand the mechanisms supporting phytoextraction of heavy metals, different
gene expression studies with different type of metals (As, Cd, Zn, Fe etc.) and different
concentrations of these (5, 10, 50...200 uM) have been carried out. A large array of genes
are constitutively highly expressed in Cd hyperaccumulators compared to a non-
hyperaccumulating closely related species. Until now, transport to the storage organs,
chelation, efflux from the plant body, or subcellular compartmentalization are the most
common mechanisms used for detoxification. The similarity between Zn and P to Cd and
As respectively, causes the toxicity of the latter because they tend to replace Zn and P in

cellular metabolism.
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1.3.1 Genes associated with heavy metals transport

The plant use specific low-molecular-weight chelators to detoxify trace metal (-loid)s. By
the mean of these proteins the contaminants are transported into the vacuoles. The uptake
of Cd from the soil seems to occur mainly via Ca**, Fe**, Mn?', and Zn*"* transporters.
The best-studied non-specific transporter is the ZIP IRT1, which is the major transporter
responsible for high-affinity iron, zinc and consequently cadmium uptake from the soil.
However, in T. caerulescens, model plant for Cd accumulation, there is no evidence that
TcIRT1 can transport Cd from soil to roots and shoots. The As(V) is potentially toxic
because can substitute for phosphate in phosphorylation reactions, including ATP
synthesis, instead As(III) is mainly assimilated through members of the NIP (nodulin 26-
like intrinsic protein) subfamily of aquaporins (Verbruggen, et al., 2009) (Fig. 9).
Toxicity of As(III) like that of Cd is probably primarily due to high sulphydryl reactivity.
Both metals causes oxidative stress, and can deplete reduced glutathione, an important
cellular antioxidant, through the formation of As(IIl)-glutathione or Cd—glutathione
complexes [As(III)-GS3 or Cd(Il)- GS2] and As(IIl)-induced or Cd-induced
phytochelatin (PC) synthesis. Stress-responsive MAP kinases seem to be involved in
transcriptional responses to Cd as they are activated possibly by ROS under Cd*" excess.

Different genes are associated with HMs tolerance or accumulation.
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Figure 9. Mechanisms to cope with arsenic or cadmium excess in plants. Verbruggen, et al., 2008.

GLUTATHIONE

The tripeptide glutathione (Glu-Cys-Gly), GSH, 1is synthesized by gamma-
glutamylcysteine synthetase (g-ECS) and glutathione synthetase (GS). It is involved in
the control of cellular redox balance. Increasing GSH synthesis is considered a means of
increasing metal (loid) binding capacity as well as a way to increase cellular defence
against oxidative stress. GSH and Phytochelatins (PCs) chelate heavy metals and
metalloids such as Cd, Cu, and As, facilitating their sequestration into vacuoles (Cobbett,

2000; Pilon-Smits, 2005).

PHYTOCHELATIN

Phytochelatin (PC) is a oligomers family characterised by the general structure (gGlu-
Cys)n-Gly where n = 2—11. Synthesized from GSH, the reaction is catalysed by PC
synthase (PCS). PCS is constitutively expressed, but to be active requires post-
translational activation by metal(loid)s, as As and Cd. This protein is found in all plants,
some fungi and animals. The formation of As—GS3 or Cd—GS2 thiolates, which act as

high-affinity substrates for the enzyme, seems to be sufficient for its activation. PC
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synthesis seems to be the main factor for basal Cd and As tolerance but not in
hypertolerant plants or hyperaccumulators (Verbruggen et al., 2009). The induction of PC
synthesis depends on the combination of PCSs and hazardous elements. Only As(III) can
bind to thiols and activate PCS. PC synthesis under As(V) exposure may be limited by

the arsenate reductase capacity, rather than by PC synthetic capacity itself.

This might explain why only combined expression of g-ECS and arsenate reductase
(ArsC) substantially increased As(V) tolerance in A. thaliana. Heavy metal are
immobilized in the endocellular compartment by complexation with organic acids, like
malate, oxalate (Lutts et al., 2004), and malonate (Clemens, 2001), and PCs carries out
sequestration (Gadapati and Macfie, 2006; Mishra et al., 2006), compartmentation into
vacuoles (Kramer et al., 2000; Shevyakova et al., 2003) or simply blocking by epidermal
cells (Solis-Dominguez et al., 2007).

ZRT-IRT-LIKE PROTEIN

ZRT-IRT-like Protein (ZIP) family were the first metal transporters to be identified in
plants (Eide et al., 1996). Fifteen ZIP genes have been identified in 4. thaliana, based on
whole genome sequencing. They are transporters of divalent cations including Zn>*, Fe?",
Mn?* and Cd** (Guerinot, 2000) and their expression is regulated by plant metal status
that reflects environmental metal levels. ZIP proteins have eight putative transmembrane
domains (TM) and contain a histidine repeat in the variable region that has been proposed

as the metal binding and/or sensing site (Grossoehme et al., 2006).

AtIRT] transporter is involved in Fe and Cd uptake (Gallego et al., 2012; Rome et al.,
2016), and with the other ZIP proteins transfer these metals from soil to roots (Guerinot,
2000). ZNT1 and ZNT?2 are highly expressed in the roots of 7. caerulescens while
expression is barely responsive to the Zn status in the other parts of the plants (McGrath,
et al., 2003). ZNTI and ZNT2 show high-affinity uptake for Zn*" as well as low-affinity
uptake for Cd**. AtZIP2 and AtZIP4 are associated with Cd uptake in Cd treated plants,
but their expression decreased significantly in Cd+Ca-treated plants (Aarts, et al., 2009).

HEAVY METAL TRANSPORTING ATPase
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The P1B-type ATPases are a class of proteins, also named HMAs (Heavy Metal
transporting ATPases), that operate in heavy metals transport and play a role in metal
homeostasis and tolerance. In A. thaliana there are eight P1B-type ATPase members,
subdivided into two major subgroups depending to the metal transported (Baxter et al.,
2003). AtHMA1 to AtHMAA4 classify into the Zn/Cd/Co/Pb transporting subgroup, while
AtHMAS to AtHMAS belong to the Cu/Ag transporting subgroup, although AtHMA 1
has also been shown to transport Zn, Cu and Ca (Axelsen and Palmgren, 1998; Kim et
al., 2009). The P1B-ATPase HMA3 seems to be also involved in the vacuolar storage of
Cd in non-hyperaccumulators, as demonstrated in 4. thaliana (Verbruggen, et al., 2009).
TcHMAS3 belongs to the P1B-type ATPase subfamily. Members of this group transport
several heavy metal ions from the cytosol to organelles or out of the cell (Williams and
Mills, 2005). TcHMA3, in Cd hyperaccumulating ecotypes, is expressed in leaves where
it is involved in transport and accumulation into the vacuole. By contrast, in species that
are not hyper-accumulator, such as A. thaliana, the metal is transported to cells of the
shoot such as hydathodes and guard cells (only in these type of cells) and does not
accumulate in other leaf cells. In roots, HMA3 is predominantly expressed in the pericycle
cells (Morel et al., 2009), and before xylem transport, the metal can be stored into the
vacuole (Ueno, et al., 2011). The HMA4 role is to allow Cd and Zn efflux from the root
symplasm into the xylem vessels, necessary for shoot hyperaccumulation. Its expression
is up-regulated when these plants are exposed to high levels of Cd and Zn, whereas it is
down-regulated in non-hyperaccumulator plants. Interestingly, the increased expression
of HMA4 enhances the expression of genes belonging to the Z/P family, implicated in
heavy metal uptake. This strongly suggests that the root-to-shoot translocation acts as a

driving force of the hyperaccumulation (M. Hanikenne et al., 2008).
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NATURAL RESISTANCE OF MACROPHAGES

NRAMPs, are membrane spanning proteins, characterized by nearly 12 highly
hydrophobic transmembrane domains. They define a ubiquitous family of metal
transporters with several homologues in fungi, animals, plants and bacteria (Cellier et al.,
1995). Some Arabidopsis NRAMPs (AtNRAMP1, AINRAMP3 and AtNRAMP4) are
high affinity Fe transporters (Curie et al., 2000; Thomine et al., 2003), and AINRAMP1,
AtNRAMP3 and AtNRAMP4 are also associated with Mn transport (Cailliatte et al.,
2010; Lanquar et al., 2010). In addition, several studies reported that NRAMPs also retain
heavy metals transport (Ni and Cd) ability (Thomine et al., 2003; Oomen et al., 2009). In
rice, OSNRAMP1 expression is induced during As stress at the same time of other stress
responsive genes, transporters, heat-shock proteins, metallothioneins and sulphate-
metabolizing proteins (Gautam et al., 2012). Furthermore, a few reports have revealed
that As uptake in rice root is related to Fe availability in the soil and its accumulation was
correlated with Fe in rice tissues (Zhao et al., 2010; Rahman et al., 2011). In transgenic
rice lines over-expressing NRAMP1, significant higher accumulation of As was recorded

in comparison to Wild Type.

NRAMP3 and NRAMP4 are responsible for Cd*" efflux from the vacuole. Their
overexpression increased Cd sensitivity in Arabidopsis and they are responsible for the
release of vacuolar Fe**. In T. caerulescens these are overexpressed both in roots and
shoots where their roles are still unclear. The up-regulation of AtNRAMP4 in roots and
shoots upon Cd stress may also be a consequence of Cd-induced decrease in Fe
availability. The decrease of essential metals under Cd stress could be caused by the
inability to recycle Fe and Mn from the vacuole into the chloroplast. Mn is involved in
PSII photo activation, and Cd replacing the Mn in the PSII (Faller et al., 2005). For this
reason Cd inhibits photosynthesis, by inhibiting PSII it activates a continual cycle of

damage and repair (Edelman and Mattoo, 2008; Mollins, 2012).

PHOSPHATE TRANSPORTER

In plants, phosphate transport is involved in Arsenate uptake from the soil to the roots

(Abedin et al., 2002; Meharg and Hartley-Whitaker, 2002; Wang et al., 2002). In Pteris
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vittata the influx of arsenate was strongly reduced by the presence of phosphate in the
uptake solution. In Arabidopsis, overexpression of PHT1 or PHT7 causes hypersensitivity
to arsenate, due to increased arsenic uptake, while arsenic resistance is enhanced through
YCF1-mediated vacuolar sequestration (Smith, et al., 2013). The arsenate uptake is
enhanced in P-deficient plants, as reported in barley (Hordeum vulgare) (Lee, 1982), and
in the As non-resistant population of H. lanatus (Meharg et al., 2002). P. vittata can also
hyperaccumulate As, when present as arsenite, but the uptake does not share the same
transport systems for phosphate. In the absence of phosphate in the uptake solution, P.
vittata assumed As (III) very slowly, at a rate that was about one-tenth of the arsenate

influx, (Wang, et al., 2002).

ARSENATE REDUCTASE 2

Arsenate reductase (ACR2), like AtACR2 in Arabidopsis and OsACR2.1 and OsACR2.2
in rice, may be involved in AsV reduction (Dhankher et al., 2006; Duan et al., 2007).
However, more recent evidence showed that canonical ACR2 arsenate reductase probably
does not play a significant role in arsenate reduction (Liu et al., 2012; Chao et al., 2014).
Instead, a novel arsenate reductase, HAC1 (High Arsenic Contentl) (Chao et al., 2014),
is critical for AsV reduction and AsV tolerance in Arabidopsis. This protein reduces AsV
to AsIII in the outer cell layer of the roots, causing AslII efflux out into the external

environment (Chao et al., 2014).

ABCCI

AtABCCI1 and AtABCC2, in Arabidopsis, mediate AsIII-PC complex transport to the
vacuole. The overexpression of AtABCCI increases As tolerance only when co-
expressed with PCS, indicating the cooperation of PC synthesis and AsIII-PC complex
transporters in plant As detoxification (Song et al., 2010).

The two genes are not synthesized de novo but they are constitutively present in a plant
cell to rapidly respond to toxic metal (loid)s and xenobiotic stresses. In root rice,
OsABCCI is expressed in the exodermis and pericycle inducing the biosynthesis of thiol

compounds that bind to As in cytoplasm (Song et al., 2014). Overexpressing transporters
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for As sequestration in the shoots may lead to As accumulation in plants (Zhu and Rosen,

2009; Guo et al., 2012).
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Genes
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in root vacuoles
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Figure 10. Mechanism of As uptake in rice plant and role of ABCCI, (Chen, et al., 2009).

However, overexpression in the roots may decrease As accumulation in the shoots,
because the metals is storage only in root and the uptake can not happen (Zhu and Rosen,
2009; Ueno et al., 2010). Because complexation of AsIII by thiols is a critical step for As
transport into the vacuoles, in plants simultaneously expressing the ABC transporters and
PC synthase, the rate-limiting step in PC biosynthesis, may maximize As sequestration
(Fig. 10) (Chen, et al., 2017). As(V) exhibits a complex metabolism in plants, and
apparently accumulation of PC—As complexes in the cytosol induces mechanisms that

reduce the transfer of arsenic to the shoot (Song, et al., 2010).
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2 Aim of work

Phytoremediation is a technique where specific plants are used for removing toxic
elements, such as heavy metals, from contaminated soils. In order to preserve the quality
of'soils, waters and food, the use of specific plants for contaminants removal is considered
an environmentally friendly technology, safe and cheap (Cunningham et al., 1995).
Insofar, few studies have investigated about the molecular mechanisms that in plants are
involved in heavy metal tolerance as a part of the more general phytoremediation response

(Pollard et al., 2002).

In this PhD thesis we studied the response mechanisms to heavy metals stress in Cynara

cardunculus L., with the aim of using this plant for phytoremediation purposes.
This research was carried out analysing the following different aspects:

1. The influence of the genotype on seed germination in soil contaminated with Cd,
As and a combination(s) of Cd + As;

2. The influence of these heavy metals on seedling growth;

3. The identification of cardoon orthologous of plant genes associated with heavy
metals transport and accumulation;

4. The transcriptional modulation of genes involved in the response to different
heavy metals stresses, in different genotypes and at different metal concentrations
and the similarity of the gene expression response, activation or down regulation,

between cardoon and accumulator model plants.
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3 Materials and methods

During this research activity, five different trials were carried out to investigate on genes
associated with heavy metals accumulation in C. cardunculus: germination test, seedling
growth analysis, identification of genes associated with heavy metals transport,
identification of genes usable as housekeeping genes, and analysis of the gene expression

levels. Below are explicated the methodology used.

3.1 Plant materials

For the different trials of this study, three genotypes were assessed: two wild cardoon
genotype (sylvestris) and one domestic cardoon variety (altilis). All the three genotypes
belonged to the C. cardunculus L. genetic bank of the section of U.O.S. Catania of the
Istituto sui Sistemi Agricoli e Forestali del Mediterraneo (ISAFOM) CNR (Italy).

In particular, for the germination tests, we considered all three genotypes. The wild
cardoon populations were collected in two very different sites of Eastern Sicily: the first
placed at 900 m above sea level in the territory of Randazzo (CT) within Nebrodi
Regional Park (R14CT) and the second placed in the territory of Augusta (SR) at 4 m
above sea level within the industrial area (A14SR). The domestic cardoon (Cynara
cardunculus var. altilis DC.), is a selected line to produce biomass for use in Green
Chemistry by CNR-ISAFOM UOS Catania. The seed of all three genotype were
harvested in the year 2014.

To carry out the molecular analyses, the seeds of the line of domestic cardoon (Cynara
cardunculus var. altilis DC.) collected during the summer 2015, were grown in incubator
at 25/15 °C and 12h of photoperiod and germinated seeds (GS) are used to identify the

presence of genes associated with heavy metals transport.

To find the housekeeping genes usable during gene expression analyses, five different
stages of plant cycle of C. cardunculus var. altilis, collected in 2015, were used: water
imbibed seed (IDS), germinated seeds (GS), young leaf (YL), flower open head
(capitulum) (OC4), and flower closed capitulum (CC1). IDS and GS samples were grown
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in incubator at 25/15 °C and 12h of photoperiod. The seeds were sown with 3 mL
bidistilled water on Whatman filter paper and were harvested respectively after 24 h and
48 h since imbibition time. YL, OC4 and CC1 samples were grown in the field where YL
represents young leaf stage, CC1 the flower primordial and OC4 the final stage of heads

flowering.

Three biological replicates were used in this study for the different conditions. All

samples after harvesting were immediately frozen in liquid nitrogen and stored at -80 °C.

For the gene expression analyses, the seeds of altilis genotype and wild cardoon (A14SR)
were collected during the summer 2015. The seeds were surface-sterilized with 0.5%
(w/v) sodium hypochlorite for 1 minute, followed by three thorough rinses with sterile
water. Three biological replicates, each of which, consist of two plants, were germinated
and grew in /2 MS solid Medium with 0, 25 and 50 uM of Cadmium Sulphate hydrate
and Sodium Arsenate di-basic heptahydrate, in 20/25 °C of temperature and 12h
light/dark cycle photoperiod.

The plants were harvested after two and three weeks, separated into shoots and roots, and
immediately frozen in liquid nitrogen. The samples were grinded with sterile mortar and

pestle in liquid nitrogen, and 100 mg of tissue were used for RNA extraction.
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3.2 Germination tests

The experiments were carried out in agar medium contaminated with Cd and As at
different concentrations (Di Salvatore et al., 2008). The solid medium consists in 9% plant
agar and bidistilled water, at 5.5 - 6.0 pH. The seeds of R14CT, A14SR and “Altilis” were

used for these tests.

The trials were conducted using a completely randomized block design with five
replications. Three treatments were investigated: Cd, As and combined Cd + As solutions.
Four different metal concentrations were used per treatment (10 uM, 50 uM, 100 uM and
200 uM), no metal concentration was used for the control (CTRL). To remove the issues
associated with using variable form of metal salts as a source of heavy metals we used a
pure single metal element solution (ICP standard solution, Sigma Aldrich) which has

certified guaranteed purity (99.99 %) (Bae et al., 2014).

Seeds were surface-sterilized with 5% (w/v) sodium hypochlorite for 15 minutes,
followed by three thorough rinses with sterile water. Then they were sown on Petri dishes,
thirty per plate, containing 25 mL of agar medium supplemented, after autoclave
sterilization, with heavy metals alone and combined at different concentration as
described above and placed in a growth chamber under a 12/12 h light/dark cycle
photoperiod at 25/15 °C thermoperiod. Germination was determined at 24 h intervals until
no further germinated seeds were observed for three consecutive days. The seeds were
considered germinated when there was radicle protrusion through the seed coat.
Germination percentage was calculated by the ratio between the total number of
germinated seeds and total number of seeds germinated at 0 pM (this value was

considered 100 %).

3.3 Seedlings growth analysis

The experiment was carry out on altilis and sylvestris seedlings, growth in %2 MS medium
under 0 uM, 25 uM and 50 uM of Cd and As, at 20/25 °C and 12h photoperiod. The
seedlings were harvested after 3 weeks, separated into shoot and root, and the length was

measured. Shoot height was measured from culms base to the tip of the longest leaf and
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root length was measured from the root-shoot junction to the tip of the longest root. These

plant materials were used for the gene expression analysis.

3.4 Identification of cardoon genes likely associated with heavy metals transport

and accumulation

To asses in cardoon the presence of the genes that usually are involved in heavy metals

transport, different methodologies were carried out.

3.4.1 RNA extractions

The RNA extraction, was performed on Germinated seeds (GS) without metal. 100 mg
of seedling was grinded with mortar and pestle in liquid nitrogen. Total RNA was
extracted using RNeasy Plant Mini Kit (QIAGEN, Germany), whose technology allows
to capture RNA on a silica membrane spin filter. During the reaction, the DNase treatment
was made to remove the gDNA residual. The extract was analysed with QIAxcell
instrument by the mean of capillary electrophoresis, that measures the pick of 18S and
28S rRNA (the most abundant). The RNA purity and integrity were asses considering
RIS number (RNA integrity score)., Reverse transcription reactions were performed by
using ImProm-II™ Reverse Transcription System (Promega, Madison USA) according

to the manufacturer’s instructions. 1 pg of total RNA was used for the cDNA synthesis.

3.4.2 Primer designing

To design the cloning primers for the genes of interest, the complete cds of other plants,
such as Arabidopsis or N. caerulescens, were blasted, with BLASTx alghorithm available
at the NCBI website (http://www.ncbi.nlm.nih.gov), against Cynara database (taxid:
59895). GI number obtained for each gene, was searched inside the artichoke genome
sequences (Scaglione et al., 2016). Then we aligned the genomic cardoon sequences
against the complete cds of the model plants using Clustal € program (Sieveres et al.,
2011). In the conserved domain, with high identity, we designed the cloning primers,

using primer3 website (Rozen et al., 1999). We tried to amplify the entire sequence, using
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two pairs of primers, one on the first part of the sequence, one on the last part, with an

overlap region.

3.4.3 Polymerase Chain Reaction (PCR)

The polymerase chain reaction was used to understand if the genes are expressed in
cardoon, and to obtain the RNA sequences in C. cardunculus. The cDNA was used as
template to amplify the selected genes using cloning primers and PCR products were
analysed on a 1.5% agarose gel.

The PCR was performed with PerfectTaq DNA polymerase (5 PRIME, Hilden,

Germania), according to the manufacturer’s instructions.

For the reaction 700 ng of cDNA were used. Different annealing temperatures were
considered for the different genes amplified. The PCR products were check by the mean

of Electrophorese on agarose gel at 1.5 %, and Gel Red is used as intercalates.

3.4.4 Cloning and miniprep

The PCR products that showed a single band in agarose gel, were cloned into the pJET
vector (CloneJET PCR Cloning Kit, Thermo Scientific). This vector contains a lethal
gene eco47IR enables positive selection of recombinant plasmid, which is disrupted by

ligation of a DNA insert into the cloning site (Fig.12).
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pJET1.2/blunt
2074 bp

Figure 12. Map of pJET1.2/blunt vector, with the restriction sites evidenced. Eco47IR is the lethal gene,
bla is the gene that caused the Ampicillin resistance.

Only the cells with recombinant plasmids were able to propagate. The growth medium
was LB - ampicillin (50 mg/L) plates, pH 7.0. After 12h at 37 °C the colonies were picked,
put in 1 mL sterile water and a part stored in a LB - ampicillin plates for the future
analyses, and a part vortexed for 10 sec. 10 pL of the latter, were used as template for the
screening of the recombinant clones during colony PCR. The amplification was carried
out with Tag My Taq at Ta of 60 °C. The vector primers used were: pJET1.2 forward
sequencing primer 5’- CGACTCACTATAGGGAGAGCGGC- 3’ and pJET1.2 reverse
sequencing primer 5’- AAGAACATCGATTTTCCATGGCAG- 3’ that are at the
positions 310 and 428 of the vector respectively. The PCR products were verified on
agarose gel at 1.5 %. Positive clones were incubated for 16 h at 37 °C in LB Lennox
liquid broth with ampicillin. Plasmid DNA was extracted by the means of QIAprep
Miniprep Kits (QIAGEN, Germany), that uses silica membrane technology (Fig. 13) and
amplified using vector primers and Taq My Taq. Quantitative and qualitative analyses of

extracted plasmid DNA were performed by using spectrophotometer.
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Figure 13. Scheme of miniprep protocol, with the resuspension, column binding, column washing, DNA
elution phases showed.

The sequences were analysed using Sanger method, with vector primers and the results

were investigated with bioinformatics tools.

3.4.5 Bioinformatics tools

The 5’ and 3’ sequences of the genes obtained from sequencing were used to make the
contigs using CodonCode software. Then the constructs were evaluated by comparing
them with the nucleotide sequences deposited in National Center for Biotechnology
Information (NCBI) databases using the BLASTn algorithm. The sequences were blasted
against all DNA and protein databases, and against Cynara cardunculus var. scolymus
(taxid: 59895) using the BLASTx algorithm available at the NCBI website
(http://www.ncbi.nlm.nih.gov). The contigs were translate with Expasy program (Artimo
et al., 2012) and the amino acidic sequences were blasted against all database and against
Cynara cardunculus var. scolymus (taxid: 59895) with BLASTp algorithm. The
sequences were aligned with the nucleotide and amino acidic sequences with the higher
score during blast analyses, by using of Clustal € program (Sieveres et al., 2011) and

BioEdit program. (Hall, 1999).

3.5 Housekeeping gene isolation

Seven genes were selected to obtained reference genes for further quantitative analysis in
cardoon plant. GAPDH (glyceraldehyde 3-phosphate dehydrogenase), B-TUBULIN,
ACTIN, ELONGATION FACTOR, 18S, ANAPHASE PROMOTING COMPLEX and
TRASDUCIN/WD40 were investigated. To obtain the sequence of the genes in cardoon
plant, the sequences of DNA from Arabidopsis were selected and used as reference

(Dekkers et al., 2012). The protocols used for the RNA extraction, cloning primer
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designing, cloning and sequence analysis were the same of that described above, in

paragraph 3.4.1. —3.4.5. GS samples were used as template for PCR analyses.

3.5.1 Primer designing for qPCR

To design the primers for the qPCR, Primer3 website (Rozen et al., 1999) was used. The
parameters used for GAPDH, B-TUBULIN, ACTIN, ELONGATION FACTOR, 188,
ANAPHASE PROMOTING COMPLEX, WD40 (reference genes) were 70-150 bp the
length of amplicones and 60-64 °C the melting temperature. The program used was

Primer3 (Rozen et al., 1999).

3.52 qPCR

To analyse the stability of the reference genes Real time PCR was carried out. 100 ng of
water imbibed seed (IDS), germinated seeds (GS), young leaf (YL), flower open head
(capitulum) (OC4), and flower closed capitulum (CCl) ¢cDNA and QuantiNova™
SYBR® Green PCR Kit (QIAGEN, Germany) were used. Three technical replicates were
made for each sample. The RT—-qPCRs were run on a Rotor Gene-6000 (QIAGEN,
Germany) with the following condition: first step at 95 °C for 2 min and afterwards 40
cycles alternating between 5 s at 95 °C and 10 s at 63 °C. Each 20 pL reaction mixture
consisted of: 10 pLof 2x QuantiNova SYBR Green PCR Master Mix, 1.25 pL each of
forward and reverse primer (10 uM), and 1 pL of ¢cDNA (100 ng). The Ct value was

inserted manually, about at lower 1/3 or 1/2 of the linear phase of amplification.

3.5.3 Data analysis

The expression data of the seven reference genes were used for analyses with two
Microsoft Excel-based statistical algorithms: geNorm (v 3) and NormFinder (v 0.953).
The two software packages were used according to the manufacturer’s instructions. The
M value measured represents the “average expression stability”. The RT-qPCR data were
normalized per reference gene. The rate between the Ct at different conditions and the
average of Ct of each gene were considered to compare the stability of HK genes, with
reference to the geNorm and NormFinder user manuals.
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3.6 Gene expression analysis

To assess the gene expression level of the gene associated with heavy metal tolerance,
the seedlings of altilis and sylvestris varieties, grew for two and three weeks in /2 MS
medium, contaminated with 0, 25, 50 uM of Cd and As, according to the methodology

described in paragraph 3.1, were used.

3.6.1 RNA extraction

Shoots and roots RNA extractions were based on Chang et al., 1993, modified for
cardoon. To lysate the tissue, 600 pL of extraction buffer (CTAB 2 %, PVP 2 %, Tris-
HCI 100mM (pH 8), EDTA 25 mM, NaCl 2 M), warmed at 65 °C plus 2 % f-
mercaptoethanol were added to 100 mg of the sample, mix completely by inverting and
incubate at 65 °C with vigorous shaking every 3 min. To separate the two phases (organic
and aqueous phases), 500 pL of Chloroform:TAA (24:1) were added, than vortex and
centrifuged at 13000 rpm for 10 min at Room Temperature (RT). The upper layer was
transferred in a new tube, and an equal volume of Chloroform:IAA (24:1) was added,
than vortexed and centrifuged at 13000 rpm for 10 min at RT. The upper layer was
transferred in a new tube, and an equal volume of cold isopropanol was added. To
precipitate the RNA, LiCl at final concentration of 2 M was added to the sample, and
incubated at 4 °C overnight. The next day the samples were centrifuged at 13000 rpm for
30 min at RT. The supernatant was discard, and the pellet was resuspended in 1 mL of
DEPC water, 250 pL of LiCl 10 M and incubated for 3 hours on ice. Than the samples
were centrifuged at 13000 rpm for 10 min at RT, and the supernatant was discarded. The
pellet was washed in 250 uL of DEPC water, 25 pL of Sodium Acetate 3M and 1 mL of
absolute ethanol. Than the RNA was precipitated for 3 hours at -20 °C. Than the samples
were centrifuged at 13000 rpm for 10 min at RT, and the pellet resuspended in 50 pL of
DEPC water. The RNA purity was tested with Nanodrop, and only the sample with the
ratio 260/280 > 2.00 and the ratio 260/230 > 2.00 are used for the gene expression
analysis. gDNA residue was eliminated with RQ1 RNase-Free DNase (Promega™, USA)
treatment. The same protocol above described, in paragraph 3.4.1- 3.4.5. were used for

the reverse transcription reaction, cloning and sequence analyses.
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3.6.2 Primer designing

To design the primers for qPCR, the sequences obtained from the sequencing were used.
After verification of these, with bioinformatics tools, the primers for NRAMPI,
NRAMP3, ZIP11, HMA3, ABCCI1, PHT (genes associated with heavy metals tolerance)
were designed using primer3 website (Rozen et al., 1999), setting these parameters: 60
°C Ta, size of product 100 — 150 bp, 50 % GC, and when possible, the 3’ — end of the

primers, had to end with G or C, because more stables.

3.63 qPCR

For the reaction 600 ng of cDNA were added to master mix, including Syber green
(promega), primers, and samples were puts on plates (Biorad) and in the qPCR machine
(Biorad). The program of qPCR was denaturation 95 °C, 72 °C extension, and 60 °C
annealing temperatures. The melt curves were asses for the different primers, and the
quality check of the primers was made before use, with scalar dilutions with a range 5 (5,
25, 125, 625 fold). The expression levels were compared with the two genes
housekeeping (EF1 alpha and GAPDH). The threshold was set at 1000 for each reaction.

Ct values of each samples were used to analyse the data.

3.7 Data analysis

All data were submitted to the Barlett’s test for the homogeneity of variance and then
analysed using analysis of variance (ANOVA) with CoSTAT program. Angular
transformation of the germination data, was carry out. Means were separated on the basis
of the least significant different (LSD), when the ‘F’ test of ANOVA for treatments was

significant at least at 0.05 probability level.
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4 Results

4.1 Germination tests

Seeds germination was influenced by the genotypes, heavy metals, their concentrations,
and the combination of these three parameters (Fig. 14). Response resulted strongly
affected by the genotype (the line of domestic cardoon and two population of wild
cardoon). The major differences were found between the two populations of sylvestris
collected in very different sites of Eastern Sicily: the first grow at 900 m above sea level
in the territory of Randazzo (CT) within Nebrodi Regional Park (R14CT) and the second
grow in the territory of Augusta (SR) at 4 m above sea level within the industrial area

(A14SR).
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Figure 14. Seeds of Cardoon germinated in agar medium supplemented with Cd 50 um (left) and As 100
um (right) after 10 day from sowing.

As predicted, the ANOVA analyses showed that heavy metals concentration was the main
cause of variation contributing for 64 % of the total (Table 1). In particular ‘altilis’, a
selected line of cardoon, showed more tolerance to Cd and Cd + As treatments compared
to wild cardoon R14CT, which belong to plants grown in uncontaminated soils. A14SR,
grown in contaminated soils, resulted more tolerant to As, compared to the other
genotypes. For this reason, the variety of sylvestris corresponding to the A14SR genotype

was used in the transcriptional studies reported below. R14CT, the genotype harvested in
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uncontaminated soil, showed the lower germination percentage compared to other

genotypes, independently of the metal used.

Figure 15 shows the rate of germination at different concentrations of heavy metal. Data

can be explained by the analysis of variance reported in table 1.

Table 1. Analysis of variance of final germination percentage of cardoon with heavy metals and partition
of the treatment of squares into main effect and interaction.

o Mean squares
Source of Variation

Absolute value % of total
Genotype (G) 0.3] **x* 12.50
Metal (M) 0.38 **x* 15.47
Concentration (C) .58 #*** 64.02
G*M 0.08 **x* 3.11
G*C 0.03 *** 1.15
M*C 0.04 *** 1.52
G*M*C 0.05 **x* 2.22

Germination, averaging the contribution of all the three sources of variation, was 65.9 %.
Compared to this value, the A14SR genotype with 73.0 %, resulted the genotype with the
most capacity to germinate in contaminated soil, and wild cardoon R14CT, with 54.07

%, the less tolerant.

Regarding the heavy metal used as contaminant in the soil, Cd was the less effective with
a germination percentage of 77.0 % and a 17.23 % higher value than average. The
germination under Cd + As, showed the largest decrease, 14.24 %, compared to the

average value.

Compared to the interaction of the different factors, genotype x metal, with 3.11 %, results
the main cause of variation. In particular, under Cd treatment, altilis genotype showed the
highest germination percentage (83.0 %). Moreover, A14SR genotype showed the highest
germination percentage (76.0 %) under As treatment. Instead. the genotype R14CT
showed a lowest germination percentage under both treatments, 69.4 % and 45.6 %,

respectively (Fig. 15).
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Figure 15. Germination percentage of ‘altilis’, A14SR and RI14CT at different treatments and
concentrations. Different letters indicate significant differences at P < 0.05 among genotypes within the
same concentration followig Student-Newman-Keuls test.
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4.2 Seedling growth analysis

Seedlings length, measured after three weeks of treatments with 0, 25 and 50 uM
concentrations of either As or Cd, was differentially affected in the two varieties (fig.17).
Altilis genotype showed growth similar to the control (CTRL, 0 uM), under As treatment
while under Cd treatment, a significant reduction in roots and shoots length was observed
showing a lower tolerance to the metal than that observed in the previous germination

phase. However, shoots, in contrast to roots, remain vitals with no evidence of chlorosis.

In sylvestris under both metals, roots and shoots length decreases with the increase of

concentrations but at 25 pM this is more evident with Cd than As.

In particular, the roots and shoots length, averaging the contribution of all the three
sources of variation, including the different genotypes, was 2.99 cm and 2.97 cm

respectively, with a ratio shoot / root ~1.

Compared to this value, the genotype altilis, with a ratio 1.2, resulted the variety with the
highest epigeal part, while sylvestris with a ratio 0.65, resulted the genotype with the

shortest aerial part.

As shown in table 3, the differences scored for both metals were significant.
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Figure 17. Seedling of altilis (A) and sylvestris (B) 3 weeks old, growth in 2 MS solid medium under
different concentration of metals.

In the variety sylvestris plants length decreased with Cd treatment. Root length resulted
more than 2 folds lower compared to untreated controls (Fig. 18). Under As treatment,
the effects of metal concentration were evident at 50 uM. In fact, at 25 pM, the seedlings
grow, and the ratio shoot/roots is more than 1, in contrast to the control. At 50 uM, the

seeds germinated, but didn’t grow, and the browning of the roots was evident.

The variance analysis showed a different behaviour in the two genotypes considered.
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Table 3. Analysis of variance of plant length, separated in shoot and root, measured after 3 weeks of
treatment with As and Cd. Partition of the treatment sum of squares into main effect and interaction.

sylvestris altilis
Source of Mean squares Mean squares
Variation gp  Absolute %oftotal ~ df ‘rbsolute % of total
value value

Organ (O) 1 5.84 * 1 5.14 ** 6.83
Metal (M) 1 1.17 ns 1 30.25 #*** 40.24
concentration (C) 2 15.13 *** 2 2940 *x* 39.11
O*M 1 0.06 ns 1 1.14 ns 1.51
O*C 2 16.97 *** 2 1.33 ns 1.77
M *C 2 2.59 ns 6.18 2 7.62 F*E 10.13
O*M*C 2 0.15 ns 0.35 2 0.31 ns 0.41

As shown in table 3 in sylvestris variety, organ x concentration, with 16.97 %, results the

main cause of variation with respect to all the factors considered.

On the contrary, in altilis variety, metal x concentration results the main and solely

significant cause of variation.

In particular, with Cd, the increase of concentrations caused a reduction of seedling length
that was 31% and 51% in sylvestris and 59% and 70% in altilis, at 25 pM and 50 pM
compared to the control. With As treatment, the decrease was 21% and 100% in sylvestris

and 14% and 28% in altilis, at 25 uM and 50 uM compared to the control.

The ratio root length/ seedling length was also influenced by the metal and concentration
used. In particular, with Cd, the ratio was 80%, 42% and 47% at 0, 25 and 50 uM
respectively in sylvestris, while it was 43%, 39% and 33% in altilis at the same
concentrations. With As treatment, the ratio was 80%, 35% at 0 and 25 uM in sylvestris
(at 50 uM the plants germinate but didn’t grown), while it was 43%, 49% and 52% in
altilis at 0, 25 and 50 uM, showing this latter no changes compared to control. The change

of ratio shoot/roots is very strong in sylvestris, compared to both altilis and the control
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Figure 18. Root and shoot lengths of “altilis’, and ‘sylvestris’ harvested after 3 weeks of treatment under
different concentrations of As and Cd. The error bars indicate the Standard Deviation of three biological

replicates.
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4.3 Identification of cardoon genes likely associated with heavy metals transport

and accumulation

Oligonucleotide primers designed on the annotated sequences of Arabidopsis or Thlaspi
with the use of the primer3 website program were used for the isolation and
characterization by PCR of orthologous cardoon genes putatively associated with heavy
metals transport and accumulation (Supplementary Table 1). After sequencing, the genes
identified in Cynara were NRAMP1, NRAMP3, ZIP11, HMA, ABCCI1, PHT and PCS.
Contigs obtained with the use of the BLASTn and BLASTp platforms are shown in
Supplementary Tables 2 and 3. The BLASTn of the sequences against all database,
resulted with a percentage of identities that was always > than 72 % (ST.2).The identities
of the BLASTp against all database resulted > 76 %, and against Cynara scolymus scored
> 91 % for all genes. These results, and the score obtained by BLAST, confirmed the
identity and reliability of our sequences, not previously recognized in cardoon. In fact,
the nucleotide sequences present in cardoon database are just predicted from amino acid

sequences.

The query cover is a percent of the query sequence that overlaps the subject sequence. It
resulted over 90 % in NRAMP3, PHT, and PCS but was very low in ABCC1. The Expect
value (E) is a parameter that describes the number of hits that one ‘expects’ to see by
chance when searching a database of a given size. It decreases exponentially as the Score

(S) of the match increases. The E value was always low in our studies.
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4.3.1 Alignment of sequences

To proceed with the identification of genes associated with heavy metals transport,
different alignments of corresponding orthologous A.Thaliana proteins against the
Cynara protein database were carried out. Table 4 shows BLASTx of the different
isoforms known in Arabidopsis compared to Cynara. Different A. thaliana isoforms
could not always find a corresponding accession protein in Cynara.

Table 4. BLASTX of Arabidopsis gene isoforms against Cynara database.
BLASTX OF ARABIDOPSIS AGAINST CYNARA

PROTEIN Max score Total score Query cover E value Ident Accession
NRAMP1 672 672 63% 0.0 70% KVI06072.1
NRAMP?2 793 793 77% 0.0 81% KVH98279.1
NRAMP3 747 747 75% 0.0 77% KVH98279.1
NRAMP4 712 712 61% 0.0 71% KVH98279.1
NRAMP5 669 669 74% 0.0 68% KVH98279.1
NRAMP6 723 723 49% 0.0 71% KVI06072.1
PHTI.1 818 818 77% 0.0 79% KVH91481.1
PHT1.4 805 805 76% 0.0 84% KVH91495.1
PHT1.5 794 794 86% 0.0 76% KVH91481.1
PHT1.9 588 828 82% 0.0 55% KVI05143.1
PHTI.8 537 783 80% 0.0 55% KVI05143.1
PHT1.2 814 814 83% 0.0 80% KVH91481.1
PHT1.7 878 878 76% 0.0 85% KVH91495.1
PHTL3 843 843 99% 0.0 79% KVH91481.1
843 843 99% 0.0 79% KVH91495.1
PHT1.6 705 705 99% 0.0 68% KVH91495.1
PHT2.1 676 676 70% 0.0 70% KVI05770.1
PHT3.1 547 547 53% 0.0 87% KVI109253.1
PHT3.2 512 512 70% 0.0 69% KVI109253.1
PHT3.3 430 430 53% 6.00E-149 67% KVI08722.1
PHT4.1 721 721 59% 0.0 83% KVI03657.1
PHT4.6 656 656 57% 0.0 78% KVH97383.1
PHT4.2 499 499 61% 3.00E-171 58% KVH94681.1
PHT4.3 635 635 55% 0.0 75% KVH94681.1
PHT4.5 282 282 34% 3.00E-90 63% KVH93765.1
PCS1 404 404 74% 2.00E-135 53% KVI12347.1
PCS2 404 404 83% 2.00E-136 49% KVI12347.1
HMAL1 963 963 73% 0.0 70% KVH92487.1
HMA?2 845 845 63% 0.0 64% KVI01438.1
HMAS 631 828 1% 0.0 64% KVH87487.1
579 765 79% 0.0 59% KVI01438.1
HMA4 732 732 48% 0.0 64% KVI01438.1
HMAS 1422 1422 93% 0.0 73% KVH90063.1
HMA6 955 955 66% 0.0 68% KVI01812.1
GAPDH 185 185 42% 8.00E-58 79% KVH97848.1
EF1A 175 175 11% 2.00E-51 72% ACC995%4.1
ZIP1 298 298 60% 5.00E-98 60% KVI102328.1
7IP2 383 383 62% 3.00E-131 66% KVI11955.1
ZIP3 275 275 58% 2.00E-88 53% KVH89209.1
7IP4 346 346 66% 1.00E-114 65% KVH52325.1
ZIIP5 285 285 64% 3.00E-92 54% KVH89209.1
ZIP11 395 395 64% 3.00E-136 65% KVI10407.1
ABCCI 2090 2090 85% 0.0 66% KVH87904.1
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https://www.ncbi.nlm.nih.gov/protein/976903694?report=genbank&log$=prottop&blast_rank=1&RID=B04P2PG7015
https://www.ncbi.nlm.nih.gov/protein/976903714?report=genbank&log$=prottop&blast_rank=1&RID=B04W9KMR015
https://www.ncbi.nlm.nih.gov/protein/976903694?report=genbank&log$=prottop&blast_rank=1&RID=B05F0MUZ015
https://www.ncbi.nlm.nih.gov/protein/976903714?report=genbank&log$=prottop&blast_rank=2&RID=B05F0MUZ015
https://www.ncbi.nlm.nih.gov/protein/976903714?report=genbank&log$=prottop&blast_rank=1&RID=B05XTEYG014
https://www.ncbi.nlm.nih.gov/protein/976921067?report=genbank&log$=prottop&blast_rank=1&RID=B04AC1V3015
https://www.ncbi.nlm.nih.gov/protein/976925344?report=genbank&log$=prottop&blast_rank=1&RID=B06A5CE6014
https://www.ncbi.nlm.nih.gov/protein/976925344?report=genbank&log$=prottop&blast_rank=1&RID=B06FMZZ9014
https://www.ncbi.nlm.nih.gov/protein/976924788?report=genbank&log$=prottop&blast_rank=1&RID=B06NYE2T014
https://www.ncbi.nlm.nih.gov/protein/976918481?report=genbank&log$=prottop&blast_rank=1&RID=B06W5G2R014
https://www.ncbi.nlm.nih.gov/protein/976910709?report=genbank&log$=prottop&blast_rank=1&RID=B0704P38015
https://www.ncbi.nlm.nih.gov/protein/976907306?report=genbank&log$=prottop&blast_rank=1&RID=B07BKY45015
https://www.ncbi.nlm.nih.gov/protein/976907306?report=genbank&log$=prottop&blast_rank=1&RID=B07GVSZN015
https://www.ncbi.nlm.nih.gov/protein/976906321?report=genbank&log$=prottop&blast_rank=1&RID=B07P7YP3015
https://www.ncbi.nlm.nih.gov/protein/976929500?report=genbank&log$=prottop&blast_rank=1&RID=B088H5PY015
https://www.ncbi.nlm.nih.gov/protein/976929500?report=genbank&log$=prottop&blast_rank=1&RID=B08JWD3R014
https://www.ncbi.nlm.nih.gov/protein/976904831?report=genbank&log$=prottop&blast_rank=1&RID=B09HKVGJ015
https://www.ncbi.nlm.nih.gov/protein/976915500?report=genbank&log$=prottop&blast_rank=1&RID=B09ZB2PH015
https://www.ncbi.nlm.nih.gov/protein/976898499?report=genbank&log$=prottop&blast_rank=1&RID=B0AADCZV015
https://www.ncbi.nlm.nih.gov/protein/976915500?report=genbank&log$=prottop&blast_rank=2&RID=B0AADCZV015
https://www.ncbi.nlm.nih.gov/protein/976915500?report=genbank&log$=prottop&blast_rank=1&RID=B0AGMSE4014
https://www.ncbi.nlm.nih.gov/protein/976902105?report=genbank&log$=prottop&blast_rank=1&RID=B0APN75N015
https://www.ncbi.nlm.nih.gov/protein/976916289?report=genbank&log$=prottop&blast_rank=1&RID=B0JADANZ014
https://www.ncbi.nlm.nih.gov/protein/976911191?report=genbank&log$=prottop&blast_rank=2&RID=B0FA9BNU014
https://www.ncbi.nlm.nih.gov/protein/186972711?report=genbank&log$=prottop&blast_rank=1&RID=B0HVFCT301R
https://www.ncbi.nlm.nih.gov/protein/976916831?report=genbank&log$=prottop&blast_rank=1&RID=B0KKXUM0014
https://www.ncbi.nlm.nih.gov/protein/976929090?report=genbank&log$=prottop&blast_rank=1&RID=B0M9UYYE015
https://www.ncbi.nlm.nih.gov/protein/976901077?report=genbank&log$=prottop&blast_rank=1&RID=B0MFDS53014
https://www.ncbi.nlm.nih.gov/protein/976862268?report=genbank&log$=prottop&blast_rank=1&RID=B0MJ3K8S014
https://www.ncbi.nlm.nih.gov/protein/976901077?report=genbank&log$=prottop&blast_rank=1&RID=B0MP1DBD015
https://www.ncbi.nlm.nih.gov/protein/976926546?report=genbank&log$=prottop&blast_rank=1&RID=B0MS923S015
https://www.ncbi.nlm.nih.gov/protein/976899337?report=genbank&log$=prottop&blast_rank=1&RID=C4YN44R2016
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Alignments of the nucleotide sequences (contigs resulted from cloning) against other
plant species that showed a high score using BLASTn, can be found in the Appendix.
Each nucleotide is identifiable by a different colour allowing an easy recognition of the
nucleotide matches. These results showed a high similarity of the contigs resulted from
the cloning with the sequences present in the annotated cds of the database, but the

nucleotide sequence size was lower than that of the annotated cds

The amino acidic (aa) sequences of our contigs translate with Expasy program, were
aligned with the database aa sequences by the mean of BLASTp algorithm. The results
showed that in the different species, phylogenetically similar to Cynara cardunculus L.,
as Helianthus annuus L., the alignment has a high match number and high identity among

the aa sequences.

4.4 Housekeeping genes analysis

GAPDH, B-TUBULIN, ACTIN, ELONGATION FACTOR, 18S, ANAPHASE
PROMOTING COMPLEX and TRASDUCIN/WD40 housekeeping genes were assayed
in different times of growth (water imbibed seed (IDS), germinated seeds (GS), young
leaf (YL), flower open head (capitulum) (OC4), and flower closed capitulum (CC1)) to
select which one was better suitable to act as reference in gene expression analyses.
Cloning primers for such genes, used in PCR, are shown in Supplementary Table 4. The
results of the contigs blasted with BLASTn and BLASTp are shown in Supplementary
Tables 5 and 6. The identities of the BLASTp against all database were > 83%, and
against Cynara scolymus > 88 % for all the genes assayed, except for GAPDH that was
61 %. The BLASTn of the sequences against all database, resulted with a percentage of
identities always > than 85 % (ST. 6).

The dissociation curves during qPCR, showed the specificity and efficiency of the
primers for real time PCR. As showed in figure 19, only a single peak was observed, for
any of the tested housekeeping genes with the exception of B-TUBULIN that showed two

peaks and was therefore discarded.
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Ct values showed that the ribosomal 18S gene is the most expressed reference genes in

the different developmental phases assayed (Fig. 18).

After geNorm analysis, all the selected housekeeping genes showed M value < 0.5,
confirmatory of the stability of expression of the six selected genes for reference. Among
them, the gene encoding for the ribosomal 18S subunit showed the lower stability value

while WD40 and APC resulted the more stables (Fig. 20).
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Figure 18. The gene expression patterrn of selected housekeeping genes for reference. Three biological
replicates are shown for each time of growth (GS, IDS, OC4, CC1 and YLB). Error bars show the standard
deviation (SD) resulting from three replicates during qRT-PCR analysis. Under different times of growth
the genes are stably expressed, 18s is the gene that shows the major variability ;
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Figure 19. The Dissociation curves with single peaks of the six reference genes analysed generated for all amplicons
from three replicates for five times of growth.
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Figure 20. Relative expression of the HKGs analysed, known in Arabidopsis references on 3 biological
replicates for five times of growth and their average. The dates are normalized with the average of Ct value.
The ratio between the effective Ct for each sample and the average of Ct of all samples is showed. 18S is
the gene with more variability. Apc and Wd40 are more stably expressed genes.

The ratio between the effective Ct for each sample and the average of Ct of all samples
was considered for each gene (Fig. 21). The results showed that for all genes, this ratio is

near to 1, but in 18 S gene, the trend is different, with a ratio of 1.2 in CC1 samples.
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Relative expression across the tissue
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Figure 21. Relative expression of traditional HKGs, known Arabidopsis references on 3 biological
replicates for each tissue, and their average. The dates are normalized with the average of Ct value. The
ratio between the effective Ct for each sample and the average of Ct of all samples is showed. 18S is the
gene with more variability. Apc and Wd40 are the most stably genes
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4.5 qRT-PCR analyses

The six genes identified in cardoon for the response to heavy metals (NRAMPI,
NRAMP3, ZIP11, HMA, PHT and ABCC1) were suitable for the transcriptional analyses
performed by qPCR. PCS was discarded because its dissociation curve showed two peaks.
Overall, the qPCR results obtained from the six selected genes showed a different
transcriptional response in-the different varieties of metal, time and concentration used.
All data were normalized against GAPDH and EF1 alpha used as reference genes. The
fold change represent how many time the gene is expressed compared to the untreated
control. In both genotypes, altilis and sylvestris, transcriptional levels can be influenced

by the concentration of metals in the medium, type of metals, and time of growth.

In NRAMP1, transcriptional levels resulted not influenced by the treatments used (type
of metal, its concentration and time of growth) as showed in tab.5 and tab.6, with
exception of root under As treatment, where genotype and interaction genotype x
concentration resulted statistically significant. In shoots, altilis showed expression levels
lower than control, while expression in sylvestris results highest at 25 pM and then
decreased at 50 pM, with exception of As 2 weeks (fig.22). In roots, but not in shoots, the
expression levels resulted similar to control in altilis, while it is down regulated in
sylvestris. In particular, in sylvestris roots with As treatment, at 2 weeks, the expression
decreases near to 0, but at 3 weeks is near to control. This result could be caused by
different responses occurring during the exposition time. In particular, highly significant
values, contributed by 2 of the 3 sources of variation (genotype, time and concentration
of metal) were observed only in roots treated with As, as inferable by comparing the data

reported in table 5 and 6.
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Table 5. Analysis of variance of fold change of NRAMP1 gene expression respect to the CTRL in shoot
and root of cardoon treated with Cd and partition of the treatment sum of squares into main effect and
interaction.

shoot root
Source of Mean squares Mean squares
Variation df ADSOIIE o, e otal af AOSOIIE o/ optotal
value value

genotype (Q) 1 1.01 * 29.63 1 0.02 ns 1.38
time (T) I 0.00 ns 0.03 1 0.03 ns 2.22
concentration (C) 2 0.98 *  28.52 2 041 ns 33.04
G*T 1 064 ns 18.70 1 047 ns 3737
G*C 2 061 ns 17.69 2 0.07 ns 5.31
T*C 2 0.00 ns 0.01 2 0.10 ns 8.14
G*T*C 2 019 ns 543 2 0.16 ns 12.54

Table 6. Analysis of variance of fold change of NRAMPI1 gene expression respect to the CTRL in shoot
and root of cardoon treated with As and partition of the treatment sum of squares into main effect and
interaction.

shoot root
Source of Variation Mean squares Mean squares
Absolute o of total a AP o ot otal

genotype (G) 1 006 ns 0.90 1 444 *** 4692
time (T) 1 047 * 7.35 1 0.13 ns 1.35
concentration (C) 2 156 ns 2459 2 125 ** 13.24
G*T 1 135 ns 21.31 1 1.55 ** 16.39
G*C 2 0.69 ns 10.89 2 1.14 *** 12,02
T*C 2 176 ns 27.87 2  0.56 ns 5.96
G*T*C 2 045 ns 7.08 2 0.39 ** 4.12
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Figure 22.The level of gene expression of NRAMP1 in seedlings of altilis and sylvestris after 2 and 3 weeks
of growth under Cd and As at different concentration. The fold change is the Ct value respect to the
untreated control, that is made equal to 1. The error bars represents the error mean of three replicates.

The expression level of NRAMP3 or 4 (the two proteins have the same accession
number) resulted strongly influenced by the genotype and the time of growth. In shoots
and roots, made the average of all the variable factors, transcriptional levels are over
expressed in sylvestris and down regulated in altilis. In particular, after 3 weeks, it is
observed an increase of expression levels in sylvestris that is at least 2 times than control

at 25 uM and 4 times than control at 50 pM with both metals. In roots, which are closer
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to contaminated medium, the increase of transcriptional levels is marked compared to
shoots in both genotypes, with the highest value in sy/vestris scored at 3 weeks. The type
of metal, Cd or As, did not influence the relative expression of NRAMP3, because with
both stresses, the transcriptional levels increased after 3 weeks compared to control in
wild cardoon. However, with As, transcriptional level in sylvestris is 5.22 times more
than altilis, with the highest value found in roots at 50 uM after 3 weeks (fig.23). In
particular, highly significant values, contributed by the 3 sources of variation (genotype,
time and concentration of metal) were observed in root treated with As, as inferable by

comparing the data reported in table 7 and 8.

Table 7. Analysis of variance of fold change of NRAMP3 gene expression respect to the CTRL in shoot
and root of cardoon treated with Cd and partition of the treatment sum of squares into main effect and
interaction.

shoot root
Source of Mean squares Mean squares
Variation df ADSOIUE o o total df ADOlE o e otal
value value

genotype (G) 1 7.00 ** 2890 1 12.84 * 16.59
time (T) 1 142 ns 584 I 799 ns 1032
concentration (C) 2 1.61 ns  6.63 2 1451 * 18.75
G*T 1 838 ** 3457 1 1623 * 20.98
G*C 2 291 ns 11.99 2 11.58 * 14.97
T*C 2 073 ns 3.02 2 357 ns 4.6l
G*T*C 2 219 ns  9.05 2 10.66 * 13.78

Table 8. Analysis of variance of fold change of NRAMP3 gene expression respect to the CTRL in shoot
and root of cardoon treated with As and partition of the treatment sum of squares into main effect and
interaction.

shoot root
Source of Mean squares Mean squares
Variation df ADSOUE o/ o total df APsOlUE o o total
value value

genotype (G) 1 29.47 *** 19.26 1 256.34 *** 19.11
time (T) 1 41.18 *** 2691 1 245.44 *** 18.29
concentration (C) 2  8.88 *** 580 2 118.24 *** R8I
G*T 1 3437 *** 2246 1 391.02 *** 29.14
G*C 2 11.59 *** 758 2 99.62 *** 742
T*C 2 12.89 *** 843 2 102.21 ***  7.62
G*T*C 2 14.63 *** 956 2 128.85 *** 960
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Figure 23. The level of gene expression of NRAMP3 in seedlings of altilis and sylvestris growth 2 and 3
weeks under Cd and As at different concentration. The fold change is the Ct value respect to the control,
that is considered 1. The error bars represents the error mean of three replicates.

Similarly to what observed with NRAMP3/4 the expression/transcriptional level of
ZIP11 is influenced by the genotype and time of growth. In both genotypes, the type of
metal did not influence the transcriptional levels. In roots of sylvestris after 3 weeks, the
level of ZIP11 mRNAs significantly increases in presence of Cd and As, while in altilis

the transcriptional levels decrease with both metals.
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In particular, highly significant values, contributed by the 3 sources of variation
(genotype, time and concentration of metal) were observed in shoot treated with As, as

inferable by comparing the data reported in table 9 and 10.

In shoot and roots, after 3 weeks transcriptional levels were up- regulated in sylvestris
compared to control, while in altilis, the expression was down-regulated, allowing for the
contribution of all the three sources of variation. In fact, in sylvestris, the transcriptional
level resulted at 3 weeks 51.5 fold more than that in altilis. Although type of metal not
influences the transcriptional levels, in sylvestris, As increase transcriptional levels 4 time

more than Cd.

Table 9. Analysis of variance of fold change of ZIP11 gene expression respect to the CTRL in shoot and
root of cardoon treated with Cd and partition of the treatment sum of squares into main effect and
interaction.

shoot Root
Source of Mean squares Mean squares
Variation df Absolute %t of total df Absolute % of total
value value

genotype (G) 1 43592 * 13.11 1 25634 * 26.08
time (T) 1 503.78 * 15.15 1 24590 * 25.02
concentration (C) 2 459.72 ** 13.82 2 4446 ns 4.52
G*T 1 47743 * 1436 1 24837 * 2527
G*C 2 47341 ** 14.24 2 64.11 ns 6.52
T*C 2 52926 ** 15.92 2 61.64 ns 6.27
G*T*C 2 44584 ** 1341 2  62.11 ns 6.32

Table 10. Analysis of variance of fold change of ZIP11 gene expression respect to the CTRL in shoot and
root of cardoon treated with As and partition of the treatment sum of squares into main effect and
interaction.

shoot Root
Source of Mean squares Mean squares
Variation dr Absolute o poral ar DO op o total
value value

genotype (G) 15554.67 ** 22.01 314.07 * 24.25
time (T) 15861.47 ** 22.44 286.82 * 22.15
concentration (C) 5961.16 *  8.44 9199 ns 7.10
G*T 15461.28 ** 21.88 320.44 * 24.75

T*C 6036.21 *  8.54 87.83 ns 6.78

1 1
1 1
2 2
1 1
G*C 2 595558 * 843 2 10098 ns 7.80
2 2
G*T*C 2 5840.03 *  8.26 2 9280 ns 7.17
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Figure 24. The level of gene expression of ZIP11 in seedlings of altilis and sylvestris growth 2 and 3 weeks
under Cd and As at different concentrations. The fold change is the Ct value respect to the control, that is
considered 1. The error bars represents the error mean of three replicates.
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The expression level of HMA resulted influenced by concentration and genotype.

In particular, highly significant values, contributed by 2 of the 3 sources of variation
(genotype, time and concentration of metal) were observed in root treated with Cd, as

inferable by comparing the data reported in table 11 and 12.

Shoots and roots show similar response to stresses, averaging the contribution of all the
three sources of variation, but transcriptional level at 3 weeks in shoots of altilis with As
resulted 3 times more than sylvestris (fig.25). From these data, altilis, resulted over-

express 1.36 times HMA transcript compared to sy/vestris with As treatment.

Table 11. Analysis of variance of fold change of HMA gene expression respect to the CTRL in shoot and
root of cardoon treated with Cd and partition of the treatment sum of squares into main effect and
interaction.

shoot root
Source of Mean squares Mean squares
Variation df Absolute 9% of total df Absolute 9% of total
value value

genotype (G) I 023 ns 0.72 1 634 ** 2518
time (T) 1 11.80 ** 37.16 1 0.29 ns 1.17
concentration (C) 2 1.02 ns 3.20 2 491 *** 19.49
G*T 1 134 ns 423 1 253 * 10.04
G*C 2 620 * 1951 2 7.02 *** 27091
T*C 2 423 ns 1332 2 148 ns 5.88
G*T*C 2 695 * 2187 2 260 * 10.33

Table 12. Analysis of variance of fold change of HMA gene expression respect to the CTRL in shoot and
root of cardoon treated with As and partition of the treatment sum of squares into main effect and
interaction.

shoot root
Source of Mean squares Mean squares
Variation df Absolute 9% of total daf Absolute 0% of total
value value

genotype (G) 1 1347 ns 1427 1 270 ns 4.23
time (T) 1 3594  ** 38.08 1 759 ns 1188
concentration (C) 2 4.53  ns 4.81 2 12.07 **  18.89
G*T 1 1879 * 1991 1 665 ns 1040
G*C 2 456 ns 484 2 892 * 13.96
T*C 2 11.08 ns 11.74 2 17.11  *** 26,77
G*T*C 2 599 ns 635 2 886 * 13.87
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Figure 25. The level of gene expression of HMA in seedlings of alfilis and sylvestris growth 2 and 3 weeks
under Cd and As at different concentrations. The fold change is the Ct value respect to the control, that is
considered 1. The error bars represents the error mean of three replicates.

In ABCCI1, transcriptional levels resulted influenced by the treatments used (type of

metal and its concentration). In particular, highly significant values, contributed by the 3
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sources of variation (genotype, time and concentration of metal) were observed in root

treated with As, as inferable by comparing the data reported in table 13 and 14.

On average, transcriptional levels, resulted not affected by the organs (shoots and roots),
but influenced by the type of metal. In fact, with As, and not with Cd, the transcriptional
levels increase 2 times in sylvestris compared to altilis (fig. 26). In particular, in wild
cardoon, in shoots at 3 weeks, and in roots with As at 2 and 3 weeks, the ABCC1 mRNA

is up-regulated, showing a clear engagement of this transcript in As response.

Table 13. Analysis of variance of fold change of ABC gene expression respect to the CTRL in shoot and
root of cardoon treated with Cd and partition of the treatment sum of squares into main effect and
interaction.

shoot root
Source of Mean squares Mean squares
Variation df Absolute Percent of total df Absolute Percent of total
value value

genotype (QG) I 0.10 ns 2.54 1 3.97 *** 17.82
time (T) 1 136 * 36.22 1 342 ns 1533
concentration (C) 2 0.03 ns 0.73 2 253 ** 1137
G*T 1 0.67 ns 17.82 1 223 ** 10.02
G*C 2 049 ns 12.99 2 513 *** 23.00
T*C 2 039 ns 1048 2 244 ns 1095
G*T*C 2 0.72 ns 19.22 2 257 ** 11.51

Table 14. Analysis of variance of fold change of ABC expression gene respect to the CTRL in shoot and
root of cardoon treated with As and partition of the treatment sum of squares into main effect and
interaction.

shoot root
Source of Mean squares Mean squares
Variation df Asolute op o total df ADSOIUe o e otal
value value

genotype (G) 1 3.88 ** 15.13 1 9.79 #** 3733
time (T) 1 875 *** 3413 1 090 ns 344
concentration (C) 2 3.61 ** 14.08 2 317 ** 12.08
G*T 1 225 * 8.77 1 4.15 ** 1583
G*C 2 099 ns 3.87 2 450 ** 17.16
T*C 2 536 *** 20.93 2 1.16 ns 441
G*T*C 2 079 ns 3.09 2 256 ** 975
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Figure 26. The level of gene expression of ABCC in seedlings of altilis and sylvestris growth 2 and 3 weeks
under Cd and As at different concentrations. The fold change is the Ct value respect to the control, that is
considered 1. The error bars represents the error mean of three replicates.

The transcriptional level of PHT was strongly influenced by the metal and genotype. In
particular, highly significant values, contributed by the 3 sources of variation (genotype,
time and concentration of metal) were observed in shoot and root treated with As, as

inferable by comparing the data reported in table 15 and 16.
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In roots, but not in shoots, the expression of the PHT transcript, averaging the contribution
of all the three sources of variation, increases compared to control, and this is more
evident in sylvestris than altilis. The type of metal had influenced the expression of PHT.
In fact, with As, the transcriptional level resulted 2 times more than Cd. In particular, in
the sylvestris roots, the expression increased linearly with the concentration of metal.
After 2 weeks of treatment, the increase of transcriptional level was from 0 to 25 and from
25 uM to 50 uM 3 and 5 folds respectively (Fig. 27). Under As treatment the genotype,
that is sylvestris, was the factor that more pronouncedly contributed to transcriptional

increase in both roots and shoots after 3 weeks of treatment. (tab. 16).

Table 15. Analysis of variance of fold change of PHT gene expression respect to the CTRL in shoot and
root of cardoon treated with Cd and partition of the treatment sum of squares into main effect and
interaction.

shoot root
Source of Mean squares Mean squares
Variation df Asolute oo o otal dr Absolute o, o total
value value

genotype (G) I 0.04 ns 1.00 I 6.15 *** 36.65
time (T) 1 1.31 * 37.16 1 037 ns 2.19
concentration (C) 2 0.68 ns 19.43 2 048 * 2.84
G*T 1 0.68 ns 19.37 1 1.52 ** 9.03
G*C 2 0.07 ns 1.89 2 1.76 *** 10.46
T*C 2 046 ns 13.08 2 246 *** 1462
G*T*C 2 028 ns 8.07 2 4.07 *¥** 2422

Table 16. Analysis of variance of fold change of PHT gene expression respect to the CTRL in shoot and
root of cardoon treated with As and partition of the treatment sum of squares into main effect and
interaction.

shoot root
Source of Mean squares Mean squares
Variation df ADSONE o otal df Absolute o, o total
value value

genotype (G) 1 458 *** 1454 1 2453 *** 4901
time (T) 1 9.85 *** 31.25 I 611 * 12.20
concentration (C) 2 3.31 *** 10.50 2 971 *** 19.39
G*T 1 3.63 ** 11.52 1 0.04 ns 0.08
G*C 2 179 **  5.69 2 6.72 ** 1342
T*C 2 7.3 *k* 22,62 2 224 ns 448
G*T*C 2 122 * 3.88 2 0.71 ns 1.4l

57



Investigation on genes possibly involved in the response to heavy metals in Cynara cardunculus L.

PHT
Cadmium Arsenate
3.0 Shoot Shoot
-6
2.5 -
-5
O 20 -
o2 -4
@©
S 15
E ’ _ 3
Rel
1.0 L2
N IT Iﬁ }
0.0 iI 0
-7
4] Root oot
™ -6
3 4 -5
(0]
2
@ -4
S
2 -
©
o -3
)
1
-1
0 w Iﬂ 0

OuM 25uM 50 uM O uM 25 uM 50 pM

2 weeks

H altilis
[ sylvestris

OuM 25uM 50 uM O uM 25 uM 50 uM

2 weeks

3 weeks

Figure 27. The level of gene expression of PHT in seedlings of altilis and sylvestris growth 2 and 3 weeks
under Cd and As at different concentrations. The fold change is the Ct value respect to the control that is
considered 1. The error bars represents the error mean of three replicates.
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5 Discussion

In the present study, seed germination, seedlings growth and transcriptional levels of gene
expression of six genes, identified in domestic and wild cardoon and putatively involved
in phytoremediation, were investigated after treatments with heavy metals, Cadmium and

Arsenic.

Concentrations of these metals in not contaminated soils are Cd < 1 mg Kg ! and As <5
mg Kg . Concentration limited decreed by D.Lgs 152/2006 are for Cd 2 mg Kg ! and
for As 20 mg Kg !. In our studied we used concentrations of 2.81 mg Kg "' and 5.6 mg
Kg ! for Cd, 1.87 mg Kg ! and 3.7 mg Kg ! for As (corresponding to 25 uM and 50 uM).
These value are low if compared to the actual situation out in the field but, as already
reported (Aarts et al., 2012; Llugany at al., 2014). it was of importance that in our studies
the plants could survive at the treatments (Aarts et al., 2012; Llugany at al., 2014).

With regard to germination measurements, although highly variable depending on the
different contribution of the three main factors considered in this study, genotype, heavy
metal type and its concentration, it is reported that cardoon is tolerant to Cd and As. In
particular, the varieties altilis and sylvestris (A14SR) show similar percentage of
germination with Cd, while under As stress, wild cardoon (A14SR) shows the best

tolerance.

In fact, under 50 uM Cd concentration, cardoon germination percentage, was similar to
the untreated control in all genotype (> 95%). These data, are in in good association with
transcriptional levels of the NRAMP3 and ZIP11 genes, which resulted up-regulated in
sylvestris genotype, but in contrast to transcriptional levels on altilis. Furthermore, in
response to Cd stress, these data are in contrast with the result obtained from Peralta and
Li (2001) in Medicago sativa L. where at 5 ppm (44 uM) of Cd, seed germination was
reduced of 50%. Probably cardoon, that is able to growth close to the sea, resulted more
tolerant to abiotic stress, than this plant. The same authors also showed an inhibition of
germination up to 50 % in Arabidopsis at 10 mM Cd, after 12 h treatment of the embryos
(Li, et al., 2005).

Under As treatment, germination percentage of cardoon seeds was heavily dependent on

the genotype. In fact, the sylvestris genotype A14SR showed a significantly higher
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germination rate than that observed in the other genotypes (altilis and the sylvestris
R14CT), and for this reason it was used as sylvestris variety in studies on transcriptional
regulation. The experiments performed by Li et al., in 2007 showed that wheat (Triticum
aestivum L.) seeds germination as well as root and shoot growth were stimulated at low
concentrations of As (0—1 mg/kg). Such responses gradually decreased at higher As
concentrations (5-20 mg/kg). In our results, at low As concentrations, the germination
percentage of A14SR was the same as the untreated control, while at high concentrations,
the decrease was inversely linear to increasing As amount. At 100 and 200 uM of HMs,

although germinated, plants eventually died for the extensive necrosis of the tissues.

With regard to seedlings growth, the two genotypes show different response to metals. In
sylvestris root length decreased of 64% at 25 uM Cd and 71% at 50 uM Cd compared to
0 uM. In altilis the increase of concentrations caused a reduction of seedling length of
59% and 70% with Cd at 25 and 50 uM, while with As the reduction was lower than 30%
with highest concentration. In agreement to order considered by Li et al. in 2007 on the
influence of HMs (root length > root mass > shoot length > total mass (root plus shoot) >
shoot mass > germination), the roots length in sylvestris, resulted more affected than total

seedling length.

Compared to control, the inversion of ratio shoot/roots is present in sylvestris, but not in
altilis. In fact with both metals, the ratio decreases in sy/vestris, in particular with As the
incident of roots decreases from 80% (0 uM) to 35% (25 uM ), while not changes in
altilis, compared to control. This results could be explain by transcriptional levels of the
genes studied. In altilis up- regulation of the genes under As treatment is not observed
and the seedling plants could be not uptake metals, and for this reason named ‘resistant’

for As treatment.

In fact in the order above describe, shoot length and germination percentage are affected
by heavy metals lower than root length. Compared to cardoon, roots length and shoots
height were more inhibited by comparative lower levels of arsenic in wheat seedlings (L1

et al., 2007).

Preliminary to the transcriptional studies performed on cardoon genes putatively involved
in HM response, six genes of reference for gene expression studies, were tested and then

used in cardoon with relation to different development stages, because normalization is a
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key step to obtain reliable gene expression data by RT—qPCR. About these reference
genes, we selected from literature, two ‘classical’ housekeeping genes such as ACTIN
and 18S Ribosomal DNA genes, and other reference genes as GAPDH,
WD40/TRASDUCIN, EF1 alpha and APC (anaphase promoting complex). The results
showed that the ‘classic’ reference genes, ACTIN and 18s rDNA, resulted generally
among the least stable genes in all developmental stages. However they can be used as
reference genes, because they showed an acceptable value of “average expression

stability”. Our results are in accordance with Dekkers et al., 2012.

Seven genes, NRAMPI1 and NRAMP3, ZIP11, HMA, ABCCI1, PHT and PCS were
identified in cardoon that could be possibly associated to heavy metals transport and

accumulation response.

Transcriptional expression levels of six out of seven of the identified genes possibly
involved in heavy metals stress response were investigated. PCS was also identified in
cardoon, but it showed two peaks in the dissociation curve obtained, and was therefore
discarded for qRT-PCR analysis. Ours results showed that in cardoon var. sylvestris,
NRAMP3 expression is up-regulated in roots by both As and Cd treatments. This result
agrees with Fallen et al., (2005), where it was shown NRAMP3 and NRAMP4 are
responsible for Cd*" efflux from the vacuole. Their overexpression increases Cd
sensitivity in Arabidopsis and they are responsible for the release of vacuolar Fe*'.

Instead, no data exists in literature on NRAMP3 expression with reference to As.

NRAMP1 in var. altilis resulted up-regulated in roots under As treatment. This is
agreement to Tiwara et al., 2016, that showed in Oryza sativa, the induction of NRAMP1
after As(Ill) exposure. Earlier studies reported that expression of OsNRAMP1 was
induced during As stress in rice in addition to defence and stress responsive genes,
transporters, heat-shock proteins, metallothioneins, sulphate-metabolizing proteins
(Norton et al., 2008). However the data obtained in our studies, show not existence of
clear response to the stress in both varieties, and we can considered this gene not involved
in response to heavy metals in cardoon plant. Considering the results obtained with
NRAMP3 and arsenic, we can hypothesize that NRAMP isoform implicated in response
to this metal in sylvestris is not 1, like in rice (Tiwara et al., 2016), but it is the isoform 3

as we found it.
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ZIP proteins are generally responsible for the metal-ion homeostasis through the uptake
of cations into the cytosol (Colangelo and Guerinot, 2006). Usually ZIP transporters are
involved in the uptake and accumulation of Fe and Zn, but may also be responsible for
Cd or other heavy metals transport (Guerinot, 2000). In Solanum torvum roots, IRT2 and
ZIP11, are associated to Zn transport (Xu et al., 2012). In our study, transcriptional
expression of the ZIP11 transporter of wild cardoon, was increased in shoot and roots by
Cd treatment. Similarly, ZIP11 mRNA was found to increase after 3 weeks of exposure
of the seedlings to As. The result obtained under As, is not in agreement with the literature

of ZIP genes.

In cardoon ABCCI1 transcriptional levels, measured under As treatment, in roots of var.
sylvestris, resulted up-regulated compared to untreated control. The increase of the
expression was influenced by the time of exposure, with the highest level at 50 uM after
3 weeks. A similar response was observed in shoots after 3 weeks of As treatment. In
altilis, where seedling growth analysis showed low reduction length in shoot and root
with As compared to untreated plants, significant differences was not observed in the
transcriptional levels of the genes investigate compared to control with As treatment. May
be the As is not uptake by altilis, such as not accumulator/resistant plants. In sylvestris
seedlings, As treatment caused biomass reduction, because As uptake and storage at high
toxic concentrations in the vacuole eventually lead to cell death. These results are in
accordance to Song et al., (2010), who showed that Arabidopsis isoforms AtABCC1 and
AtABCC2 mediate AsIII-PC complex transport to the vacuole, and overexpression of
AtABCCI increases As tolerance only when co-expressed with PCS. In rice, a similar
ABC transporter, OsABCCl, is critical for the vacuolar AsIII-PC sequestration and As
detoxification, thus reducing As accumulation in rice grains. For this reason, knockout of

OsABCCI leads to the increase of As sensitivity (Song et al., 2014).

The uptake of As(V) in plants occurs via inorganic phosphate (Pi) system, because Pi
transporters cannot distinguish between the similar electrochemical profiles of Pi and
AsV (Sanchez-Pardo, 2015). In our experiments, the Phosphate transporter resulted up-
regulated in roots under As treatment, in sylvestris genotype, where the increase of
expression level was strongly influenced by the concentrations of metal. In altilis, the
expression levels of ABCC1 and PHT resulted elevated also in control, for this reason,

the variability on the gene expression levels was not observed.
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These results are in according to Di Tusa et al., (2016) that showed in Pteris vittata, an
increase of As accumulation when the plans express PvPhtl;3. In Arabidopsis, the
expression pattern of PHT1;1 in the presence of As(V) decreased significantly as
compared to limiting Pi condition in the natural variants, while the expression of PHT1;4

was higher in presence of AsV to limiting Pi condition (Shukla et al., 2015).
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6 Conclusion

The response mechanisms of Cynara cardunculus L. at heavy metals stress were
investigated. Two different varieties were used in this thesis: C. cardunculus L. var. altilis

D.C. (domestic cardoon) vs C. cardunculus L. var. sylvestris Lam. (wild cardoon).

Seed germination resulted primarily influenced by the genotype, regardless metal type
and concentration used. Wild cardoon A14SR resulted more able to germinate and grow
in soil contaminated with Arsenate. In soil contaminated by Cadmium wild cardoon
AT14SR and domestic cardoon were more able to germinate and grow than var. sylvestris

R14CT.

Seedlings length was influenced by the combination of genotype and heavy metals
concentration. The two genotypes, altilis and sylvestris, responded differently to stress.
In altilis the ratio shoot/roots remains constant compared to control, and the seedling
length was more affected by Cd than As (the latter is probably not absorbed by the plants)
while in sylvestris, the ratio changes compared to control, and the seedling length at 25
uM resulted affected less than 50 %, by both Cd and As as confirmed by the

transcriptional analysis.

The C. cardunculus genes PCS, NRAMP1, NRAMP3, ZIP11, HMA3, ABCCI, and PHT,
orthologous to genes shown to be involved in HM response in other plants, were identified

and used as target sequences for transcriptional studies, with the exception of PCS.

Cardoon plants showed differential transcript levels that could be influenced by the
genotype, metal used, concentration, and length of treatment/exposure. Compared to
domestic cardoon, wild cardoon significantly increases the expression of genes involved
in the Cadmium and Arsenate uptake (NRAMP3, ZIP11, ABCC and PHT) after 3 weeks
of exposure. In leafy cardoon, expression patterns are less influenced by the concentration

of the metal, and more influenced by the organ considered.

The gene expression levels of NRAMP3, ZIP11, ABCC and PHT that usually are
activated in accumulator model plants under Cd or As stress, were activated also in wild

cardoon: NRAMP3 and ZIP11 by both stresses, and ABCC1 and PHT just by As.
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From this preliminary study we can conclude that sy/vestris A14SR variety could be used
for detoxification of soils polluted with heavy metals, especially if As is present. They

should be considered good candidates for phytoremediation.

Until now, no information is available in literature, on the mechanisms that in Cynara

cardunculus L. are involved in the uptake and accumulation of heavy metals.

For this reason further experiments will have to be performed to sort out which genes,
including those of this study, are actually associated to the mechanisms activated by the
plant during phytoremediation. RNAseq technique may be potentially useful to
understand what are the genes associated with heavy metals accumulation, tolerance and

transport in plants grown in contaminated soil.

A better knowledge of the molecular aspects of this process in Cynara cardunculus will
help in the breeding and selection of new cardoon lines with improved features

specifically suitable for phytoremediation purposes.
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7 Supplementary Tables

Supplementary Table 1. PCR primers designed with primer3 website. Two pairs of primers were designed for each gene.

CLONING

GENE PRIMER copr.  FORWARD PRIMER SEQUENCE REVERSE PRIMER SEQUENCE Ta
. NR3 05 GATTACGCCAAGCTTTGGGCGGGGAAGTTGTTGTGGATCA GATTACGCCAAGCTTTGGAACCACGAGACCAACAAGAAGCTCT 60 °C

Natural  Resistence \(p 1~ TTGATGCTACAATCAACCGA GGGCAGAGTAGTACCATCAC 57°C
of Macrophage 3 -

NR3 07 ACTTCTCGTAATCAAGGCCC TTCCTCTTTCACTCACTCGG <50 °C
Zine Iron Protein 1 ZP1.06 TCAAAGGTGCATCTATTAACACA AAGATGCATCCTCCAAGACC 50 °C

ZP1 07 TGTCTGTTGGTGCTTCTGAA GCAAGAAGCGACATACAACCA 54°C
Jine Iron Protein 2 ZP2-06 CCCAAATCATGACAACTGCGA CGGAAAAGGAGGTCATCATGG 55°C

ZP2 07 ACCAACAGCAATACCCTCGA ACTCAGCTCCCATGGCTATC <50 °C
Jine Iron Protein 6 22606 ACTTTGTGTGCCGCAGA GGCCCATCCCTTCGAAG <48 °C

7ZP6 07 AACGATGGGGATGTCACAG ACTTCAAGCCCAAAGAGCA 52°C
Jine ron Protein 9 ZP9_06 GACACCACTTGAAGCCTAACA CCGGAAAAGAGAGCAACGTT 63 °C

ZP9 07 CCGTGGGAGTGAGAATGCAT TCTGAATCCATGTCGACGGT 53 °C

ZP11 06 ATCCCAGATCATAACAACAGCA GATTGGAATCGCGGACACC 54°C
Zinc Iron Protein 11

ZP11 07 GAGATTGTCCATAGAGCTTTCCA CCATGCCTCGTTTCCTTTTCT 48 °C
Heavy Metal ATPase HM4 06 CATTGATGAACATAGCTCCTCAG TGGAACTGATAACACCCTGCT 54°C
4 HM4 07 CGCACAGTCTCGTTCAGTTG GGTTCCCACGTCCGCAAG 50 °C
Heat Shock Protein HSP 06 CTCTACTTGAATCTGCCTCACT TCATGGGACGCAAATGAAAAC 48 °C
23 HSP_07 GCTTGTATACATCCATCGGC CGATAGTCATCTACCACCGG 51°C
Phytochelatin PS2 06 ACGGGATAGATAATTGACGGAAA CTAACGGGTTTTGCTGTGGG 63 °C
syntase 2 PS2 07 TCACCAATGCCATTCGTCAC GTTCTTCCATCTCCTCCTGCT 48 °C
Phosphate PHT 06 GCATCTTCCTCATTCTCGCC GTCATGGCCACCCTTTGTTT 48 °C
Transporter PHT 07 GGTTTCCGGCATCTTCATCC GCAACTCCAAGTGCTTAACG 48 °C
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Supplementary Table 2. BLASTn of the contigs obtained from the sequencing against all database. .

ESM_4. The results of sequence alignment of sequenced clones and selected squences in NCBI

Results of sequence alignment (blastn)

Gene Accession num ber
Query cover Expect Identities Gaps

NRAMPI XM 010260353.2 74% 0.0 79% 1%
NRAMP3/4 | XM 013744626.1 99% 2.00E-81 74% 1%
ZIP11 XM 004291513.2 99% 2.00E-52 78% 0%
HMA XM 010550291.1 87% 3.00E-75 72% 2%
ABCCI1 XM 017379379.1 44% 0.0 81% 1%
PHT KC812501.1 99% 0.0 82% 0%
PCS GQ372840.1 100% 0.0 93% 0%
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Supplementary Table 3. BLASTp of the contigs obtained from the sequencing against all database and against cynara scolymus.

ESM_1. Comparison of product of candidate reference genes in Cynara cardunculus with orthologs sequences

ortholog hol. . | The results of BLASTP cynara accession | The results of BLASTP
Gene sequence name ortholog  species — — b — —
sequence name Total Score | Expect Identities | Positives number Total Score Expect Identities | Positives
NRAMP1 | cyn00008 OTG21116.1 | Helianthus annuus | 2044 0.0 82% 85% KVI106072.1 2414 0.0 94% 94%
NRAMP3/4 | cyn00009 OTGO06734.1 | Helianthus annuus | 1046 7.00E-139 | 91% 95% KVH92457.1 1088 3.00E-148 | 96% 96%
ZIP11 cyn00010 OTGO07698.1 | Helianthus annuus | 931 2.00E-121 | 77% 83% KVI110407.1 1110 4.00E-152 [ 91% 91%
HMA cyn00011 OTG15082.1 | Helianthus annuus | 1781 0.0 85% 91% KVI01438.1 1863 0.0 92% 91%
ABCCI cyn00012 OTG28642.1 | Helianthus annuus | 6476 0.0 76% 81% KVH87904.1 8321 0.0 95% 95%
Chrysanthemum  x
PHT cyn00013 AGK29560.1 | morifolium 1900 0.0 87% 90% KVH91481.1 2024 0.0 93% 93%
PCS cyn00014 ACU44656.1 | Sonchus arvensis 928 1.00E-121 |91% 93% KVI12347.1 661 8.00E-85 | 96% 95%
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Supplementary Table 4. Primer sequences designed with primer3 website for the reference genes. Two couples of primers are created for the cloning, and a couple for the

qPCR
CLONING HOMOLOGOUS TO
REAL TIME FORWARD PRIMER  REAL TIME REVERSE PRIMER
GENE PRIMER FORWARD PRIMER SEQUENCE ~ REVERSE PRIMER SEQUENCE  Ta Tm ARABIDOPSIS
SEQUENCE SEQUENCE
CODE GENE
GLYCERALDEHYDE 3- GAP 01 TGARTCHACYGGTGTCTTCA  TCRAYVACACGRGARCTGTA 53 °C 63°C
PHOSPHATE AGTACGACAGTGTTCATGGCC ~ CTGAAGCCGAAAACAGCGAC ATIG13440
DEHYDROGENASE ~ GAP_ 02 TGARTCHACYGGTGTCTTCA ~ TCRAYVACACGRGARCTGTA  50°C 63 °C
TUBOI ATCCTGACCTTCTTCTTCCTCT — TCTTAACCACTTGATTTCCGCC 53 °C 63 °C
8-TUBULIN TATTACAACGAGGCCAGCGG ~ CAGGCCTGAAGATCTGTCCG AT5G44340
TUB 02 GAGCAAACCCCACCATGAAG — CAGATCGGTGCCAAGTTCTG  53°C 63°C
ATA 01 ACCGAAGATATTCAGCCCCT — CTTAGGATTCAAAGGTGCCTCC 48 °C 63 °C
ACTIN ACATGTTCACCACCACTGCC ~ GCTACTCTTTGCGGTTTCAAGC AT3G18780
ATA 02 CTTCGTGTTGCTCCTGAGGA TGTTGGAAGGTGCTGAGTGA 48 °C 63 °C
LONGATION EFA 01  TCCTTCTTGTCCACGCTCTT AGTTGGCCGTGTTGAAACTG  53°C 63 °C
TGACCCCAGTTTCAACACGG ~ AAGAGGCCATCAGACAAGCC AT5G63390
FACTOR EFA 02 CAACATTGTCACCCGGCAA GACTACTACCGGGCACTTGA  48°C 63 °C
185,06 GGTTGATCCTGCCAGTAGTC — GCGGAGTCCTAWAAGCAACA 65 °C 63 °C
188 TGCGGCCCAGAACATCTAAG ~ CGAGACCTCAGCCTGCTAAC AT2G01010.1
18507  AAAAGCTCGTAGTTGRACYTTGG GTTCACCTACGGAAACCTTGT 48 °C 63°C
ANAPHASE APC 01 TGAGCTAATTGATTTATGGTGGC TGACAAGCAAGCATGGATTGA 48 °C 63 °C
PROMOTING GCTCCAATGTGCGTATTTCAGT — TGAATATCGTGTTATGCTGGCTG AT2G04663
COMPLEX APC 02 GATACCGGCTGCCCTTCA GCTCCTGCCATTGAAGACTT 53 °C 63 °C
WD40 01 GGTTGAGAGGGATGGAAAACA  GTGGGATATGCGTCAAAGGG 48 °C 63°C
WD40 CATGGTTCTGAAAGGGCACAAG CATCCCATGCCCTCAGTGTC AT2G43770
WD4 02 TCCTAAGATCCCACACTTTGACA TGCAAGCAGGTGAAGGTAC 48°C 63 °C
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Supplementary Table 5. BLASTn of the sequence against all database

ESM_4. The results of sequence alignment of sequenced clones and selected squences in NCBI

Results of sequence alignment (blastn)

Gene Accession number
Query cover Expect Identities Gaps

EFl-a NM 001247106.2 99% 0.0 87% 0%
ACTIN KJ634809.1 100% 0.0 96% 0%
GAPDH | KF563904.1 99% 0.0 95% 0%
WD40 XM 002277595.4 97% 5.00E-150 84% 0%
APC XM 016039563.1 95% 9.00E-96 86% 0%
TUB KP752084.1 85% 0.0 88% 0%
188 KT179688.1 100% 3.00E-170 100% 0%

Supplementary Table 6. BLASTp of the contigs obtained from the sequencing against all database and against cynara scolymu

ESM_1. Comparison of product of candidate reference genes in Cynara cardunculus with orthologs sequences
ortholog The results of BLASTP cynara accession The results of BLASTP
Gene sequence name | ortholog sequence species Total Score Expect Identities | Positives npmber Total Score Expect Identities | Positives
name
Solanum
EFl-a cyn00001 XP_015058086.1 pennellii 1862 0.0 92% 93% KVI09543.1 1889 0.0 94% 94%
Helianthus 0.0
ACTIN cyn00002 OTF93595.1 annuus 1629 0.0 92% 92% KVI08516.1 1630 ) 92% 92%
Saussurea
GAPDH cyn00003 AGX26868.1 involucrata 617 2.00E-78 83% 86% KVI10262.1 391 5.00E-45 61% 72%
Helianthus
WD40 cyn00004 O0TG35852.1 annuus 873 2.00E-115 95% 96% KVH91003.1 905 1.00E-123 91% 90%
Helianthus
APC cyn00005 0TG04417.1 annuus 362 5.00E-37 87% 90% KVH95643.1 375 2.00E-43 92% 93%
Helianthus
TUB cyn00006 OTGO08113.1 annuus 1285 6.00E-175 92% 92% KVH94866.1 1176 2.00E-161 88% 89%
Cirsium
18S(*%) cyn00007 KT179661.1 undulatum 1164 0.0 100% no available

*Blastn was applaied
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Supplementary Table 7. qPCR primers designed with primer3 website.

Investigation on genes possibly involved in the response to heavy metals in Cynara cardunculus L.

GENE PRIMER REAL TIME FORWARD REAL TIME REVERSE T
CODE PRIMER SEQUENCE PRIMER SEQUENCE
NRAMPI ~ NRI1 01 GCAAGTGGAGCTCAAAGGTC ~ GGTCAAGAAACCCCTGCATA 60 °C
NRAMP3/4 NR3_02 GGTGTAAGGAAGTTAGAGGCCC AGCTTTGGAACCACGAGACC 60 °C
zIpil ZIP11 06  TGCCTCGTTTCCTTTTCTTC CTCGGGTGCTTCGTCGT 60 °C
HMA HMA_07  cGGGCACGATTACTAGAGGA  CTAGCCTTGCTCTCGATGCT — 60°C
xee ABC_01 TAAGTCTTTCGCGTGCATTG TTCTTCGCGAATGGTCTTTT 60 °C
PHT PHT_02 AAGATTTCAGCAGGGACGAC ~ ACGACAACCGTCTTGGATTC ~ 60°C
PCS PCS 02 AGCTTCAACCTITGCTCCAG CCAATCCACAATAGGCAGGT 60 °C
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8 Appendix
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M _010260353.2 PREDICTED: Belu GTATTTGGCC GGARTTTTGT ACTTGGTCAT COGGARGAAT ARMGMMGTAR CRCACTTGCT GCCATTGGAG GAGTCAGTAA ACCTGOCGAG ARMTAGCRAT
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Alignment of Cynara scolymus sequences NRAMP1 against Nelumbo nucifera metal

transporter with BioEdit program. Different colours represent the different nucleotides.
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¥M 013744626.1 PREDICTED: Bras CAGGACAAMGT ACGGAGGOGE GETGTTCCCG ATACTGTACA TCTGEGGGEAT AGGGCTGCTA GCOGCTGEGC AGAGCAGCAC CATCACGGGC ACCTACGOGG

e wn a0 exT £ T80 e 0 o0 #oo
camallmeaal wmaalfeaaal seaafanasl saaslanaal aasallenaal saaallanaal saaalaneal aasallocas] aasafonasl senafansal
eynl000g GGCAGTTTAT TATGGGOGET TC TGAGATTGAR GAAMTGGGCT OGGGOCTTGA TTADGRGARG TTGTGCOCATC ATTCCCADGT TGGTCGTTGD

M 013744626.1 FEEDICTED: Bras GBCAGTTCAT CATGGGAGGE TTTCTGAATT TCARGATGAR GAMGTGGCTG AGEGECTTTGER TCACGOGCAG CTGOGOGATC GTTCOGACCA TGATCGETOGC

T a2 [ B4 a0 wag e FE a9 L
T T O N T T S T R T TR 1
eynliiis ATTGATTTTC GACAGTTCOG AGGATACTAT GGATGTTCTG ARCGRATGGC TTARTGTGCT TCAGGLGETT TCOOCGT TOGCTCTCAT TCCGTTGCTG

4M_013744626.1 PEEDICTED: Bras TCTGETGTTT GATTOGTCTG ARMGCTACTTT GGATGTTTTG RACGAGTGGC TTAARDGTGCT TCAGTCCATT CAGATCCCGT TOGUGCTCAT TCCGTTGCTG

i
el el

iddd
-

yniiioe
M 013743626.1 PEEDICTED: Bras TGTTTGGTCT CCAAGERACK GATCATGGGT AGTTTCAMRA TOBETCCTTT GTATCAGACA GTDGCTTGEGC TTGTTGCTGC GCTTGTGATA ATGATARRDG

10ae 100 1080 1040 1050 1060 1070 1080 1090 1100

cyTOOLeY
VM 013744626.1 PEEDICTED: Bras GTTATCTETT GCTTGAGTTC TTTACCTCGG MGGTTAGTGS COTCGTCTAT ACCGETTTTG TGAGTGTGTT CACGGCTTCE TATGGTGOET TCATAGTCTA

iiie 1120 1130 1i4e0 110 1160 i1de 1180 1190 laoe
R e S N P RSP BRUR I R B A R R SR S B
ey 00009

VM 013744626.1 FREDICTED: Bras CCTGATTGGT COTGGCATTA ATTTCACTCC GTGCCGCTCT AARGCAGAGT CTAGTTGATG AGARTGGMTG GERGACCAAM CCABACAATE TAACTCTGTT

1350 140 1350 L0 10 L L1 150d
B T T T T T o i A T
yniiioe
M _013744626.1 PEEDICTED: Bzasz TTGTTTTTGG ATCAGTAGGM TARTTGDGTT TGCTTGGCTT AMGTGTTTTG TATAATATGT ATCATATAAT RBAGARGTTCT TGETTTTGTG ARAGARAGCT

1510 13m FE= 1] 1540 1380
cHeeaal wmaalonaal soaafanasl sanalaonsal nasallanan] snaafannn

cyTOOLeY
VM 013744626.1 FEEDICTED: Bras CTTCAATETA TAMGTAGTTC GGTCCGAGAG MTGEEAGAAT TAATARGATC ATTTCACCA

Alignment of NRAMP3 contigs against Brassica oleracea metal transporter Nramp3-like

with BioEdit program. Different colours represent the different nucleotides.
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Investigation on genes possibly involved in the response to heavy metals in Cynara cardunculus L.

10 F 3 a0 S0 0 n o o 100

cyTO0ELD
VM D04291513.2 PEEDICTED: Frag AGTGGACAGC TCCAAACTCC TCCTCCARAG CCTCCARGTC AMGTCTTCCT TETTTCACAA ACCACCGMTC CARCAMGTAT CTCTGTCTCE ATCACACCAR

e 130 140 150 180 1le 180 190 Zoo
R S L B P PR B S S S S S
ey 00010

VM D04291513.2 FREDICTED: Frag GAMMGTCTCC GTCATTACAT TGCAGTACAR CCCTTCTTTC CATTCTCGTC TTCTTCCTCC AGTACGTACT TCTCTCTCTT CTGTACTACT ARACARACAC

e E- 30 24 250 Fild Pl Fo e £l
T T T T T T S T R T T T 1
eynl00l0 CC ATGCCTOGTT TOCTTTTCTT CATCTCTCTC TTOCTCCTCC

4 _004291513.2 PREDICTED: Frag AACARACTGGT TTATAMCCAM CCCAMCTCTC TCCCATGTCC ACATTAMCCT CCCACCCACR ATGCCTOGTT CACTTCTCCT CCTCCTCATC CTCCTCTCCC

£ ER 330 340 350 ET Eel £ e 400
camallmeaal wmaalfeaaal acaafanasl saaslfannal aanallenanal saaallanaal saaalaneal aasallacaa] aasafonasl ssnafansal
00010 \TCCTTTC CGCCTCOGCC CADGGDGGOG ATGATCADGG CGACGACGAR ARMCCCGATG CTGGARAACC CAACCTCOGA TCARGATCCT TGATTCTTGT

¥M 004291513.2 PREDICTED: Frag TCGCCGTCGC CGCCTCCGCC CACAGDGGCC ACGGOGACGA AGACGAGGAG CCAACTGCAG CAGAMAGCAA CAACCTCOGA GCTAGGUCTC TGATTCTGAC

a1 EE 430 240 450 480 4 qu0 450 so0
T N S S T T S T R T TR T
eynl0il0 GARGATATGS TGTTTGATAC TGETETTTCT TGGGACTTTC ATTGGTGGETE TTTCTCOCTTA CTTCTTCARA TGGAATGAGE GATTCTTGET TTTGGGT

4M _004291513.2 PREDICTED: Frag MARGATCTGG TGTTTGATAG TTATCTTTTT CGGGACATTC ATCCCTGGAG TTTCGCCTTA CTTCTTGGEAR TGGAATCAGE GTTTCTTGGT TCTTGEGMCC

sig S 530 4 550 a0 57d Sad S aad
T T R A T S T T T T R T TR 1
eynl00l0 CAGTTOGCCG GOGREDGTGTT TCTTGGAMCC GUCATGATGC ATTTTCTCAG TGATGCCAAT GRAACTTTTC AAGATTTAAC CACCGTTGAR TACCCTTTTG

¥M 004291513.2 PREDICTED: Frag CAGTTTGCTG GAGGOGTGTT TCTCGGGACA GUTTTGATGC ATTTTCTGAG TGATGCTGAT GRGACTTTTA AGGACTTGAC TGAGAMAGTG TACCCTTTTG

s10 = 30 sS40 a0 w0 &7 a0 [ 00
camallmeaal aeaalfeaaal acaafanasl saaslanaal aanallanaal saaallanaal saaalaneal aasallacan] aasafoaasl ssnafansal
00010 CTTTTATGCT GGCTTGETGET GETTATTTGE TGACTATGCT CGCTGATTGC CTCATTTCTT ATGTTTATGS AARARACAGCCA RATGGGTCTG TGA

M 004291513.2 FEEDICTED: Frag CCTTCATGTT GGCTTGETGCT GEGTTCTTGA TGACRATGCT AGCTGATTGT GTCATTTOCT ATGTGETTTTC CAAGAAGAGE GATGGTGGCT CTGTTTCTEA

e wa a0 e T T80 e E 90 Hog
T T T N A S T T T T R T TR 1
cynl0010 CCTTGAACAT CAMGGGAACA ACAGGAN ARAMGAGTOG TCA AGH \T GTCATCA--G CTTC

4M_004291513.2 PREDICTED: Frag TCTTGAGACT CAMGGGMGTG TTGAMCATGA ACAMG GOGT RACKGCATCA CAGTTCCAGR GTCATAACCA CTTTGTARAT GCATCTGTCG CAARTGTARG

aig g a30 g4 a5g gad &g dd i dad
T T R T S T T T R T T TR T
00010 TTCACTAGGA GACAGCATCT TGTTARTAGT OGCATTGTGT TTCCATTCDG TCTTCGAMGS AATCGCGATT GGAMTCGDGG ACADCARAGC C-ATGCTTGS

¥M 004291513.2 PREDICTED: Frag TTCACTTGGG GATAGTGTCT TGETTGATTGT AGCCTTGTGT TTCCACTCAG TCTTTGAGESE CATTGOGATT GGAGTTACTG AGACTARAGE TGATGCTTGE

FaT s 230 40 950 Y o7 a0 P 1000
camallmeaal wmaalfeaaal seaafanasl smaslfanaal aasallenanl saaallanaal snaalaneal aasallocas] aasafonasl ssnafansal
eynl0il0 BAMGCTCTAT GGACAATCTC TCTTCRCAMG ATCTTTGCRAG TTGCAAT GGEAATTGCT CTTCTARGRA \TTCCAGA COGCOCTTTC TTATCATGDG

M 004291513.2 FREDICTED: Frag AARGCCTTAT GGACGATTTC TCTGCACARG GTATTTGCAG CCATTGCART GGERAATTGCT CTTCTTOGETA TGATGCCTAR COGTCCCTTC CTATCATGLG

1010 1020 Lo5w 1040 1058 Lowe 1670 1oE0 1090 Lo
T T T T T e T T T O i A T T T
eyl CATCTTACGC CTTTGCCTTT \TCTCGA GTCOGATCGG AGTCGCAATC GGGATCGTCA TOGATGCAAC GRCACAGGGT CGAGTTGCAG ATTGGATATT

4 _004291513.2 PREDICTED: Frag CTGOCTATGC TTTTGCATTT GCTTCTTCAR GTCCTATTGG TGTGECOCATT GGAATCATAR TRGACGCRAC AACCCAMGGT GCTGTGGCAG ATTGGATATT

ii1g i1 i1sd 1i4dd 1158 i1dd i1 11 i19d 1ddd
camallmeaal aeaaloaaal seaafanasl saaslanaal aanallenaal saaallanaal saaalaneal aasalocaal aasalonasl sanalansal
00010 TGCGATATCG ATGGGAMTTG CTTGTGGGGT GTTTATATAT GTATCGATAR ACCATTTACT --TCGAGGETT ATCAGGCACA A-ARGODGTC TTCARTOGAC

¥M 004291513.2 PREDICTED: Frag TGCTATTTCA ATGGGTCTGE CATGTGGAGT GTTTATCTAT GTAGCTGTAM ACCATTTGTT GGCCAAGEGT TACACACCTG ATARGCCAGT TTCTCTGGAC

1m0 L L x40 1rE0 L0 1x0 L L 100
T O T T T T T N T
eynl0il0 ACTCCGAGCC TCARATTGTT GGCTGTAMCA ATGGGARTAG GGGTGATTGC TGTTGTTATS ATCTGGGATA ATOGCGGACA - -CCAMKGCD GATGCTTGGA

YM 004291513.2 FEEDICTED: Frag ARRTCOCATT RCARGTTTTT GECAGTGTTS TTAGGTGTTG GOGTTATAGC TGTTGTGATG ATCTGGGACA CTTGARMGACA TGCCARAMGGT TGTGCCTTTA

1310 130 1330 1340 1350 1360 13w 130 e 400
T T T T T T N T
eynl00l0 MAGCTCTATG GACAATCTCT CTTCACARGA TCTTTGCAGC CATTGCAATG GGRATTGCTC TTCTAARGMAT GATTCCAGAC CGCCCTTTCT TATCATGOGC

4 _004291513.2 FEEDICTED: Frag CCATTTTAG ATTCTTT GTGAMMGAAMT GCATARTGAT GOGTATATTG CATGCAGCTT TTTGGGRRAGT AGT MG GGCC---TAG GGTCATAGGET

1d1g 1430 1d30 1440 1450 14é0 1470 1480 Ldgd FLTH
cHeeaal wmaalfonaal soaafanasl snnsliansal aasallenaal samallanaal snaafaneal aasallocasl aasafonasl ssnafansal
00010 ATCTTACGCC TTTGCCTTTG TCTCGAG TCCGATCGGA GTCOGCAATCG GGATCGTCAT CGATGCAMDG ACACAGGGTC GAGTTGCAGE TTGGATATTT

¥M 004291513.2 PREDICTED: Frag ARACTG GTT TGTTTGTATA ARTTTOGTAR AGTTATTAGT TCAGGCTACK AGATTGCTAT CATTCC- -CA ATATAGTGA- RACTTTTACA CCATTT-CTC

1510 1520 1530 1540 1550 1560 157 1580 1590 1800
S T T H A T S T T T T T
eynl0il0 TATOGA TGGGARTTGC TTGTGGGETG TTTATATATG TATOGATARK CCATTTACTT CGRGGTTATC AGGCACARAM GOOGTCTTCA ATCGACACTC

M 004291513.2 FREDICTED: Frag CTGATTTGAA TTT---TTCA TTGTTARGTT GTGAGGTTTG TTTGECTTGA CARTCARCTG GETGARCATC ATGT---TAT ATTTTGACAG ATTGMGRMTT

1610 1d30 1d30 1840 1458 1ddd
T T T S S S T
eynl00l0 CGAGCCTCAR. ATTGTTGGCT GTAACAATGG GAATAGGGGT GATTGCTGTT GTTATGATCT GGG

41 _004291513.2 PEEDICTED: Frag Ch

Alignment of ZIP11 contigs against Fragaria vesca zinc transporter 11-like with BioEdit

program. Different colours represent the different nucleotides.
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Investigation on genes possibly involved in the response to heavy metals in Cynara cardunculus L.

10 F 3 a0 S0 0 n o o 100

cHeeaal wmaalfonaal soaafanasl snnsliansal aasallenaal saamallanaal snaalaneal aasalliosasl aasafonasl ssnafansal

00011 CMGGCADGE TCARTCTARR
¥M 0L0550291.1 PREDICTED: Tare ATGGARMCTG CGAGGTGGAT GAGAMAACTT TGACGGGOGA AGCCTTTCCC GTGCOGAAAC TGAGAGATTC TTCTGTTTGG GCAGGARCCA TGARTCTGAR

11 P 130 140 150 180 17 180 150 200
e B T S T T T, el - B T T -
eynliill TGETTATATT AGTGTTARAM CTACTGCTCT AGCTGARGCT TGTGTAGTGE CARGAATGED GAMGAGGCTC AAMATARTAM ATCT.

YM 010550251.1 FEEDICTED: Tare OCBGTTACATA RGCGTGRAAM CCACTGCTTT AGCOGAAGAT TGOGTGGTTG CAARGATGEC ARAGCTAGTG GAAGAAGCTC AGARCAGCAM AMCRCARMCC

e E- 30 24 250 Fild Pl Fo e £l
T T T T T T S T R T T T 1
eyml00ll CAGMGATATG TAGACARATG TGCCARGTAT TACACCOCAG CTGTTTGTGT ARTAGCCGCC TGCTTGGCTG CAATACCAGC TGCTATGDGR GTTCACARCC

4 _010550291.1 PEEDICTED: Tare CAGMGGTTTA TAGACABATG CTCTCAGTAC TACACTCCAG CTGTTGTCAT AMTATCAGCT TGTTTTGCCA TTATACCCGT TGCTCTGAGE GTCOGARMCC

g i 330 340 350 ELT e g £ ddd
camallmeaal wmaalfeaaal acaafanasl saaslfannal aanallenanal saaallanaal saaalaneal aasallacaa] aasafonasl ssnafansal
00011 TCGACAMATG GTATCACTTG GCATTGGTTG 'BAG CGCATGTCOG TETGOGCTTA TCTTGTCARC GCCTGTTGCA GCATTCTGCG CATTGTCARR

¥M 010550291.1 PREDICTED: Tare OCGAGCCATTG GTTTOGGETTA GCACTGGTTG TGTTAGTARG TGCATGCCCT TGTGGECTTC TCCTCTCCAC ACCAGTTGCC ACTTTCTGTS CACTCACARA

a1 4 430 240 450 480 a7 FE A9 s00
T (N R T T S R S T S R A T T R T T
eynliill AGCAGCT TCOGGACTTC TAGTTARAGE CGCTGAATAC CTTGARMCOC TTTCTACAGT CARARGTTATT TGCTTTGACA AAMCOGGCAC AMTCACTARR

YM 010550251.1 FEEDICTED: Tare GBCABCOCACG TCAGGACTTC TGATCARAGG AGGAGATTAT CTCGARMCOC TATCCARGAT CRAGATTGCT GCTTTCGATA AGACDGGAMC CATCACCAGR

s1g S0 S50 sS40 550 s&0 57 Se0 sg0 [T
T R T S T T S T R T T 1
eyml00ll GGAGAGTTCT CTGETCTCAAM CTTOCATOCA CTCATTATTG ACTOGG BCAMATTG CTCTACTGGEG TTTCGAGCAT AGMGAGCAMG TCTAGTCATC

4 _010550291.1 PEEDICTED: Tare GGOGARTTCA COGTCATGGA TTTCAGATCT CTCTCCGGAG RCATARGTGT TCACAGCCTT CTTTACTGGG TTTOGAGCAT AGAGAGCAMG TCGAGCCATC

did i a0 a4 50 aad a7 [ i Tog
T T R R S T T T R T TR 1
00011 TGGCTGE AGCACTTATA GACTADGCAC MGTCTCGTTC AGTTGAMCCA ATGTGGAGGEA AT-TCAMGAT TTTOOOGGGG AMGGRATTTA

¥M 010550291.1 PREDICTED: Tare CARTGGCTGC TGCCATTGTG GACTATGCAR AATCOGTATC GGTTGAMCCT AMAMCATGATG CAGTGGAGGA GTACCAGRAC TTTCCAGGTS AMGGMRATCTG

e wn a0 exT £ T80 e 0 o0 #oo
camallmeaal wmaalfeaaal seaafanasl saaslanaal aasallenaal saaallanaal saaalaneal aasallocas] aasafonasl senafansal
eynl00ll CGGAAMGATT GATGGGARGG ATATTTATAT TGGARRACCAR AMGATTGOCA TTAGAGCAGG GTGTTCAR-- GTTCCAACAA ATGGGAGTGA TGRR

M 010550291.1 FEEDICTED: Tare TGGGARGATA GACGGGRAMG ACGTTTATAT CGGTARCARA RGGATAGCTT CAAMGAGCTGE ATGCTCAMCA GTTTCAGACR TTGAAGTTGM CAACKRARGER

T a2 [ B4 a0 wag e FE a9 L
T T O N T T S T R T TR 1
eynliill GGGARGTOGA TTGGETACAT ATTTTTGGGG TCTTCACCTS CTGGARTCTT TAGTCTCTCT GATTCTTGTC GAATCGGAGT GAMGGMRGCR CTOGMRAGMRAD

4 _010550291.1 PEEDICTED: Tare GGGAAGACAG TTGGATACAT CTATGTAGGA GAARRGATTGG CAGGAGTTTT CARTCTTTCA GARCTCTTGTC GRACCGGAGC RGTTCARGCG ATGAMGGRAC

i g &30 £l S5 ELT g g £ 1odd
| 1 - | [, B T T el - el - - . -
eyml00ll TCAMATCAAT GOGAATTAAM ACAACCATGC TCACAGGAGA TTGTCARGOC GCAGOCAATC ATGCACAMAR MGG MG MGGTGETTCA

¥M 0105502591.1 PREDICTED: Tare TTAMATCTTT GGGTGTTAAR ACCGCAATGC TGACCGGAGA TAMCCAMGAT GCAGCCATGC ATGCCCAMGA ACAGCTAGGG RATGCTCTGE AGGTTGTTCA

10ae 100 1080 1040 1050 1060 1070 1080 1090 1100
camallmeaal wmaalfeaaal seaafanasl saasfaneal aasallenanl saaallanaal saaalaneal aasallocaal aasafonasl ssnafansal
00011 TGCAGAACTT CTACCTCAMG ATAAMGDCAG MATTATCARA GAAATTCAAR GGGAATTCCC AACAGCTATG GTTGGAGATG GACTCARTGA TGCTCCTGCT

¥M 010550291.1 PREDICTED: Tare TTCAGAGCTT CTTCOGCAMG ATAAMGCARG AATCATCGAG GAGTTTAAGH GMGAMGGAGC AMCCGCCATG GTAGGGGATG GACTGARTGA TGCACCGGCT

111w 1 FEE ] 140 1150 1160 1w 1180 1190 FE
T T T T T T N T
eynliill 'RGOCACTG CRGATATTGE GATCTCAATG GGGGTTTCCG GATCAGCGTT GGCTARCGAR ACTGGACADG TGATCCTTAT GTOGARMCGAC ATCOGGAMMR

YM 010550251.1 FEEDICTED: Tare TTAGCTACTG CAGRTATOGE ARTCTCCATS GGARTATCTG GTTCTGCACT OGCRACTCAR ACCGEGCACA TCATTCTCAT GTCTARTGAC ATCRGARMGA

1He 1k i¥sa 140 1¥s8 1rdd i A 1ad 130d
T T T T A T
eyml00ll TCOCARTAGC GOTGAMGCTT GUCAGRARRR CCOGCAGRAR ARTATTCGAG ARTATCTTTA TCGCTATCGT TACCAAMGOC GCTATARTTG CCTTGGOCAT

4 _010550291.1 PEEDICTED: Tare TCOCGGAGGC TATAGAMCTA GCAAGRAGAG CTAGCTGGAA RGTTATACAG AMCGTGGTTC TGTCGATATC TATARAGGGA GGGATTCTTG TTCTGECTTT

1510 13m FE= 1] 1540 1380 FETT] 1570 FE
vamallmaaal weealeaaal seaafanas] saasfanaal amnallanaal saaalleanal saaalaneal aasslacan] aasals
00011 TGCCGGCCAC COGCTGETTT GGGCAGDGET TOTTGDGGAC GTGGGAMCC

¥M 0105502591.1 PREDICTED: Tare TGCAGGTCAC CCATTGATAT GGEGCTGCAGT TCTGGLAGAT GTCGGEGACTT GCTTGCTTGT GATCCTCAAT AGTATGTTAT TGCTAM

Alignment of HMA contigs against Tarenaya hassleriana cadmium/zinc-transporting
ATPase HMA3 with BioEdit program. Different colours represent the different

nucleotides.
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Investigation on genes possibly involved in the response to heavy metals in Cynara cardunculus L.

1cl | LERVO1005726.1 cds FVHET$0 TGGAGARCTT CCTCCAGTTA GTGATGCACA TGTTATTATG AGRGGARCMG TTGCTTATGT CCCACARMGTG TCATGGATTT TCARCGCARC TGTACGTGAC
Y1 017379379.1 FEEDICTED: Danc TGGAGAGCTT CCTGCTGTTG CAGATACTAG TGTTGTTATT AGGGETACKG TTGCTTATGT TCCACARMGTA TCATGGATCT TCAATGCARC CGTACGTCAG

T o s ran aasn n ool s o =1

T T T T T T T T T T B

1cl | LEEVOL005726.1 cds EWHETS0 ARCATATTGT TCGGATCCGT CTTTGAATCT GCARGGTATG AGARGACACT TGRTGTARCT GCATTGCACC ATGACCTTGA CGETGCTTCCA GETGGTGATC
4IM 017379379.1 PEEDICTED: Dane AATATACTAT TTGGATCTGT CTTTGARCCT TCARGGTATT CCAGGGCAMT AGRTGTGACT GCATTGDGGC ATGACCTTGA TTTGCTTCCC GGOGGTGATC

2310 p= 122\1 p= 1 z.hn J.MII 237 p=r F= Zdod
B T T T R R R e T, B T

1cl|LEFVDL005T726.1 cds EVHBTSD TTACCGAGAT TGETGARAGA mut.'rm’m TTAGTGEAGE LCMM .MEAGT‘T'WCA TGGCTAGAGC TGTATACTCT Mmm TTTATGTETT
7M 017379379.1 PEEDICTED: Dauwc TCACTGAMMT TGGAGARAGA GOGAGTTAATA TTAGTGGAGG ACAAMAGCAA AGMGTATCCA TGGCTAGGEGC TGTTTACTCA GATTCAGATG TGTATATATT

rarn 4z rasn Fadn rasn rasn T Famn Y 2500

R B R Dy B By P By By B R EE Y BT RY R RY BT EY FEE Y PR FEERY EEPERY PP |
1cl| LEFWD1005726.1_cds FEVHETS0 TGATGATCCT TTGAGTGCTC TAGATGCTCA TGTGGETCGEA CAGGTCTTTG AGRAATGTAT TARRGARGAR TTAAGAGGCR ARACACGTGT TCTAGTTACA
¥M 017379379.1 PEEDICTED: Dawc TGATGADCCT TTAAGOGCTC TTGATGCTCA TGTGGCTCGEA CAGGTTTTCS AARAATGCAT CAARGARGAR CTGAMGGGGA GGACCAGAGT TTTAGTGACA

1cl | LERVO1005726.1 cds FVHET$0 ARCCAACTAC ATTTTCTTTC ACRAGTGGAT AGGATCCTCT TGGTCCATGA AGGCATGGTG ARMGMGGAGG GATCCTATGA AGAACTCTCA GAGARTGGTG
¥IM 017379379.1 FEEDICTED: Danc AACCAGTTAC ATTTTCTTTC TCAAGTAGAT AGRATACTTC TAGTCCATGA TGGCATGGTA ARMGMGGAMG GRACTTATGA GGAATTGTCA AMCAMTGGCA

z\sm e &30 2640 2850 260 2670 e Fr Fron

- T T T T T S T S TR A 1

1cl | LEEVDL005726.1 cds EVHBTSD 'I'PL'I'[.'I'TCCA GARAGTTGATG GAGAATGCAG GARAAMATGGA AGRATATGTG GAGGARRAMG AMGAGGCAGG AGMGGCTGAT ACARMGACAT CAATACCTGT
YM 017379379.1 PEEDICTED: Dane TATTGTTCCA AARACTGATG GARAMTGOGG GGARMBATGGA AGAATATGTG GRAGMAGAGG AMGAMGGTGT AGACKRAGGAR AGTCARARCTT TARARCCTGT

znn zﬂin

1cl|LEFVOL00ST26.1 cds EVHBTSD GACTAATGET GTAGCTGETG AGTTAGCTAA AGATG cma.ca mm MMATCT ET'N?T'I‘A'T'F.R mmm
#M _017379379.1 PREDICTED: Dauc AGCTAATGGT GTARCARATG ATGTTCCAAA AGATGGAAGC CHGGCARAGA AMMGTARAGA AGGGAARTCG ATTCTCATCA AGCAGGAGGA AMGGEARACG

zmn zm znn zuan e ey zu.-n o Y 2900
el el el SRR NIRRT R PR Y PR EPEeT |

1cl| LEFWO1005726.1_cds EVHETS0 MTL'I"N."I'CA ﬂ?‘l'l'l"kh'l'h'l' 'I'I'Tﬁhm 'I'}.Tm’l’ﬂ CATTAGGAGS m’l‘ M'I'A'I'P.T TGETTCGEGTG CTATGCTTCA ACAGMAMCTT

#M 017379379.1 PREDICTED: Dauwc GGGGTTGTCA GTTTGARRGT CTTGECAAGG TATAMARATG CACTGGGAGG GTTGTGGETG GTTATGATAC TCTTCADGTG TTATGTATCA ACAGAAGTAT

a0 o0
1cl | LERVO1005726.1 cds FEVHETS0 TARGMRATACT GAGTAGCACG TGGTTAMGTA TTTGEACAGA CGARMGCTCC COGAMGACCC ACRGCCCATT ATTCTATAMT CTTATATATG CACTTCTATC
4 017379379.1 PEEDICTED: Dane TADGRGTTCT CAGTAGCACA TGGTTARGTA TTTGEACAGA TGARMGTACC CCRAMGARCC ATGGGCCAGG TTTCTACAMT CTGATATATT CACTTCTATC

£ A ELEL] anan ansn 00 307 ELE £ 00

T T T T T T T T D B T T T T

1cl | LEEVD1005726.1 cds EVHBT®0 ACTCGGTCAA GTTTTGGTGA CATTGGCAARA TTCTTTTTGG TTGATCATAR CRRGCCTTAT TGCTGCTCGG AMGTTGCACA ATGCTATGCT TARCTCCATA
7M 017379379.1 PEEDICTED: Dauwc ATTTTGTCAG GTTCTTGTGA CTTTGGCAMA TTCATTTTGG TTGATCCTAT CGAGCCTTTA TGCAGCCAGA AGGTTGCATC ARGUTATGCT TAACTCTATT

1cl| LEFWD1005726.1_cds EVHETS0 TTGAGAGCTC CTATGGTCTT mma.m AMTCCOCTTG GADGTATCAT TAATAGATTT GCARRAGATC TTGGTGACAT AGATCGGAMT GTTGCCOCAT
¥M _017379373.1 FREDICTED: Dauc CTGAGGGCTC CTATGGTCTT CTTTCATACC ARTCCACTTG GCOGTATTAT TARTAGGTTT GCAAMGGATT TAGGTGACAT AGATCGGAMC GTTGCTCOTT

T a0 a0 azan £ £ £ En a0 EE
I L Y Rl Y L Y Bl Ry E Rl By PRl BT R Rl B PR EEE Y PR FEeT |

1cl|LERVO1005726.1 cds EVHET®0 TTGTGARCAT GTTTCTGGET CARGTGTCGC AGCTCTTGTC ARCCTTTGTT CTARTAGGAT TATTGAGCAC CATGTCTCTT TGGGCTATCT TGCCACTTCT
¥IM 017379379.1 FEEDICTED: Danc TCGTARRTAT GTTTCTAGEC CARGTGTCGC AGCTTCTTTC ARCTTTTGTG CTGATTGGAAR TATTAAGCAC CATGTCACTC TGGGCTATAT TGCCACTTCT

EE EER EEEN] a3a0 3350 360 EER EER EER 3400
B T T T T T T T S T

1cl | LEEVOL005726.1 cds EWHET®0 GTTGCTGTTC TATGCAGCTT ATCTGTATTA TCAGAGCACT GCOCGTGAGG TARAGCGATT GGATTCCATC ACARGATCTC CTGTGTATGC ACAATTTGGEG
4 017379379.1 PEEDICTED: Dane ACTTGTGTTC TATGCAGCTT ATCTGTATTA TCAGAGCACA GCACGTGAMG TGRAGCGCTT AGATTCCATT AGCAGATCTC CTGTCTATGC CCAATTTGGEA

3418 EXE 3430 3440 3450 3460 3470 EXEL 3400 3500

T T T T T T T T T T T T

1cl|LEFVODL005T726.1 cds FVHETSD GAAGCACTGA ATGETTTATC TACCATTCGET GCATATARMG CTTATGATCG AMTGTCGAMG ATTAMTGGGA ATTCCATGGR CAATAATATC AGGTATACAT
7M 017379379.1 PEEDICTED: Dauwc GAMGCCTTGA ATGGCCTGTC AACTATTCGT GUATATAMMG CTTATGATCG AMTGECCAMT ATTAATGGGA ATTCAATGGR CRACRATGTT AGATTTACTC

.hul ER hzn 3540 .h:n zmin ER EE EE Er
L Y R EEETRY P B L Y Rl By EE Rl B R Y PR EE Y PRI EPEaT |

1cl| LEFWO1005726.1_cds EVHETS0 'I'PEI'GAM:AT GAGTGCAAAD mrrmm‘m CARTCCGGETT MMM'I‘ M‘I‘G!I.'I'CA TGATTTGSTT GACTGCAACC TTTGCTGTTA TGCARRATGS
¥M _017379373.1 FEEDICTED: Dauc TTGTGARCAT GAGTGGAAMT CGTTGGCTTG CAATCOGATT AGAAMCATTA GBGGGCGTTA TGATTTGGCT TACTGCAACT TTTGCTGTAR TGCARAATGS

Jﬂn 3620 3630 3640 3650 3660 3670 3680 Jﬁm £
A T T T T T T T N SR T R

1cl|LERVD1005726.1 cds EVHBTSD cmma AATCARGAMG CTTTTGCATC TADCATGGGT CTTCTTCTAR GTTATGCATT ARATATCACA TCCTTATTAR m'l'l'[,'l' TAGECTTGCA
YIM 017379379.1 FEEDICTED: Danc AAGGGCAGTA AATCAGGAMG CCTTTGOCTC TTCARTGGET TTACTTCTTA GTTATGCTTT ARARTATTACA AGCTTACTGA CTGCTGTATT GAGACTTGCA

ERAT Frm 2.!2\1 a0 3750 2.l£n zun ERE ERE ER

B T T T T T R T T T ce- N T T T T

1cl | LERVOL005726.1 cds EWHBTSD AGTCTAGCCG AGRATAGCTT m’rucm:m GARGCETGTTG GTACTTATAT 'I'EMT'I"II,'I' 'I'[.'TGN!I,'I’C CTCCTGTTAT TGAAGACAART CGDCCTCCAC
4 017379379.1 PEEDICTED: Dane AGTCTAGCTG AGRATAGTTT GARTGCTGTT GMGCGTGTTG GCACATATAT AGRGTTGCCT TCAGMGGGTC CTTCAGTTAT TGACARGCARC CGTCCTCCTC

Jaid Sudg k1 udd Jasd udd kL Sudd Judd kL
T T T T T T T S T

1cl|LEFPVDL00S5T26.1 cds FVHET®D CTGGATGECC TACATOGGEA TCGATCAMAT TTGARBARTGET TGTTTTADGC TATAGGLCTG ARCTTCCTCC TGETACTGCAT GETTTGTCTT TCACAATTCC
#M 017379379.1 PEEDICTED: Dawc CTGGATGGCC TTCTTCTGEA TCCATCAAAT TTGAMGATGT TGTTCTADGET TATCGACCTG AMCTACCTCC AGTGTTGCAT GGTTTATCAT TCAMGATTCC

Jmn Jm ”Jn ECT mn 3960 an Jm Jm annn
1= TR R SETERY | ap ST ceeels SRRl EE

1cl| LEFWO1005726.1_cds EVHETS0 mmw APMI"IMAA 'I'PEI'I'MAM GARDOGGAGCA mam G‘.‘.ATH?‘I'GAA TlI.'I'I"I'A'I'I"I' MTATWI'M AM,'I'MM AMAAATM'I'
¥M _017379373.1 FREDICTED: Dauc TCCARGTGAC ARGGTTGGAR TAGTTGGARG GACTGGAGCA GGAAMATOGA GCATGCTCAA TGUTTTATTT AGGATTGTTG ARCTGGAAMG TGGCAGAATC

Alignment of ABCCI contigs against Daucus carota subsp. sativus ABC transporter C
family member 2-like with BioEdit program. Different colours represent the different

nucleotides.
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Investigation on genes possibly involved in the response to heavy metals in Cynara cardunculus L.
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Chrysanthesmm x
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10 F 3 a0 S0 0 n o o 100

11
B A T T

BRACTACAMGT GCTTAGTGCA CTTGATTOCG CCAMGACTCA ATTGTACCAT TTCACGGOGR TTGTGATOGC GGGTATGGET TTCTTTACTSG ATGOCTACGR

e E- 30 24 250 Fild Pl Fo e £l
T T T T T T S T R T T T 1
TCTCTTOGEC ATTTCTCTOG TCACCRAATT GUTTGGTOGT ATCTACTACC ACRRAGADGG TGCACCCAAG CCOGGAMDGC TACCOCCTGG TGTOGCTTCT
TCTCTTTGCC ATTTOGTTAG TCADGRAATT GUTAGGCAGA ATATATTACC ACGTAGAAGG TTCGCCAMAR CCTGGAMCCC TACCACCTAG TGTGRACTCT

£ ER 330 340 350 ET Eel £ e 400
camallmeaal wmaalfeaaal acaafanasl saaslfannal aanallenanal saaallanaal saaalaneal aasallacaa] aasafonasl ssnafansal
TCAGTCACCG GTGTCGCACT CGTTGGGACC CTCTGCOGGTC AACTTTTCTT TGGGTGGCTC GETGACAMAR TGGGACGGAM MAMMGTCTAT GGTATGACAT
TCGETTACTG GTGTCGCCCT TETTGGAMCT CTATGTGGTC AACTCTTCTT CGGGTGGCTT GETGACAMAR TGGGCCGAAM GAMMGTTTAC GGAATGACTT

a1 EE 430 240 450 480 4 qu0 450 so0
T N S S T T S T R T TR T
TAGCCATCAT GGTCATATGC TCCCTGGOCT COGGTCTATC GTTTGGARAT GARGCACARG GTGTCATGGC CACCCTTTGT TTCTTCOGCT

TAGCTCTCAT GGTTGTATGT TCCTTTGCTT CTGETCTCTC TTTTGGGARAC GAGGCARAMG GTGTGATGEC GACCCTTTGC TTCTTTOGAT TTTGGCTAGE

sig S 530 4 550 a0 57d Sad S aad
T T R A T S T T T T R T TR 1
GTTTGGEGEATC GETGETGATT ATCOGCTCTC TT ATGTCOGAAT ACGCTAACAR GARAMDOOGT GGTGOGTTTA TTGCOGLOGGT TTTTGCTATG

GTTTGGETATT GGAGGCGATT ATCCTCTCTC GGCTACTATT ATGTCOGRAT ATGCTARCER GRARAMCCOCGT GGTGLGTTTA TTGCTGCTGT TTTTGCTATG

s10 = 30 sS40 a0 w0 &7 a0 [ 00
camallmeaal aeaalfeaaal acaafanasl saaslanaal aanallanaal saaallanaal saaalaneal aasallacan] aasafoaasl ssnafansal
CAMGGOTTTG GGATTTTGGC TAGTGGGGTS GTAGDGTTGA TTGTGTCGGC CTCTTTCGAC CATGCATTTA ADGCTCCATC TTADGCTACG GARCCOGATTG
CAMBGOTTTG GTATTCTGGC TAGTGGAGTA GTGGCTTTGA TOGTGTCAGC TTCTTTTGAC CACGCATTTA ATGARCCATC CTATGCAADG AMTOCDGTAT

e wa a0 e T T80 e E 90 Hog
T T T N A S T T T T R T TR 1
GETCCACAGT COCACAMGOG GACTATATCT GGOGAATTAT ACTGATGTTC GGTGOGATCC CTGOGGOCCT GACTTATTAC TGGUGGATGR AGATGCOGGA
TGETCCACAGE COCACAGTOG GACTACATTT GGOGTATTAT TCTCATGTTT GGOGCTATTC CAGCAGDGTT GACATACTAC TGGUGTATGR AGATGOCTGA

aig g a30 g4 a5g gad &g dd i dad
T T R T S T T T R T T TR T
MACCGCTAGG TACACCGCTT TGGTGGOGAR GAMDGOGARA CAAGCTGCCC AMGATATGGC GRAAGTTTTA CAAGTTGATA TTGAMGDOGR AGAOCAGMRAG
MACTGCTCGT TACACMGCTT TGGTTGCARA ARMDGOGARRA CAAGCTGCAC ARGATATGGC TCGAGTTTTA CAAGTTGAGA TTGAAMGUTGR AGAGCACAAG

FaT s 230 40 950 Y o7 a0 P 1000
camallmeaal wmaalfeaaal seaafanasl smaslfanaal aasallenanl saaallanaal snaalaneal aasallocas] aasafonasl ssnafansal
AGAGAMGA TAGCTCAGGA TACCAGRAMD TTCGGAT TGTTTTOGAR TTTCTC TG GTCTTCATTT GCTCGGARCC ACCAGTACCT

GTCGAGAAAR TTGCAGCGGA CARGMGTAMC TCATTTGGGT TGTTCTCGAG AGAGTTTCTT CETCGCCATG GOCTTCACTT ACTOGGAACC ACCTCCACTT

1pe 1020 1o F T 1090 1100
T T T T T A | 1 | | B T
GGETTCTTACT TGACATTGCT TTCTACTCAC RARMRCCTCTT CCAGRRAGAC GTCTTCACOS CCATCOGGGTG GATTCOGGCA GOGGOCRAMK TGAGCGOCAD

GETTTTTGCT AGATATTGCT TTCTACTCAC RARRTCTTTT CCAGRRAGAC GTTTTCACAG CTATCOGGATG GATCCOOGOG GCTGOCRAMK TGAGTGCTAC

1050 1060 g 1080

ii1g i1 i1sd 1i4dd 1158 i1dd i1 11 i19d 1ddd
e T T T T N T
CGECGAGETC TTCARGETGG CCAAMGCTCA AADCCTGATT GOGCTTTGCA GTACGGTTCC CGGTTACTGG TTCACGGTTG CGTTCATOGR TATCATOGGA
CGECGAGETT TATARMGTTG CARAMGCTCA AADCCTARTC GCTCTTTGCA GTACTGTCCC TGGTTACTGG TTCACTGTOG CTTTCATOGR TATCATAGGC

1m0 L 1340 1rE0 L0 L L 100
A D I T I oamealiananl =s B e ceaal aas B
CGTTTTGOGA T GEGATTCTTC TGACGG TGTTCATGTT TGCTCTOGCC ATACOGTACC ACCACTGGAC CTTACACGAC AMCCGTCTTG

CGTTTCGCAR TCCAACTCAT GGGATTCTTT TTCATGACTG TATTCATGTT OGCTCTTGCA ATCCCGTACC ACCACTGGAC CTTACATGAR AMCDGTCTCG

1310 130 1330 1340 1350 1360 13w 130 e 400
T T T T T T T
GATTCATCAT CATGTATTCA TTRACATTTT TCTTOGOCAR CTTOGGCCCT ARDGCOCACCA CTTTOGTOGT CCCTGOTGAM ATCTTTCOGE

GTTTTGTGET CATGTACTCA TTAACATTTT TCTTOGCARR TTTOGGCOCCT ARDGCOCACAR CTTTTGTTGT CCCTGOTGAM ATCTTCCCAG CCAGGCTACG

1d1g 140 Ldin 1d4d 1458 Lddd 1470 1ddd Lddd 1500
T T T T T T A T
\TCCACTTGC CACGGTATCT COGOCGCTGE CGGGRAAGCC GGTGCCATOG TOGGAGCTTA CGGGTTTCTC TADGCTTCCC ARMGCACOGR COCTARRMAR
GTCCACTTGT CACGGTATAT COGCAGCAGC TGGGRAGGCT GGTGCCATTG TOGGAGCATA CGGEGTTTCTC TATGCTTCTC AAMGCACOGR TCCTCATARG

1510 1500 1850 1540 1850 1560 1570 1580 1590 1800
camallmeaal weaalfeaaal seaafanasl saasfanaal aanallanan] saaallanaal saaalaneal aasallaocas] aasafoaasl ssnafansal
ACCGACCATG GCTACCCTCC TGGTATDGGG ATCARGAACT COCTCATCGT TCTCGGCGTC ATCAATTTCT TGGGGATGET GTTTACSTTT TTAGTGOOGG
ACTGACAAMGG GCTACCCTAC AGGTATDGGA ATCAGGTACT CGCTCGTTGT TCTTGGETATC ATCAATTTCT TAGGTATGGC TTTTACGTTT TTGGTACCTG

1810 1820 1830 1840 1850
B T T T T S T T
BRCCARATGS CAMATCOGCTG GARGARTTAT COGGOGRGAR TGAGGARGAT GO

BRCCAAMDGS CAMATCTCTC GARGAMTTAT CGGGTGARAR TGAGGRGGGA ACCGAGCCT

Alignment of PHT contigs against Chrysanthemum x morifolium phosphate transporter 1

with BioEdit program. Different colours represent the different nucleotides.
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Investigation on genes possibly involved in the response to heavy metals in Cynara cardunculus L.

00014

G0372840.1 Sorchus arversis pk

00014

GO372840.1 Sorchus amvensis ph

cyTi001ls

G0372840.1 Sorchus arversis pk

00014

GQ372840.1 Sonchus arvensis ph

cynii0le

GQ372840.1 Sonchus amvensis ph

00014

G0372840.1 Sorchus arversis pk

00014

GQ372840.1 Sorckus amversis pk

cyri00le

G0372840.1 Sorchus arversis pk

Alignment of PCS contigs against Sonchus arvensis phytochelatin synthase (PCS1) with

mmmmmmmmmmmmmmnmwmm
CATGGAMGCC ACTCAMGGTG GARCCATGGA MGGCTTCTTT AAGCTGATCT CTTACTTCCA GACACAATCG GAACCTGCCT ATTGTGGATT AGCTACCCTC

GCCATGETTT TGARTGCACT TTCTATTGAT COGGGTAGAR ARTGGARRGE TCCCTGGAGE 'I'MI'I"TGATG BATCTATGCT GGACTGTTGE GAGCCTTTGS
GCCATGETCT TGARTGCACT TTCCATTGAT COGGGTAGAR ARTGGARRGG TCCOCTGGAGS TGGTTTGATS AGTCCATGCT GGACTGTTGET GRGOCTTTGS

Mmmnmmnmmmmmmwmﬂ
MARMGGTTAR AGCCAMAMGGC ATTTCATTTG GGAMGGTTGT GTGTTTGGCT CATTGTGCTG GAGCAAAMGT TGAMGCTTTT CGCACARATC ARRGTARCAT

TGATGAATTC u::macmu WAT‘TII:A’M CTCTACTTCT GATGATCGTC ATGTGATCTC ATCATATARC Pﬁm’[‘ TTARACAGAC AGGTACTGGD
TGATGAATTT CGCAMGCATG TTATTGDGTG TTCTACTTCT GATGATTGCC ATGTGATCTC ATCATATAAC AGAGCAACTT TTARACAGAC AGGTAGTGGT

CACTTTTCAC (,'I'A'I'I'MTM WATCF\TM‘I' GEAMGAGACA TGI.M'I"AAT 1'I"T'MAT|.|"I"'I' EAMH'I"TA Mm\'mcmc TCACTGGGTT CCACTTAAMD
CACTTTTCAC CTATTGETGE CTATCATGCT GGARRGGACA TGGECATTGAT TTTAGATGTT GCACGCTTTA AGTATCCTCC TCATTGGGTT CCACTTARALC

TACTTTGGEGEA AGCTATGGAT ACGTTGGATG ATGCTARTGG ATTTCGCAGR GGTTTCATGC TAATAT
TACTTTGGGA AGCCATGGAT ACATTOGACG ATGCTAGTGG ATTCOGCAGR GGTTTCATGC TGATATCTA

BioEdit program. Different colours represent the different nucleotides.
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OTG21116.
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OTG21116.
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OTG21116.
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OTG21116.

Alignment of NRAMP1 translate sequences against Helianthus annuus NRAMP metal

putative

putative

putative

putative

putative

putative

1o 20 30 40 50

B B B B B I B B B SIS BRI BT
MET WANAFSQ HPQFMETTHA PLIESPETHQ IVVEPDETSWE NLFAYMETGP GFLVSIAYID PGNF

WRAMP meta -—————--—- —————- MTHT PLIESSDTHQ IVVEDETSWE NFFAYLG--P GFLVSIAYID PGNF

110 1z0 130 140 150

T T T T
VVTCKHLAEH CENEYERVTN IILWILAEIS IVACDIPEVI CTAFALNMET LFNIPVWCGV LLTC
NRAMP meta VVTCKHLAEH CENEYERVTN FILWILAEIS IVACDIPEVI GTAFALNM-- LFNIPVWIGV LLTG

210 220 230 240 250
R el
GISKPDASEV LYGLFVPQLR GSGSTC

NRAMP meta GISEPVASEV LYGLFVPQLEK GSGSTGLAIS LLGAMV---- MPHNLFLHSA LVLSREIPRS VSGI
310 320 330 340 350
B B B B e B A AT B B B s
NLNFDDOQESC QDLDLNFASF LLEASHVLGK WSSEVFATAL LASGQSSTIT GTYAGQYVME TQGF
NRAMP meta NLNPDDOESC QDLDLNFASF LLR--NVLGKE WSSEVFATAL LASGQSSTIT GTYAGOYVMO --GF

410 420 430 440 450

B R B B B IR SENCIERI BRI BRI IR BRI ISP B
GELIITASIS G-————===—= —————————— —————————— -METTWIIGS LIMETGINIY FLVD

WRAMP meta GRLIITASMI LSFELFFALI PLLEFTSSET EMGSHANSET ISATITWIIGS LIMG--INIY FLVD

510 520 530 540 550

L T T T T T T e T e
GYLVLRENEN SSHLLALTSP ECREMETERS ASAAYGOPRE DIVACNFLRR GELLMETQT
NRAMP meta CYLVVRENEE SSHLLALTTP ESREME--RT VSAYDGQPRQ DIVNMQLPOR RTSNDAN--—

ion transporter 6. Different colours represent the different nucleotides.




Investigation on genes possibly involved in the response to heavy metals in Cynara cardunculus L.

cyn00009

OTGDET734.
KVHS92457.

cyn00009

OTGDET34.
KVHS2457.

cyn00009

OTGDET734.
KVHS92457.

cyn00009
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KVHS2457.

cyn00009

OTGD&ET734.
KVHS92457.
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1

putative natural re
Natural resistance-

putative natural re
Natural resistance-

putative natural re
Natural resistance-

putative natural re
Natural resistance-

putative natural re
Natural resistance-

putative natural re
Natural resistance-

MSTAFLDPGN LEGDLQAGAT AGYSLLWLLL WATATGLLVQ LLSARLGVAT GRHLAELCRE EYFN
MSTAFLDPGN LEGDLQAGAT AGYSLLWLLL WATATGLLVQ LLSARLGVAT GRHLAELCRE EYFN

210 220 230 240 250 260
N N T N e N e
———————————————————————————————————— META ISFAWMETFCG ETKPNARELL VGLV
LPLWAGVLIT AFDCFIFLFL ENYCVRKLEA LFAFLIAVMA VSFAWM--FC ETKPNARELL VCLV
LPLWAGVLIT AFDCFIFLFL ENYCVRKLEA LFAVLIAVMA ISFAWM--FC ETKPNARELL VCLV

310 320 330 340 350 360
B E e I B L IR IR BRI PR P BRI I |
RDVDPRKTGR VREALRYYSI ESGIALAISF IINLEVTTVE AKAFFGTAIA DTIGLG
REVDFTETGR VREALRYYSI ESTIALAVSF VINLFVTTVE AFAFFGTATA DTIGLGHAGQ FLEE
RDVDPFRETGR VREALRYYSI ESGIALATSF ITNLFVTTVE AFAFFGTATA DTIGLGNAGD FLEE

410 420 430 440 450 460
T T T T T T L T T
JFLDLRL ERWARALITR SCAITPTLVV ALIFDSSEDT METDVLNEWL NVLQAVQIPF ALIP

;FLDLRL REWARALITR SCAIVETLIV ALIFDSSEDT LD--VLNEWL NVLOSIQIPF ALIP
G-—-GFLDLRL FEWARALITR SCAIIPTLVV ALIFDSSEDT MD--VLNEWL NVLOQAVOQIPF ALIF

510
-

YLLOQQFFAEE VTCVAFTSVV IVETVAYVAF VVYLIWRSIT VSTEGFLELR SQAA
YLLOQQFFAEE VSGTTEFTSIV VAFTVAYVAF IVYLIWRSIT VSTFGLFESR SQAT

Alignment of NRAMP3 translate sequences against Helianthus annuus putative natural

resistance associated macrophage protein 4. Different colours represent the different

nucleotides.
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Investigation on genes possibly involved in the response to heavy metals in Cynara cardunculus L.

oyn00010

OTGDT658.
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oyn00010
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OTGDT658.
KEVI10407.
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OTGOT7698.
KEVI10407.

putative zinc trans
Zine/iron permease

putative zinc trans
Zino/iron permease

putative zinc trans
Zine/iron permease

putative zinc trans
Zine/iron permease

putative zinc trans
Zine/iron permease

MFRNLFFTSL LLVLILSAAA HGGDDHNDDDA DAAADTPEFD LRSRSLILVE IWCLIIIFFA TFIG
MPRFLFFISL FLLLLLSASA HGGGDQDD-- DEAPEAGEPN LRSRSLILVE IWCLILVFLG TFIG

110 1z0 130 140 150 160
L T T T T T T
ANETFQDLTT VEYPFAFMET LACGGYLLTM ETLADCLISY VYCEDPNGSA SDDLEHQCNN RNGR
ANETFEDLTS VEYPFAFM-- LACGGYLLTM —-FADNVISY VYCGED----S CGDDVEDQCET RNGR
ANETFEDLTT VEYPFAFM-- LACGGYLLTM —-LADCLISY VYCEDPNGSA SDDLEHQCNN RNGR

210 220 230 240 250 260
B B B B e B B AT I B B B I
TATGIADTRA XAWFALWTIS LERIFAATAM ETGIALLRME TIPDRPFLSC ASYAFAFGIS SPIG
TATGIADSKA DAWRALWTIS LEKIFAATAM ( TALLRM- -IPDRFLLSC ASYAFAFGIS SEVG
JTATGIADTRA DAWRKALWTIS LEKIFAATAM ( TALLRM- -IPDRPFLSC ASYAFAFGIS SPIG

310 320 330 340 350 360
N Y e e T
SINHLLRGYQ AQKPSSIDTP SLELLAVTME TCIGVIAVVM ETIWDNRCHQ SRCLESSMET DNLS
SINHLLRGYQ AQKPAAVDTP HYKFLAVTLG —-LGVIAVVM —-IWDT--—— —————————— ———-
SINHLLRGYQ AQKPSSIDTP SLELLAVTMG —-IGVIAVVM —-IWDT-——— —————————— ———-

410 420 430 440 450 460

SE PQIV

Alignment of ZIP11 translate sequences against Helianthus annuus putative zinc

transporter 11 precursor. Different colours represent the different nucleotides.

3 mBOELL
OTGL5082.1 p

EVI01438.1 Cati

Y0001l

OTGL5082.1 putatine cadminm-tt
EVI01438.1 Cation-transporting LLLLSFLEYW YPPFEWLAL

cymlOOLL

OTGL5082.1 putative cadminm-tr
EVIC1436.1 Cation-transperting

cymlO0LL

OTGL5082.1 putative cadmimm-tr ETQR/VORER K7 TPAVOW
EVI01436.1 Cation-transporting ETOR/VORCA KT TREVCVI

Y0001

OTG15082 .1 putative cadmium-tr
EVI01438.1 Cation-transpotting

cymlOOLL

OTGL5082.1 putative cadmimm-tr
EVI01436.1 Cation-trarsporting

cymlO0LL

OTGL5082.1 putative cadmimm-tt
EVI01438.1 Cation-transpotting

Y0001

OTGL5082.1 putative cadmium-tr

EVI01438.1 Cati

LLLLSFFEYV YSPFOWLALG ANARIIPIV LEAIASLTEL EFDINILMLI A
WCIIPLD LEAIASLRSL RFDIBVIMLI AE-

5 SLMNIAPQER

A ANEVTVETRL

ETOR{VORCA K{TPANCVT

1 FSLSDSCRIG VEEALEELKS MG--IKTTM- -LTGICOA HA

i TEEVAWSTRL AVEACTMIPI DOVAANDCHCE VOERALTCES FPVSKIVDSH VHAC

AETMIPI DEIVWEGSCE VOEKALTCES FRVSHINOST VA

B
TLETLST VEVICFDETC
TLETLST VKSICFDETC
GAETLETLST VEVICFDETC

SVEFQFTRVE EFBIFE
LIDYAQSR SVEPQPOMVE EFEDEF

K DGOV VCHOET
TCHKIDCEDIY ICHOKIAL

LEVWHAELLF QDERRIIHEI QREF]
LESVHAQLLP COBRKI[HEL QHES]
~VWHAELLF COBRRIIBED QREF

VEEALEELKF MG--IRTAN- -LTGDCODAR DYRQNQ

0
LME TSEDIBKIPI AVELARKTRER KIFENI
ILMS --EDIBEVP] AVELARKTER KIFENI VTEA

HETCHVILME --BDIBKIP] AVELARKTRER KIFENIFIAI VTEAA

Alignment of HMA translate sequences against Helianthus annuus putative cadmium-

transporting ATPase. Different colours represent the different nucleotides.
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Alignment of ABCCI translate sequences against Helianthus annuus putative ABC

Investigation on genes possibly involved in the response to heavy metals in Cynara cardunculus L.

putatine ABC tzansp
ApA+ ATPase domair-—

putative REC transp
ARA4+ ATPaze dcmain-

putatine RBC transp
ARM+ ATPase domain-

putatine BEC tzansp
BRA+ ATPase domain-

puratine AEC tramsp
BMA+ ATPase domair-—

putatine ABC transp
AMA+ ATPase domain-—

putative BEC tramsp
BRA+ ATPase domain-

puratine AEC tramsp
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