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1. Introduction

The contamination of metals like Nickel (Ni) in tBeil represents a serious threat worldwide. To
counteract this phenomenon, hyperaccumulator @peties, able to remove metal from soil and
store it at high concentration in shoots, are eggadfor metal phytoremediation purposes. Native
microbial communities occurring in the rhizosphefehyperaccumulators often promote plant
growth and metal uptake.

So far, each abiotic and biotic rhizospheric congms (soil, root system and microbiota) have
been used without considering the reciprocal inteyas and the responses to Ni stress as a whole.
The present study aims to develop for the firsetan innovative and multidisciplinary approach to
examine the rhizosphere of Ni-hyperaccumulatorsaabolistic model, promoting the plant
development and the Ni uptake.

A promising approach can be the synergic inoculatib mixed rhizospheric bacterial and fungal
strains as natural chelators of metals for plantss integrated system is feasible owing to the
collaboration with the Laboratory of Micology arfuetLaboratory of Microbiology of Department
of Earth, Environmental and Life Sciences (DISTAM})iversity of Genoa.

Among metalliferous soils, specific attention waseg to serpentinitic soil which display
extremely hostile conditions (nutrient shortage aadcentration of metals - e.g., Ni - highly toxic)
for most plants except for hyperaccumulator species

In the present study, each rhizosphere componest examined before starting the study of
microbiota interactions.

The root system of Ni-hyperaccumulators plays ardy in the Ni accumulation. In particular the
root surface (area) represents the first zone tdrnpial Ni uptake and it is measured likewise root
biomass to assess the response to Ni stress.

Bacterial and fungal communities are involved iarplgrowth promotion and defence against Ni
stress. They are frequently able to alter metahmdability in the rhizosphere promoting the plant

metal uptake.



The thesis is divided in four parts and it is oligad as follows:

Chapter 2 deals the issue of Ni in the soil envitent and it briefly mentions the Ni-
hyperaccumulators and their role in the soil phsteediation. Great emphasis is given to
rhizosphere as a whole superorganism.

In the end, aim and objectives of the researcistated.

Chapter 3 explains material and methods of thisare$. Early response to Ni stress in plant
development are carried out with micro- and meswocgermination under Ni stress in the Ni-
hyperaccumulator speciégyssoides utriculata (L.) Medik, Noccaea caerulescens (J. Presl & C.
Presl) F. K. Mey[= Thlaspi caerulescens. J. Presl| & C. Pres@ndOdontarrhena bertolonii (Desv.)

L. Cecchi & Selvi [=Alyssum bertolonii Desv.] and on the related non-accumulator species
Alyssum montanum L. and Thlaspi arvense L., used for comparison. Afterwards, the respamase
increasing Ni concentrations in terms of root stefarea, root and shoot biomass, water content
and photosynthetic efficiency was evaluated.

SubsequentlyA. utriculata was selected as a good candidate to study rhieraspbomponents
because of its Ni-facultative hyperaccumulationtgrand its ability to thrive in harsh metallifesou
soils. Related rhizosphere and bare soil samples walected from serpentine and non-serpentine
sites.

Plant and soil samples were processed and analygedspecific attention to isolation and
identification of culturable microbiota, then skt for their Ni-tolerance and plant growth
promoting traits. Later, most performing Ni tolerdvacterial and fungal strains were tested by
means of co-growth methods to estimate their patlentutual synergy in a mixed culture to be
used as inoculum in the rhizospheredotitricul ata.

Obtained data reported in Chapter 4 were statistiaaalysed to assess the significant differences

between variables, then data structure was visdtizrough the Principal Components Analysis.



The findings were discussed in Chapter 5, highiighthe importance of this first step of integrated
plant-rhizobiota tool, focused on the whole rhizesgpc model to improve Ni uptake from polluted

soil, although further investigations are requite@scertain the efficiency of the field applicatio



2. A new rhizospheric approach

2.1 Metalsin the environment

Nowadays, environmental pollution by metals repnesene of the most dramatic treat in the
world. In addition to the natural sources like viegiing of minerals, erosion and volcanic activity,
the main sources of metal pollution in soils artheapogenic, like agricultural activity, municipal
and industrial wastes and mining (Ali et al., 2013)

Recently, the most frequent definition of “heavytat€’ has been used to indicate metals and
metalloids characterized by potential toxicity tedsaenvironment and living organisms (Dal Corso
et al.,, 2013). Metals are considered as trace eltmieecause of their presence at very low
concentrations (i.e., ppb to less than 10 ppm)ainous environmental matrices (Kabata-Pendias,
2010). The main characteristics of this contamarattan be summarized as: wide distribution,
strong latency, irreversibility and remediation dragss (Su, 2014). Besides, the metallic elements
are considered systemic toxicants that are knowmdace multiple organ damage, even at low
levels of exposure (Tchounwou et al., 2012).

The metal accumulation in soils and waters posesigaificant risk to human health and
environment. The metals concentrate in the bodyés of living organisms (i.e., bioaccumulation)
and their concentrations increase as they pass fimwer to higher trophic levels (i.e.,

biomagnification, Ali et al., 2013).

2.2 Nickel: sources, characteristics, functions and toxicity

Nickel is the 24 most abundant element and it occurs either asearfretal in igneous rocks or in
combination with other metals like iron (Anjum ¢t 2015).

In soil Ni exists both in organic and inorganicrfoas well as water soluble and as free in soil
solution; the acidity of the soil promote the biadability of Ni, because low pH values facilitate

the metal mobilization towards the plants’ root#f@Ad et al., 2010; Shahzad et al., 2018).



Nickel is an essential micronutrient and playsgmigicant role in the development of the seedling
(Shahzad et al., 2018). It is involved in the plgrdwth and in many biological functions (Rahman
et al., 2005), it is necessary for the biosynthesisome proteins and it plays an important role in
nitrogen plant assimilation and metabolism as @dérmany enzymes involved in the process
(Mustafiz et al., 2014; Parida et al., 2003). MaeoNi can protect plant against several biotic and
abiotic stresses (Sreekanth et al., 2013).

Ni enters the environment through natural and @aptbgenic sources such as metallurgical,
chemical and food industries (Shahzad et al., 2018)

Polluted soil may exhibit Ni concentrations of 288000 mg kg* (20- to 30-fold higher than
unpolluted areas, Cempel and Nikel, 2006; 1zosim808a5; Lock et al., 2007).

Excess Ni can be toxic to plants and cause a numbkr morphological and
physiological/biochemical consequences (Anjum gt28l15).

General symptoms include: inhibition of germinatioeduction of biomass, poor branching,
irregular shape of the flowers, diminution of tleafl area, staining, chlorosis, necrosis and leaf
staining, iron deficiency, disturbed mitosis andi@@l decrease in yield (Ahmad and Ashraf, 2011;
Negi et al., 2014; Seregin and Kozhevnikova, 2006).

Ni in the soil competes with other essential ioagsing chemical disorders and the formation of
chelate complexes with metal ligands (Shahzad.e2@18). This increases the Ni concentration in
plant tissue that causes metabolic perturbationthéalterations of enzymatic activities, inducing
oxidative stress that provokes deleterious effecdDNA (Chen et al., 2009; Demchenko et al.,
2010), disrupted photosynthesis and ultimatelycdifig growth and crop yield (Gajewska et al.,
2013; Gajewska and Sktodowska, 2009; Negi et @lL42Yusuf et al., 2011).

The exposure to Ni or its alloys is very frequené do its diffusion and uses in everyday life and i
is mainly represented by inhalation and dermal acntvith 20% of human population affected by

Ni-allergy (Schmidt and Goebeler, 2011; Spiewaklgt2007; Zambelli et al., 2016). Moreover, as



reported by the epidemiological studies, Ni mayuirel carcinogenesis and a wide range of genetic

alterations in humans (Arita and Costa, 2009; Zdimndteal., 2016, Lightfoot et al., 2017).

2.3 The Ni-hyperaccumulators
In a few planttaxa called hyperaccumulators, the concentration ofaifletd)s in aboveground
biomass is up to four orders of magnitude highantm non-hyperaccumulator species and it is
associated with a strongly enhanced metal hypeaote (Kramer, 2010).
The term “hyperaccumulator” was coined by (Jafftéak, 1976) to indicate the extraordinary
ability of Pycnandra acuminata Aubrév. [= Sebertia acuminata (Pierre ex Baill.) Engl.] to
accumulate Ni in its tissues. For the first time&ks et al. (1977) quantified the accumulation with
Ni concentrations > 1000 mg kg(0.1%) on dry weight (DW) without showing phytotox
symptoms; subsequently Reeves (1992) includedisndifinition only those species that grow in
their natural habitat.
About the meaning of the mechanism of metal hypenawlation, the tested hypotheses proposed
by Alford et al. (2010) are:

» tolerance and subsequent disposal of toxic elements

* osmotic resistance to drought;

» elemental allelopathy towards against nearly cortgrst

» defense against herbivores and pathogens;

» accidental phenomenon.
Hyperaccumulators occur in over 34 families (Vedgen et al.,, 2009a), 25% belong to the
Brassicaceae family (Brooks, 1998; Rascio and Ndrao, 2011) and by now, 450 Ni
hyperaccumulator species have been reported watéd(van der Ent et al., 2013).
Many hyperaccumulator species are called “strictattephytes” because they are endemic to

metalliferous soils whereas some “facultative mepdlytes” can thrive on non-metalliferous soils,
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although they are more frequent on metal-rich lagbi(Assuncéo et al., 2003; Baker et al., 2010;
Pollard et al., 2014).

The degree of hyperaccumulation of metals sigmtigavaries within and across plant species
(Deng et al., 2007; Roosens et al., 2003) but tboemon traits distinguish a hyperaccumulator
species from a related non-hyperaccumulator one:

» the ability of extract metals from soill;

» the fast and effective root-to-shoot metal traredion;

» the ability to sequester and detoxify metals irdouoles (Rascio and Navari-1zzo, 2011).
The first phase of hyperaccumulation involves actransport or passive metal absorption in the
root. Ni can enter the symplast through the uptakes of the membrane transporters or,
alternatively, it may enter the apoplast and thengdymplast through low affinity transport systems
in the endodermis (Alford et al., 2010; Deng et 2018).

The Ni uptake is modulated by some factors sucteisl concentration, acidity of the substrate,
presence of other metals and organic matter, CEfib(cexchange capacity), soil structure, type of
plant and its metabolism (Nishida et al., 2011).

The Ni mobility and the root-to-shoot translocatisnaffected by the presence of metal-ligands
complexes between Ni and organic acids or transpgrioteins in root cytoplasm (Boominathan
and Doran, 2002; Callahan et al., 2006; Centofetrdil., 2013; Haydon and Cobbett, 2007; Mari et
al., 2006; Merlot et al., 2014; Richau et al., 2009

Ni is translocated via xylem or phloem (Deng et 2018) and it is redistributed into the aeriaksin
organs (young growing tissues) (Milner and Koch2008; Shahzad et al., 2018; Verbruggen et al.,
2009a), then the plant activates tolerance andxdettion mechanisms such as vacuolar
sequestration and compartmentalization in variausceallular structures (Agrawal et al., 2013;
Fryzova et al., 2018; Rascio and Navari-lzzo, 204mjch prevents the toxic effects on the cell

(Kramer et al., 2000).
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2.4 The phytoremediation

Phytoremediation is a combination of the terptgito (from Greek, meaning plant) amemedium
(from Latin, meaning to correct or remove an efAll et al., 2013).

The concept of phytoremediation (as phytoextragtismggested by Chaney (1983), allows to
restore contaminated soils by anthropogenic soutuesigh the uptake of metals (Chaney et al.,
1997; van der Ent et al., 2013).

The purpose of phytoremediation can be threefdldrédduce metal bioavailability of pollutants in
the environment (phytostabilization); (2) uptaketate from soil and water and translocate and
accumulate them in the aboveground biomass (phytaion); (3) recover energy and metals with
market value from the bio-ore (phytomining). Amotige other forms of phytoremediation
mentioned by Ali et al. (2013) and Peuke and Rebeen(2005): phytofiltration is the removal of
pollutants from contaminated waters by plants ($atgy and Maiti, 2010); phytovolatilization
refers to the uptake of pollutants from soil by nt¢éa their conversion to volatile form and
subsequent release into the atmosphere (Ali et28l3); phytodesalination regards the use of
halophytic plants for removal of salts from saleafed soils (Manousaki and Kalogerakis, 2010);
phytodegradation concern the degradation of orgaoiititants by plants through enzymes activity
(Vishnoi and Srivastava, 2007); rhizodegradationatles the breakdown of organic pollutants in
the soil by rhizospheric microorganisms (SangeethMaiti, 2010).

Promising species for phytoextraction includgsholtzia splendens Nakai ex F.Maek.
Odontarrhena bertolonii, Noccaea caerulescens and Pteris vittata L. (Favas et al., 2014; van der
Ent et al., 2013). Species belonging to geftaamaniastrum, Eragrostis, Ascolepis, Gladiolus and
Alyssum are suitable for phytostabilization purpose (Faateal., 2014). Regarding phytomining, we
can mentioned the Ni recovery Ayssum spp. (Bani et al., 2015a, 2015b; Chaney et al0;720
Pardo et al., 2018), Cd, Zn and Pblimaspi spp. (Eissa, 2016), Cu, Ag and AuBnassica spp.

(Eissa, 2016; Gonzalez-Valdez et al., 2018).
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The metal-contaminated soils require specific raatemh to avoid ecosystem disruption and
harmful effects on human health (Wuana and Okieji2&11). The use of plants and associated
soil microbes to reduce the concentrations or toeffects of contaminants in soils (i.e.,
phytoremediation) can be a sustainable techniqueaoh this goal (Greipsson, 2011). In fact the
phytoremediation technology is a cost-effectivesslenvasive, green alternative solution to the
chemical and physical methods of soil remediatiidd et al., 2009; Pilon-Smits, 2005), because
many plants are able to uptake organic and inocgemmtaminants from the environment causing
their detoxification (Ali et al., 2013).

On the other hand, there are some limitations, ussca) phytoremediation is effective at low soil
depth, where the roots are developed; b) it isn@4tonsuming process and the success depends on
the climatic conditions; c) high concentrationsohtaminants in the aerial parts can pose a serious
risk to the food chains (Lee, 2013; Shahzad eR@allg).

Despite the described disadvantages, phytoremediatirecognized as a promising technique for
metal remediation of soils. It involves the useratal hyperaccumulator plant species for the metal
uptake from the soil and their deposition in hatakele plants biomass (Chaney et al.,, 2007;

Kamran et al., 2014; Ying Ma et al., 2011).

2.5 The Ni-hyperaccumulator species used

Alyssoides utriculata (Ni in leaves 36—2236 mg KgDW) is an evergreen shrub with good biomass.
It is a Ni facultative hyperaccumulator (Roccotedt al., 2015a, b) occurring on both metalliferous
and ‘normal’ soils. The species ranges primarilyh@ northeastern Mediterranean region (Pignatti,
1982). The greater abundance Afutriculata in low-competition serpentine soils compared to
adjacent non-serpentine sites, suggests preadaptaterance traits (Roccotiello et al., 2015a)s It
able to accumulate greater quantities of Ni ingheveground biomass even in soils with low metal
level, compared to the typical serpentine non-hgpeaurmulator species (Roccotiello et al., 2016).

Despite the medium-high ability to concentrate Nishoots,A. utriculata species is of a key

13



importance because it is a native Mediterranearefagecumulator that can be exploited for
improved phytoremediation purposes in this climdtewadays, a deep comparison between
serpentine and non-serpentine microbiota of fatuéiaNi-hyperaccumulators liké. utriculata is
missing.

Noccaea caerulescens (Ni in the shoots 1000-30000 mgk®W) is a herbaceous biennial plant,
found in Europe and in USA (Milner and Kochian, 8R0it has been studied extensively for its
ability to hyperaccumulate several metals (Milned &ochian, 2008). Some populations of genus
Noccaea (sin. Thlaspi) hyperaccumulate Ni in the serpentinitic soil, wé@s other populations are
capable to uptake Zn and Cd (Assuncao et al., 2008jJgesting that hyperaccumulation is
monophyletic (Macnair, 2003N. caerulescens also known as ‘montane crucifer’ (Fones et al.,
2019) or ‘alpine pennycress’ (Halimaa et al.,, 20larludes populations that differ in
morphological and physiological characteristicyibiing a wide range of accumulation and metal
tolerance (Visioli et al., 2014b). In Europd, caerulescens shows three ecological groups that
correspond to three edaphic environments (Gonriz@l4). Two ecological groups are typical of
metalliferous soils: the Calamine group developssails rich in Zn, Cd and Pb, while the
Serpentine group is characterized by populatioret thrive in Ni-rich soils derived from
serpentinite ultramafic rocks. Finally, the thirdogp includes non-metalliferous populations
(Sterckeman et al., 2017).

Odontarrhena bertolonii is a herbaceous perennial plant, endemic of san@eatitcrops of Central
ltaly (Mengoni et al., 2009). It is able to uptakefrom 7000 to 12000 mg Kgin the shoot dry
matter (Galardi et al., 2007; Selvi et al., 20159me studies have shown that its leaf tissuesahost
large variety of bacterial strains (Mengoni et &Q09, 2004) that show a high phenotypic

variability depending on the metal tolerance (Batizet al., 2007).
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2.6 Therhizosphere

The rhizosphere, i.e., the soil-root interface fitéit, 1904) for the assimilation of soil elememntd a
the uptake of metals, is characterized by feedbacks of interactions among root processes,
physical and chemical soil characteristics and otial dynamics (Wenzel et al. 2004; Comerford,
2005; Alford et al., 2010; Kidd et al., 2017). Tinezosphere is much more complex than the small
volume of soil around the root, indeed it conséitud system of functionally integrated zones in
which abiotic and biotic factors cohabit in a htatisvhole (York et al., 2016).

The plant and the associated rhizobiota could Insidered as a superorganism that is described as
holobiont (Margulis, 1993; Margulis and Fester, 199andenkoornhuyse et al., 2015). Although
we can define the plant holobiont a unit of adaptatind selection processes (Zilber-Rosenberg
and Rosenberg, 2008), the implications relatethéchblobiont concept and its evolution need to be
examined (Vandenkoornhuyse et al., 2015).

The interactions between the different componenipear to be regulated by a molecular
communication system that are currently still ustletied albeit they are essential for the
sustainable soil management (Lemanceau et al.,)2017

An overview of the individual components is givarthe paragraphs 2.6.1, 2.6.2 and 2.6.3.

2.6.1 The soil

The rhizospheric soil consists of a small volumer@unding the root zone (Lazarovitch et al.,
2018; York et al., 2016). It is a mixture of minkeeand organic material that, in association with
roots and microbiota, represents a complex sysfemutually integrated zones (York et al., 2016).
Its structure and aggregation processes are irdaeeby the roots (Alford et al., 2010; Schlluter et
al., 2018; York et al., 2016).

The rhizosphere contributes to the stability arsiistance against soil erosion (Wenzel et al., 2004)
Soil chemistry (chemical concentration, pH, redokditions, etc.) is strongly affected by both the

elements uptake and the exudation of organic dmydthe root system and soil microorganisms
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(Alford et al., 2010). Specifically, the pH decreasan modify the solubility and therefore the
bioavailability of metals (Alford et al., 2010; W=zl et al., 2004 ). In fact, root exudates can lowe
the rhizosphere soil pH generally by one or twasiover that in the bulk soil (Ali et al., 2013).
Moreover, rhizobiota (mainly bacteria and fungi)ynsagnificantly increase the bioavailability of
metals in soil (Sheoran et al., 2010; Vameralilet2910), which is a critical factor affecting the
efficiency of phytoextraction (Ali et al., 2013).

Among natural metalliferous soils, serpentine sloélge nutrient deficiency and toxic concentration
of metals as Ni (bioavailable Ni: 7 to >100 mg'ktptal Ni: 500-8000 mg K{ (Freitas et al., 2004;
Ghaderian et al., 2007; Reeves and Baker, 2000cd®ietio et al., 2015a; Turgay et al., 2012; van
der Ent et al., 2013). Worldwide researchers usddhm “serpentine” to define abiotic factors such
as rocks, soils, but also biotic components suclvegetation and other biota associated with
ultramafic outcrops (Rajakaruna et al., 2009).

Serpentine soils provide particularly harsh andtifeosonditions for most plant species (Brady et
al., 2005), except for some endemic and threatapedies (van der Ent et al., 2015) and the
presence of some hyperaccumulator species (Memgahi, 2010; Pollard et al., 2014).

This "serpentine factor" as mentioned by (Brool87) is caused by peculiar edaphic conditions as
the lack of nutrients (N, P, S, K, Na, Ca) andhlgh concentration of phytotoxic elements (Ni, Fe,
Cu, Co, Cr, etc., Chiarucci and Baker, 2007), wetaperature ranges, occurrence of thin soil layer
and consequently low organic content, combined Wit surface runoff (Mengoni et al., 2010).
Due to their mineralogical and chemical propertisgrpentinitic soils have often been
overexploited to extract metals from their ultramabcks (Pasquet et al., 2018) causing a serious
danger to the surrounding ecosystem. In particuhaining activity is responsible for soil
degradation and groundwater pollution (Raous et28110), due to metal leaching and active acid

mine drainage AMD (Roccotiello et al., 2015b).
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2.6.2 Theroot

The root system provides the structural elemenhisfdynamic microenvironment (Wenzel et al.,
2004) determining the plant access to soil-boreeehts (Alford et al., 2010).

The root surface plays a significant role in elemgptake through membrane transporters and in
some hyperaccumulator, the root grows towards tedements in soil (Alford et al., 2010). This
metallophilic behaviour allows plants to mainly d®p roots towards metal-rich patches (Hodge,
2004). The induction of root proliferation (i.e.otdoraging) in response to Ni, Cd and Zn in soils
were reported in few hyperaccumulators, INM@ccaea caerulescens, Thlaspi goesingense Halacsy
Sedum alfredii Hance and@&reptanthus polygaloides Gray. (Dechamps et al., 2008; Himmelbauer et
al., 2005; Liu et al., 2010; Mincey, 2018). Nond#iss, other hyperaccumulators do not show the
same positive chemotropism towards metal-spiked(Storadi et al., 2009) and for some species
there are no information.

Depth and root morphology are also important traiteelation to uptake, although little is known
about the relationship between root morphologyraethl accumulation (Alford et al., 2010).

Many hyperaccumulators have been described a®shadoted (< 0.5 m) and with high proportion
of fine roots for the accumulation of elements (Higlbauer et al., 2005; Keller et al., 2003), but
deep-rooted herbaceous species (2 m) exist (Kutsatel., 1992) and the roots of many arboreal
hyper-accumulative species have not yet been exahf{ilford et al., 2010).

The release of exudates and acid productiof) @ roots can alter the metal solubility and
consequently the bioavailability in the rhizosph@tord et al., 2010; Gonzaga et al., 2009).

At the root surface, specific membrane transponpeoside metal uptake sites for soil metals such
as Ni (Gendre et al., 2007) which bind metal cloetgtsome of which can facilitate root-to-shoot
translocation or be involved in the metal tolerag#ord et al., 2010; Rascio and Navari-1zzo,

2011).
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Although root depth, morphology and the preferémtiatal allocation in root may partially explain
the high concentration of trace elements in soneeisp of hyperaccumulator (Alford et al., 2010),

the relation between the root system and the naetalmulation need to be further examined.

2.6.3 Rhizosphere microbiota: bacteria and fungi

Soil metal contamination exerts selective pressamé changes on microbial communities and
functional diversity (Kelly and Tate, 1998; LiaodaKie, 2007). Soil microorganisms (bacteria and
fungi) can be metal-tolerant (Alvarez-Lépez et &016; Iram et al., 2012; Kidd et al., 2017;
Mengoni et al., 2001; Thijs et al., 2017; Turgayakt 2012). In addition, they are involved in: a)
promoting the growth and development of the rootase area and root hairs (Gadd 2007; Zotti et
al. 2014; Cecchi et al. 2017b), b) affecting mefatlake via altered solubility and bioavailability o
chemicals (Benizri et al., 2001; Gadd, 2004; Wemrzall., 2004; Alford et al., 2010; Rajkumar et
al., 2013; Johnson and du Plessis, 2015; Kidd.e2@17), and c) protecting the plant against metal
toxicity (Ma et al. 2010). Thanks to those maintfeas, bacteria and fungi from metal-rich soils of
natural origin can be exploited for the colonizatiand bioremediation of metal-polluted soils
(Zucconi et al., 2003), suggesting their potentis to help site revegetation (Fomina et al., 2005;
Gadd, 2007).

In the rhizosphere of Ni-hyperaccumulators, theinogk plant growth, metal tolerance, and
increased Ni uptake are strongly influenced byrtagve microbial community (Jing et al., 2007,
Aboudrar et al., 2013; Rue et al.,, 2015), improviafficient phytoremediation of metal-
contaminated sites (Ma et al., 2009a).

Plant Growth Promoting Rhizobacteria (PGPR) cafobad in association with the root system of
hyperaccumulators increasing plant growth, biomdsselopment and protecting plant from
stresses (Aboudrar et al., 2013; Benizri et al012@e Souza et al., 2015).

Recently, studies on the role of microbiota in thizosphere have encouraged the development of

remediation technologies employing native soil mecganisms for metal phytoextraction. These
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research allow to assess the effects of Ni mohdjzihizobacteria on the plant growth and Ni
uptake inAlyssum spp. andBrassica spp. (Cabello-Conejo et al., 2014; Glick, 2010béau et al.,
2008; Ma et al. 2009a, 2009b; 2010, 2011; Rajkuetal., 2013a; Rajkumar and Freitas, 2008a;
Sessitsch et al.,, 2013; Zhuang et al.,, 2007). Hewelittle is known about the microbial
communities associated with the majority of hypeusculators, their functions and interactions
(Alford et al. 2010; Thijs et al., 2017).

Serpentine bacteria were studied for the abilitynmbilize metals and promote plant growth as in
the case ofMicrobacterium, Arthrobacter, Agreia, Bacillus, Micrococcus, Stenotrophomonas,
Kocuria, and Variovorax interacting with the obligate Ni-hyperaccumulatispeciesNoccaea
caerulescens, Pseudomonas acting in synergy with roots ofOdontarrhena bertolonii,
Microbacterium and Sphingomonas belonging to the rhizosphere Gtlontarrhena muralis (Waldst.

& Kit.) Endl. complex sinAlyssum murale Waldst. & Kit. and members of the geriBigrkholderia
collected in the rhizosphere Bf/cnandra acuminata (Pierre ex Baill.) Swenson & Munzinger sin.
Sebertia acuminata Pierre ex Baill. andPsychotria douarrel (Beauvis.) Danikertogether with other
nickel-resistant strains, lik&cinetobacter sp, Hafnia alvel, Pseudomonas mendocina, Comamonas
acidovorans, and Agrobacterium tumefaciens (Aboudrar et al., 2013; Barzanti et al., 2007; dckt

al., 2004; Mengoni et al., 2001; Pal et al., 2007).

The Ni-hyperaccumulator species usually host atgreaumber of Ni-tolerant rhizospheric
bacterial strains if compared with those of nondrgacumulators growing on the same site or on
bare soil (Aboudrar et al., 2007; Ab&khanab et al., 2003; Idris et al., 2004; Mengoralet2001;
Schlegel et al., 1991). For instance, a compar@among the serpentine rhizospheric bacterial
biodiversity associated with some subspecies ofNhkyperaccumulatoAlyssum serpyllifolium
Desf., the Ni-excludeDactylis glomerata L., and the non-hyperaccumulatantolina semidentata
Hoffmanns. & Link, revealed tha. serpyllifolium subspecies hosted a greater density of bacteria
than the non-hyperaccumulator species (Alvarez-rdeal., 2016). This selective increase of Ni-

tolerant bacteria in the rhizosphere was correlat¢il enhanced Ni bioavailability in soil (Becerra-
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Castro et al., 2009).

Also rhizosphere fungi have the potential to agkistgrowth of hyperaccumulator plants in metal-
rich soil and to increase their metal uptake (Hushaal., 2017; Thijs et al.,, 2017). Lately
researchers have discovered that the network ajaluhyphae of the soil is involved in the
translocation of a large variety of the plant plsgtghetic metabolites (Klein et al., 2016).

Many studies were carried out on rhizospheric mygpal communities of serpentine Ni-
hyperaccumulator plants (Amir et al., 2013; Hushalg 2017), but few of them investigated the
role of serpentine non-mycorrhizal fungi associatétth plant rhizosphere (Pal et al., 2006; Urban
et al., 2008). Besides, it is known that fungi effthe composition of the bacterial community in
their zone of influence called mycosphere by Waknaind van Elsas, 2008.

Previous studies isolated fungi liksspergillus, Botrytis, Clonostachys, Eurotium, Penicillium,
Rhodotorula, and Trichoderma from the rhizosphere of the facultative Ni-hypetaoulator
Alyssoides utriculata (Roccotiello et al. 2010; 2015a; 2016) growingsampentine soils. Most of
them were also metal-accumulator (Zotti et al., £0Roccotiello et al., 2015b; Cecchi et al.,
2017Db).

Hence, bacteria and fungi contribute in an essemtéey to biogeochemical cycles of the sall
mediating the nutrition, the growth development grelhealth of the associated plant (Heydari and
Pessarakli, 2010; Nazir et al., 2017).

In fact, fungi play the first step in the breakdowhorganic matter, producing small molecules
which are further decomposed by bacteria occumdtie same soil habitats (Nazir et al., 2017). In
turn, bacteria are involved in nitrogen fixatiors, &ell as phosphates solubilization, siderophores
formation, phytohormones production (i.e. indolactic acid, IAA) and 1-aminocyclopropane-1-
carboxylic acid (ACC) deaminase activity that allepéant growth promoting traits of rhizobia
(Gopalakrishnan et al., 2015). In short, bactend fungi together form the basis of soil trophic

networks (Rudnick et al., 2015).

20



Although many soil bacteria and fungi are metagttaht and play a key role in mobilization or
immobilization of metals (Gadd, 1993), only a fewtempts have been made to study the
rhizosphere bacteria and non-mycorrhizal fungi etahhyperaccumulator plants and their role in
the tolerance to and uptake of metals by the plants

Ecologically, the interactions between bacteria &mbi range from symbiotic and mutualistic
(Partida-Martinez et al., 2007) to harmful and gotastic (Scherlach et al., 2013).

In this scenario, the great challenge is to idgritie microbiological components involved in these
interactions and to understand their pattern (Miaan 2011). Nowadays, a deep comparison
between serpentine and non-serpentine microbiotéaailtative Ni-hyperaccumulators lika.
utriculata is missing. The inoculation of some Ni-tolerantctesial and fungal strains in the
rhizosphere of hyperaccumulators, specifically Rative-hyperaccumulators, can increase the
efficiency of phytoextraction by promoting the dmpment of root biomass (Ma et al. 2009a, b)

and enhancing Ni accumulation in plant organs (Ma.€2011a).

2.7 Aim and objectives
The main aim is to provide basic data for the dgwelent of an integrated approach (plants-fungi-
bacteria) cost-effective and environmental-frientlyimprove the bioremediation of contaminated
soils. Specific attention has been given to theratdtions between Ni-hyperaccumulator species,
native of polluted soils, and the related rhizosphmicrobiota. The focus was set on all rhizosphere
components to clearly understand how the hyperaglaiors’ root and the associated rhizosphere
microbiota behaves in presence of Ni.
To this aim, the following objectives were pursued:

» clarify the possible effect of nickel on the firstep of plant development, i.e., seed

germination of selected Ni-hyperaccumulator species comparison with non-

hyperaccumulators;
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» evaluate possible alterations in the developmenthef root system (morpho-functional
response to Ni) in terms of biomass and surface; are
» assess the potential Ni-selectivity of the rhize&sphmicrobiota through a screening of
bacterial and fungal strains from the rhizosphéra facultative Ni-hyperaccumulator;
» obtain a mixed culture of Ni-tolerant, plant growilfomoting bacterial and fungal strains
associated with the rhizosphere of a facultativdéygieraccumulator.
This research represents the first step of a misdiginary holistic approach focused on the
evaluation of all rhizosphere components in a fatie Ni-hyperaccumulator species in the future

perspective of using native hyperaccumulator sgeaied the related rhizobiota as natural metal

chelators in contaminated soils.
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3. Materials and methods

3.1 Plant material

Germination tests were performed with three ni¢kgleraccumulator plants (Fig. 1A, B, C) from
natural Ni-rich soilsAlyssoides utriculata, Noccaea caerulescens andOdontarrhena bertoloni and
two non-hyperaccumulator plants (Fig. 1D, E) framrmal’ soil: Alyssum montanum and Thlaspi
arvense.

Hyperaccumulator plants were grown from seeds c@e according to international guidelines
(ENSCONET, 2009), from serpentine soils in Ligu(Mw Italy) in July 2016. Samples were
harvested from the eastern Ligurian Alps (Voltriddd, N 44° 28' 49, E 8°40' 44). The presence of
Ni in the mother plants was assessed by means adl@aimetric field dimethylglyoxime test
(Charlot, 1964; Kupper et al., 2001). All plantelded a dimethylglyoxime-positive reaction.

A. montanum L. (Fig. 1D) andT. arvense L. (Fig. 1E) were the related non-hyperaccumulator
species commonly used for comparison in experiméhtgawal et al.,, 2013; Broadhurst and
Chaney, 2016; Kozhevnikova et al., 2014; Mari et 2006; Milner and Kochian, 2008). Seeds
were provided by herbarium specimers: montanum from the Jardin Botanique de Bordeaux
FROBORD120310 - Causse — Méjean, dndarvense were provided by the Botanischer Garten

Ulm IPEN XX-0-ULM-1998-F-152.
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Figure 1. Test species: Ni-hyperaccumulator A) utriculata (photograph, S Marsili), BN. caerulescens (photograph, A.
Mazzoni) and CP. bertolonii (photograph, S. Marsilinon-hyperaccumulators ). montanum (photograph, S. Marsili) and E)
T. arvense (photograph, G. Nicolella).

3.2 Germination test

According to International Seed Testing Associatid8TA), germination is defined as "the
emergence and development of the seedling to & sthgre the aspect of its essential structures
indicates whether or not it is able to developHertinto a satisfactory plant under favourable
conditions in the soil".

Germination test is often the most reliable wayew#luating the maximum seeds germination

potential or viability. Optimal germination conditis should allow the germination of viable seeds.
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Knowing the germination rate of plant species & ltky to understand how that seed will perform

in the field.

Basing on available literature, microcosm and mesacexperiments were set up to assess plant
germination and growth under controlled or semitradtenvironmental conditions.

Microcosm test were set up to understand the geatioim time and rate of the plant species on

different substrates without Ni. Tests were perfednin a closed system (Petri dishes and veg-
boxes).

The mesocosm experiments were carried out to stmuteatural environmental conditions,

monitoring the germination rate and rhizospherpaase of plantlets to Ni stress.

3.2.1 Microcosm

Three type of substrate were placed in Petri dig@e80 mm): agar 1% (Sigma-Aldrich), mix of
peat and river sand (2:1, pH 6.5) and vermiculiteemal substrate (pH 9.6). Each plate was filled
with 50 ml of substrate previously sterilized aDi@ for 20 minutes. The substrates were irrigated
with sterile deionized water (pH 6.0).

The plant seeds were surface sterilized with sodaympochlorite (NaClO) 10% for 10 minutes
(Baiyeri and Mbah, 2006). Ten seeds per plate ef ¢bnsidered plant species were sown
equidistant from each other and three replicatesspbstrate were carried out (N= 30 seeds per
substrate, each species).

The plates were incubated for 4 weeks, at diffetemperature and photoperiod: 20°C, 8 h light /
16 h darkness foA. utriculata, O. bertolonii, A. montanum, T. arvense and 21°C, 12 h light / 12 h
darkness folN. caerulescens (ENSCOBASE, Ensconet Virtual Seed Bank). Germimatata were
collected every day in order to evaluate the geaton rate, G%= (Number of germinated

seeds/Total number of seeds) * 100.
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After the primary root emission, images of seedlimgere acquired by stereomicroscope and they
were processed with LAS EZ software (Fig. 2) to itwrthe radicle morphology of test species on

different substrates.

Figure 2. Stereo microscope images of microcosm test. A)idRaof A. bertolonii grown on agar; B) radicle d&. utriculata
grown on neutral peat-sand mix; C) radicléNotaerulescens on vermiculite.

3.2.2 Mesocosm

After the sterilization at 120°C for 20 minutese theat-sand mix was placed inside veg-box (150
ml each veg box), and treated with a solution @&stfength Hoagland's basal salt mixture n.2
(Sigma-Aldrich) containing nickel sulphate hexalatdr(NiSQ*6H,0, Sigma-Aldrich) at different
concentrations of available Ni (0, 2, 12, 25, 500 ing I*, pH 6.0).

The seeds were surface sterilized with NaCIO 104 @minutes (Baiyeri and Mbah, 2006); five
seeds per veg-box were sown equidistant each atitethree replicates per substrate were carried
out (N= 15 seeds per treatment, each species)vdidox were left in greenhouse in semi-natural
conditions with natural photoperiod, T min=19°Cmax=22°C, for 120 days, monitoring weekly
to evaluate the germination time (Fig. 3A, B).

At the end of the germination test, plant sampleseveollected then thoroughly rinsed first with tap
water and then with deionized water to remove gaiticles and dust.

For each treatment, we evaluated the biomassgrrstef fresh and dry weight.
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Figure 3. Mesocosm test in greenhouse. A) Veg box fillechwieutral peat-sand mix; B) sowing Af uticulata seeds on
neutral peat-sand mix. N= 15 seeds per treatmaoh species.

For each species and treatment, roots were scamtkethe resulting images were processed with
ImageJ software (Abramoff et al., 2004; Rasband@7)1%hat performed the estimation of the
surface area (Fig. 4), for both hyperaccumulatar mon-hyperaccumulator species. Image analysis
systems would be developed not only to record lia@e of root systems at a specific time point but
also to explore different aspect of the soil-raateractions, to provide Root Structure Analysis
(RSA), on the mechanisms of root growth and thepmoaiphysiological responses over time,
analyzing the interactions with environment andestigating rhizosphere traits and processes

(Downie et al., 2015).

Figure 4. Phases of the image acquisition by ImageJ softwgrRoot ofA. utriculata at Ni 0 mg kg scanned and B) converted
in RGB (Red, Green, Blue) format, then C) convertebiriary system.
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3.3 Pot experiment

3.3.1 Evaluation of root area, biomass and plant water content

The greenhouse pot test with different Ni treatmewts performed to better simulate natural
growth conditions compared to germination test®etri dishes or in veg-boxes.

The peat-sand mix (2:1) was chosen as growing maibsthe substrate was sterilized at 120°C for
20’, oven dried at 60°C. The final pH of substrates measured by mixing an aliquot of soil with
deionized water (ratio 1:3), and to obtain a pH 6f6.5, slaked lime with Ca and Mg was added to
the dry soil. After the assessment of pH, the s@iter content at field capacity on volume basis
(Bandyopadhyay et al., 2012) was assessed to atdctile Water Holding Capacity (WHC): 100
ml of water was added to 100 ml of dry soil plageda funnel on a graduated cylinder. After
waiting at least 1 hour until the last drop, the WKPb) was calculated based on the volume of
water retained by the soil. Finally, the soil wassferred to 10 cm @ pot.

To evaluate the root surface response to increasorgentration of available Ni, soil was
homogeneously hydrated with a 70% WHC solution /df strength Hoagland’s basal salt mixture
n.2 (Sigma-Aldrich) and metallic salt (NiQ®H,0) (Dechamps et al., 2008; Moradi et al., 2009)
was added to obtain increasing concentrations aflable Ni: 0, 50, 100, 200, 500, 1000 my |
respectively. Afterwards, seeds were surface-stedlwith sodium hypochlorite (NaClO) 10% for
10’ (Baiyeri and Mbah, 2006) and placed in pot (oseed per box, five replicates each
concentration).

Pots were transferred to greenhouse and the plaats grown in semi-natural conditions at
controlled temperature (T= 19-22°C) for 120 dagplenishing the plants with deionized water and
monitoring plant growth two times a week (Fig. 5).

During the third month of growth, the water-soluldetilizer Leader N-P-K (20-10-20 + MgO +
Me) was solubilised in deionised water at the catregion of 0.5 g and supplied for each pot

once a week for one month.
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Figure 5. Control plant species grown in pots after 4 monhtisnyperaccumulators AA. utriculata, B) N. caerulescens; non-
hyperaccumulators @Y. montanum, D) T. arvense. N= 30 each species.

At the end of the test, Ni accumulation in leavesswvaluated via colorimetric dimethylglyoxime
test (DMG 1%, Sigma-Aldrich, in ethanol 95%, ChgrltB64) for each species and treatment. One
mature leaf each plant was collected and placea solution of 1% DMG in ethanol 95°. Leaves
turn red when a positive reaction occurs (high amho@ Ni is stored in leaf epidermis).

Each plant was gently removed from the substrateshed with tap water and then with deionised
water, divided into root and shoot and weighed ffesh biomass. Roots were scanned and the
resulted images were processed and analysed asagrpph 3.2.2 to assess the root surface area.
Finally, DW were determined after oven-drying (6048 h). Leaves were powdered using a ball

mill (Retsch MM2000, Haan, Germany), preceding Xdialysis.
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The chemical characterization of the dried samplas carried out on the granulometric fraction <
2 mm by using a X-ray field portable spectrophotengX-MET7500 FP-EDXRF Analyser,
Oxford Instruments) that allows non-invasive and-destructive analyses, providing information
about chemical composition of the shoots. Quantdadnalyses were obtained from trace level
(ppm) to 100% for elements with atomic numbek2 and the data quality level of the analyses was
defined according to the Method 6200 of the U.SviBmmental Protection Agency (EPA, 2007).
This procedure was performed thanks to the colktimor with Geospectra s.r.l, spin off of the
University of Genoa. It represents an efficienterative approach to traditional laboratory

analysis, allowing the measurement of the conceatraf a wide range of chemical elements.

3.3.2 Photosynthethic efficiency
Chlorophyll fluorescence is a simple and non-invasineasurement technique of photosystem
activity (PSIl) in which the light energy absorbég chlorophyll is partly re-emitted as light
(Murchie and Lawson, 2013).
To estimate the plant physiological condition & #&nd of the growth period, 10 measurements of
photosynthetic efficiency in each plant were perfed on leaves with digital fluorimeter Handy-
Pea (Hansatech Instruments, Fig. 6A). It provideshigh time resolution essential in performing
measurements of fast chlorophyll fluorescence itidackinetics. Leaves samples were covered
with the leafclip which has a small shutter plat&kéep close when the clip is attached so that ligh
is excluded, and dark adaptation takes place (BBJ). After 20 minutes the chlorophyll
fluorescence signal received by the sensor headgltecording is digitised within the Handy PEA
control unit using a fast Analogue/Digital converte
The fluorescence transient is a tool to characesizd screen photosynthetic samples (Strasser et
al., 2000). General parameters recorded by fludemeze:

* FO is the minimum fluorescence value and represemtission by excited chlorophyd

molecules in antenna structure of Photosystem II.
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* Fm is the maximum fluorescence value obtained #fieapplication of a saturation pulse to
the dark-adapted leaf.

* Fv is the variable fluorescence and it denotesvlr@ble component of the recording and
relates to the maximum capacity for photochemicanghing.

* Fv/Fm is widely used to indicate the maximum quangfficiency of Photosystem II. It is a
sensitive indication of plant photosynthetic pemiance.

 Tfm is used to express the time at which the maranfluorescence value (Fm) was
reached.

* Area above the fluorescence curve between FO andsFproportional to the pool size of
electron acceptors.

* P.I. (Performance Index) is essentially an indicafcsample vitality.
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Figure 6. Fluorescence transient analysis. A) Handy-Peadlmeter; B) dark adaptation of leaves samples aditst step of
the chlorophyll fluorescence measurement; C) Kautsiduction curve (Brestic & Zivcak, 2013) must béotfed on a
logarithmic axis to observe the polyphasic ris€o

The excitation light consisted of a 1 second (d¥¢wf ultra-bright continuous red radiation (650
nm peak wavelength), provided by an array of thigreg-emitting diodes focused on a leaf surface
of 5 mnf at an intensity of 3500mol photons per square meter’{mer second (s). The analysis of

the transient was based on the fluorescence vahsssured at 50 ps (FO), 2 ms, 30 ms, and
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maximal (Fm) after about 300 ms (Roccotiello et 2016; Strasser et al., 2000). The fluorescence
induction is well represented by Kautsky Inducteamve (Fig. 6C, Brestic and Zivcak, 2013).

The fluorescence emission provides information alte phytochemical efficiency and the heat
dissipation; therefore, the presence of any typstrefss results in photoinhibition and a low Fv/Fm
ratio (Murchie and Lawson, 2013). Therefore a qusckeening of the photosynthetic efficiency
shows the trend of growth and plant yield (Furbané&l., 2009; Montes et al., 2007).

Data on photosynthetic efficiency and plant physgatal performance, obtained from the averages
of measurements on the test species, have beepspaut with PEA-Plus software (Hansatech

Instruments).

3.4 Characterization of culturable rhizobiota

3.4.1 Sampling sites and sample collection

The facultative Ni-hyperaccumulatér. utriculata and related soil were sampled from serpentine
(S) and non-serpentine sites (NS). The S siteenBligua Geopark (44°2/1.4'N 8°4003'E) is
geologically located in the extreme East of theukign Alps. The soils derived from ultramafic
bedrocks like serpentines and eclogitic metagabf@apponi and Crispini, 2008; Marsili et al.,
2009). The NS site was the locality of Glori in th&V of Liguria (43°5719"N 7°5008" E),
geologically characterized by flysch and clay m@lammarino et al., 2010). Each site was
sampled for plantA. utriculata) and soil (rhizospheric and bare) (Fig. 7).

Five shoots of adult plants éf utriculata from non-fruiting branches and roots replicateplgéint

= 1 replicate) were collected in July 2016 (frugtistage) from the S and NS sites (N=5 each site).
Ni-hyperaccumulation in plants was assessed wiltriooetric dimethylglyoxime test (DMG 1% in
ethanol 95%, Sigma-Aldrich) (Charlot, 1964) on kesvas described previously, then plants were
guantitatively evaluated with ICP-MS.

Rhizosphere soil from S and NS site was collectedhffive different plants (N= 5 each site).

Plants were carefully dug out with an intact rogétem and the soil tightly adhering to the roots
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was collected. The rhizosphere soil was obtaineddiating roots and sampling the soil still attach
to the roots according to Khan et al. (2015). Edhospheric soil sample was placed into a plastic
bag to avoid microbial mixing between the soils a@mahsported into a refrigerated box. In
laboratory, aliquots of soil were processed forigmation of culturable microbiota.

No vegetation was observed in the bare soil frorhafKet al., 2015) S and NS site. Bulk soil
samples were collected from five different pointsieta were 20 m away from the vegetation to a
depth of approximately 15 cm.

Bare and rhizospheric soil samples not immedigietgessed were stored at -20°C.

Figure 7. Sampling ofAlyssoides utriculata and related rhizosphere soil from A) Serpenting BpnNon-Serpentine site.

3.4.2 Plant and soil sample analysis

In the laboratory, plant samples were thoroughiged first with tap water and then with deionized
water to remove dust and soil particles. After odeying (60°C, 48 h), leaves and roots were
separately powdered using a ball mill (Retsch MMZ0Baan, Germany), before the chemical

analyses.
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Soil samples were oven-dried at 60°C for 48 h leefmging sieved through a 2.0 mm mesh. Soil
and plant fractions were analysed for Ni, Ca, Mgy &d Zn concentration by means of a
Inductively Coupled Plasma Mass Spectrometry (IC8-M

The accuracy of the results was checked proce®ig-100 ‘beech leaves’ reference material
(JRC-IRMM, 2004). Plant and soil metal concentragiovere expressed on a dry weight basis

(DW).

3.4.3 Isolation and identification of culturable bacteria

Bacteria were extracted from 2.5 g of fresh soilibing 25 ml of sterile saline solution. Aliquois (
ml) were serially diluted with NaCl 0.9% w/v (Khathal., 2015; Turgay et al., 2012) and spread on
Tryptic Soy Agar (TSA, Sigma-Aldrich) added with $0,*6H,0O (Sigma-Aldrich) to obtain the
Ni-concentration of O (control), 1, and 5 mM, resgpeely, and amended with 50 mg lof
cycloheximide (Sigma-Aldrich) to inhibit the microfgal growth (Visioli et al., 2014a). Plates (N=
180 each site) were incubated in the dark at 27H#bfC72 h (Barzanti et al., 2007). Bacterial
colonies with distinct morphologies (colour, shagige, opacity, etc., Fig. 8) were selected from th
plates and repeatedly re-streaked onto fresh agaliumm prepared as previously described, to
obtain pure bacterial colonies (Barzanti et alQ2Khan et al., 2015; Luo et al., 2011; Turgay et
al., 2012; Zhu et al., 2014) (Fig. 9).

Relative concentration of identified morphotypessvadso determined and expressed as Colony
Forming Units per g of dry soil (CFUYy (Rue et al., 2015). The most representative nuiypes
were selected (N= 30, three replicates each igdiaggerform the DNA sequencing.

To identify isolates, DNA extraction from pure baaal culture was performed by the boiling
method (99°C, 10 min). PCR amplification of a 409 tegion was then performed using the
universal primers Coml &AGCAGCCGCGGTAATAC-3 and Com2 5
CCGTCAATTCCTTTGAGTTT -3), amplifying positions 519-926 of th&scherichia coli

numbering of the 16S rRNA gene (Schwieger and TehB88). Each PCR was performed in a
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total volume of 15ul in micro-test tubes (Eppendorf s.r.l., Milan, lyfa Reaction mixtures
contained 1x PCR buffer with 1.5 mM of magnesiumogte (MgCL), deoxynucleoside
triphosphate solution (200 mM each dATP, dCTP, d@mé@ dTTP), primers Com1 and Com2 (0.5
mM each), and 2.5 U of DNA polymerase (FastStaghHtidelity enzyme blend, Sigma Aldrich
srl, Milan, Italy). The temperature profile for tlRCR was as follows: an initial step of 10 min at
95°C, followed by denaturation for 1.30 min at 94%@nealing for 40 s at 55°C and primer
extension for 40s at 72°C. After the 35th cycles #xtension step was prolonged for 10 min to
complete synthesis of all strands, and then thepkmvere kept at 4°C until analysis.

Amplified fragments from the PCR reaction were fied using the High Pure PCR product
purification kit (Roche Diagnostics, Mannheim, Gamy) and sequenced using the automated ABI
Prism 3730 DNA sequencer (Applied Biosystems). IBBIA gene sequence similarity was
determined using the BLAST function of the CLC Gencs workbench (version 9.5.1).

The sequences were submitted in the NCBI GenBardt@bése under the accession numbers from
MG661811 to MG661840.

The isolated strains were cryoconserved at -80°Q0i# glycerol in Luria Bertani (LB, Sigma-

Aldrich) broth in the Laboratory of Microbiology (BTAV, University of Genoa, Italy).
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Figure 8. Bacterial colonies diversity on TSA isolated fromr@ntine (A, B) and Non-Serpentine (C, D) site. Sanop bare
soil (A, C) and rhizosphere soil (B, D). The bacteci@onies are significantly more abundant on R $@in B soil and in the NS
site compared to site S. The presence of Ni (B, @pbbps a clear black halo around some coloniattifieel as belonging to
genusSreptomyces. N=180 each site.

Figure 9. Pure bacterial colonies re-streaked onto agartebfrom A) Serpentine site and B) Non-Serpentitee 81=180 each
site
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3.4.4 Screening for PGP traits and Ni-tolerance in bacteria

Serpentine Bacterial strains were screened for dglity to grow on 1-Aminocyclopropane-1-
Carboxylic Acid (ACC) as the sole N source, to proel indole-3-acetic acid (IAA) and
siderophores and solubilize phosphorous. For AC&nilease activity, following an incubation of
24 h in Tryptic Soy Broth (TSB, Sigma-Aldrich) a8°Z, bacterial suspension was harvested by
centrifugation (4500 g x 10 min) then a 1-ml aliguwas transferred to 50 ml sterile Dworkin and
Foster (DF) mineral medium (Dworkin and Foster, &9&dded with 300 pl of ACC (Alfa Aesar)
instead of (NH),SO, as nitrogen source. A 0.5 M solution of ACC (labih solution) was
previously filter-sterilized through 0.2 pm poreesimembrane and added to DF medium. The salts
minimal medium without N was used as control. Tbleitson was incubated at 28°C for at least 24
h (Luo et al., 2011; Penrose and Glick, 2003). Tditpindicates positive growth (Fig. 10A).

Auxin IAA production was estimated using a spedbapmetric method (Bric et al., 1991).
Isolates were grown in TSB amended with tryptop{tgm 1 mg/ml broth) at 32+2°C for 4 days.
The surnanant was mixed with Salkowski Reagent!|(0.5a0M FeC} in 50 ml 35% HCIQ) in the
ratio of 1:1. After 25-30 min at room temperatutee development of pink colour underlines 1AA
production (Fig. 10B). The optical density was meead using spectrophotometer (Jenway 6300
spectrophotometer) at 530 nm of absorbance anch @axicentration was estimated using standard
curve of IAA (Goswami et al., 2015; Naveed et 2014).

The siderophores production (Fig. 10C) was detezthiafter 5 days of incubation at 30°C on
Chrome Azurol Sulfonate (CAS) agar (Schwyn and &k, 1987), through the development of
red-orange halo around the colony (Durand et @62

Phosphate solubilisation activity (Fig. 10D) wasessed by the formation of a clear halo around
the colony on Pikovskaya’'s agar medium (Khan e24l15).

Afterwards, each PGPR isolate was tested for melatance on Tryptic Soy Agar (TSA, Sigma-
Aldrich) spiked with NiS@6H,0 at the concentration of 10, 15, and 20 mM respagt in

addition to concentrations previously tested.
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Figure 1C. Evaluation of Plant Growth Promoting (PGP) trak}.Turbidity indicates 1-Aminocyclopropane-1-Carlyb Acid
(ACC) deaminase activity in falcon tube; B) developtmehpink color in cuvettes denotes synthesis afole-3-acetic acid
(IAA); C) red-orange halo around bacterial coloritesome Petri dishes shows the production of sjglestes; D) the clear zone
around bacterial growth on plate compared to cod#monstrates the phosphate solubilization agtilt= 8 each strain.

3.4.5 Isolation and identification of culturable fungi

Fungi were counted and isolated through a diluptate technique (Cecchi et al., 2017b; Greco et
al., 2017; Zotti et al., 2014) by using two diffeteculture media (Fig. 11A): Malt Extract Agar
added with Chloramphenicol (MEA+C) and Rose Beragdr (RB) (Greco et al.,, 2017). The
dilution was obtained by mixing 1 g of soil with@énl of sterile water. Each sample was plated in
duplicate, for each dilution (1:50.000 and 1:100)00 he plates were then incubated at 24+1°C, in
the dark, for 14 days and checked daily.

The Colony Forming Unit per g of dry soil (CFU3)gwere counted for each fungal strain grown in
plates. Then, these strains were isolated and Bubst onto Malt Extract Agar (MEA). The pure
cultures were maintained on MEA slants and kegf @&t

All the fungal isolates were initially identifiedyla polybasic approach on the base of their micro-
macromorphological, physiological, and moleculaareleteristics. The morphological identification
was confirmed by molecular analysis. PCR amplifaratof f-tubulin gene was performed using
Bt2a and Bt2b primers (Glass and Donaldson, 1988)I&S region amplification using universal
primers ITS1F and ITS4 (White et al., 1990; Garded Bruns, 1993). The taxonomic assignment
of the sequenced samples was carried out by mdéahse 8LASTN algorithm thus allowing us to

compare the sequences obtained in our study watloies available in the GenBank database. The
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sequences were submitted in the NCBI GenBank® datlinder the accession numbers from
MG836709 to MG850983.

The isolated strains were conserved in the cuttallection of Mycological Laboratory of DISTAV
(University of Genoa, Italy, Fig. 11B). These cuodtsi were maintained by agar slants with periodic

transfers and then crioconserved (-20°C).

Figure 11. Screening of fungal strains. A) Isolation of serrtic fungi on Malt Extract Agar (MEA) and Rose gl agar
(RB); B) conservation of the fungal strains in tuliés.40 each sit

3.4.6 Screening for Ni-tolerance in fungi

Each fungal strain isolated from S site was teftednetal tolerance on Malt Extract Agar (MEA,

Sigma-Aldrich) spiked with NiS@6H,0 at the concentration of 1, 5, 10, 15, and 20 mM.

3.5 Co-growth of bacteria and fungi

3.5.1 Preliminary test

The bacterial and fungal strains were isolated itfierdnt types of substrate (Fig. 12) to screen the
most suitable agar for their growth among CzapeéistYextract Agar (CYA), Czapek’s agar (C2),
Malt Extract Agar (MEA), Potato Dextrose Agar (PD/Aabouraud (SAB) and Tryptic Soy Agar

(TSA).
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The growth curves of bacteria were calculated cspphotometric analysis of the Absorbance
(Optical Density, OD) at a wavelength of 600 nnnegfular time intervals (1 h).
Among the eight bacterial strains characterizedPI&P traits,Pseudomonas sp. (SERP1) and
Streptomyces sp. (SERP4) were selected because of their taleremhigh concentrations of NigO
*6H,0. At the same time, among serpentinitic furiggnicillium ochrochloron Biourge (Serp03S)
and Trichoderma harzianum Rifai (Serp05S) were selected for the followingtseon the basis of
bibliographic data (Cecchi et al., 2017b) on mafabke and Ni tolerance test.
The selected microbiota was examined to understfinthere is an antagonism activity
(Agamennone et al., 2018; Trivedi et al., 2008)ifdbacteria and fungi grow together without
inhibition.
For each test, three methods were used onto tverehit substrates (CYA and TSA, pH 6), three
replicates each method (N= 30):

» agar overlay method;

» agar plug method;

» distance growth method.
Agar plates with bacterium and with fungus aloneenesed as a control.
Bacteria isolates were grown in cell culture flagksitaining TSB until reaching the exponential
phase. SERP1 was incubated overnight at 26+1°ClewditRP4 was maintained for 72 h at
26x1°C, then revived 1:20 in the same growth medameh finally incubated for 30 h.
On the other hand, fungi were plated on MEA agatl kept at 24+1°C until conidiogenesis and
potential spore formation.
At the starting time of the test, Optical Densi@DOgog) of the growing culture was recorded and
compared with concentration (approximately’ T0FU mi%). Bacterial cells pellet were washed
twice in 1x Phosphate-Buffered Saline (PBS) sotupél 7.4 and then concentrated (van Ditmarsch

and Xavier, 2011).
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In addition to the pure fungal culture on MEA aganm, aliquot of well-grown fungal colony was
diluted in distilled sterile water and fungal contation was estimated by cell counts using a

Burker chamber (Kopecka, 2016).

Figure 1Z2. Bacterial and fungal strains tested on differerdtrggates. A) Bacterial strains grown on Malt EgtrAgar (MEA),
Czapek Yeast extract Agar (CYA), Sabouraud (SAB), tediextrose Agar (PDA) and Czapek’s agar (CZ) (freffih fo right
respectively). N= 40; B) fungal strains grown onfitiy Soy Agar (TSA) at pH 6.0.N= 10.

3.5.2 Co-growth methods

Agar overlay

For this method, 100 pl of fungal liquid cultur®@®}CFU mi*) were stroked on solid medium CYA
and TSA pH 6.0 and subsequently 10®f bacterial suspension AGFU mi*) was inoculated at
the centre of the Petri dishes.

Agar plug

For this method, a disc (@ 5 mm) from well-growmteof the fungus was cut and transferred on
1004l of bacterial suspension (1GFU mi™) previously stroked on agar.

Distance growth

In this method, the agar plug (5 mm) and the badtsuspension (FOCFU mI') were inoculated 3

cm away from each other on the same plate.
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In similar manner, bacterial suspension and agag flom the well-grown lawn of fungus were
used as positive controfhe plates of three methods were then incubat@6xt°Cand the growth

of the isolates was monitored daily for 10 days.

Scanning Electron Microscopy

To better observe the well-grown mix culture of ralmota after 14 days-incubation on CYA agar,
the isolates were fixed in phosphate 10% buffer@snélin and dehydrated in ethanol series
(Roccaotiello et al., 2010). Samples were then mediioin SEM stubs, sputter-coated with gold and

viewed with a VEGA3 TESCAN SEM at HV20.0 kV, usiBgckScattered Electrons (BSE).

3.6 Data analysis

The statistical analyses were performed with Steai$3.0 (Statsoft Inc.) software.

The averages were presented with their standarnatams (SD). Nonparametric tests were used to
avoid data transformation. Normality of parameteesxe evaluated with the Shapiro-Wilk test.
Correlations between variables were analysed uSpgarman’s correlation coefficier) (using
different level of significanceof 0.05, 0.01, 0.001), since data exhibit a non-rabretatistical
distribution.

The difference between different sites (S and Nfl) substrates (R and B) was estimate by means
of Kolmogorov-Smirnov (K-S) two samples test.

The Principal Components Analysis (PCA) was perfdnas a multivariate display method to
visualise the data structure. Significance wasidensd at the p < 0.05 level.

The mobility of Ni from soils towards the roots Af utriculata and the ability to translocate root-
to-shoot Ni were assessed, respectively, by meénieoBioaccumulation Factor (BF), and the
Translocation Factor (TF) on a dry weight basisgdtiello et al., 2016). BF is the ratio of metal

concentration in the plant shoots to the initidl soncentration of the metal {fao{Csoil, Zhang et
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al., 2010), while TF indicates the ratio betweentaheoncentration in the shoot and plant root
(CshoofCroot) @s indicated by Mehes-Smith and Nkongolo (2015).
Moreover, the R/S ratio for both fresh and dry béssiand the water content (100 * DW/FW) in

root and shoot were evaluated (Roccotiello eRal16).
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4. Results

4.1 Germination test

4.1.1 Microcosm

The germination test shows that the mean germmaéte (G%) appears high (G> 75%, Fig. 13) in
A. utriculata (mean germination= 83,8%, Fig. 13A) aAdmontanum (mean germination= 76,6%,
Fig. 13D) after 28 days for analysed substratesm@ation rate ofN. caerulescens (mean
germination= 56,0%, Fig. 13B) reached 100% on veutite, while O. bertolonii had the lowest
germination rate (mean germination= 42,9%, Fig.)1&%npared with the other species.

The correlation between G% and the substrate df species is shown in TableQ. bertolonii
shows a highly negative correlation between thengeation rate and two substrates (agar and
vermiculite, p< 0.001)O. bertolonii was not considered suitable for the following iiatment due
to its low-performance observed in the microcosst. t®n the contrary, iA. utriculata the G%
reveals highly significant positive correlationstibavith agar and with peat-sand mix (p< 0.001).
Vermiculite seems to improve the germinationNofcaerulescens (p< 0.01), while the peat-sand
mix promotes the germination & utriculata (p< 0.001),but it hinders the germination o\.

caerulescens (p< 0.001).

Substrate Germination rate (G%)

A.u++ N.c.++ O.b.++ A.m.+
Agar 0.59*** -0.31* -0.61**  0.32*
Peat-sand mix ~ 0.57*** -0.74** NS NS
Vermiculite NS 0.43* -0.69*** NS

Table 1. Spearman’s rank correlations coefficients betwgrenvth substrates and Germination rate (G%) ofgpsties. N= 30 per
substrate, each speciésu.: A. utriculata, N.c.: N. caerulescens, O. b. Odontarrhena bertolonii, A.m.: A. montanum.

++ hyperaccumulator species, + non-hyperaccumusgtecies

*p< 0.05**, p< 0.01 ***, p< 0.001, NS Not Significa
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Figure 13. Germination rate (G% of seeds that sprout). df hlgperaccumulator species: A)
A. utriculata, B) N. caerulescens, C) O. bertolonii and non-hyperaccumulator species,/D)
montanum. Data are mean+SD. N= 30 per substrate, eachespeci

4.1.2 Mesocosm

Despite of the previous microcosm test, the meamigation rate is low in all treatments (G<

60%).

On neutral peat-sand mid. utriculata exhibits a low germination rate at the highest Ni
concentration: G= 20% and 26,7% for Ni 50 and N ity I* respectively (Fig. 14A) compared to

the control (G= 73,3%) as well & caerulescens (G= 40% and 46,7% for Ni 50 and Ni 100
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respectively, Fig. 14B), compared to the controDNG= 80%), while in the non-hyperaccumulator

species, a variation in terms of germination ratedt observed (Fig. 14C, D).
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Figure 14 Germination rate (G%) of test hyperaccumulatocigse A)A. utriculata, B) N. caerulescens
and non-hyperaccumulator speciesACinontanum and D)T. arvense on neutral peat-sand mix. Data are
mean. N= 15 per treatment, each species.

Hyperaccumulator species do not show significaffiéidinces in terms of root surface area between
treatment and control (Fig. 15A, B) while the noypéraccumulator species show a clear dose-

response effect by Ni (Fig. 15C, D) (p< 0.001).
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Figure 15. Box-and-whisker plots showing the root surfacedrent) of test hyperaccumulator species at
increasing Ni concentrations (0-100 mg*kgA) A. utriculata, B) N. caerulescens and non-hyperaccumulator

species CA. montanum, D) T. arvense. In each box, the central line marks the mediathefdata; the box edges

represent the first and third quartiles; the whislehow non-outlier range. N= 15 per treatmenth epecies.

Consistently with previous analysis, the root bismaf hyperaccumulator species do not seem to
be affected by Ni, while a sharp decrease in dmymidiss was observed at increasing Ni

concentrations i. montanum (p< 0.01) and. arvense (p< 0.001) (Fig. 16).
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Figure 16 Box-and-whisker plots showing the root and shagtilomass (mg) of test hyperaccumulator species
at increasing Ni concentrations (0-100 mgtked\) A. utriculata, B) N. caerulescens and non-hyperaccumulator
species CA. montanum, D) T. arvense. In each box, the central line marks the mediamefdata; the box edges
represent the first and third quartiles; whiskérsve non-outlier range. N= 15 per treatment, eactisgs.

Table 2 reveals that the hyperaccumulator speceesia@ affected by the Ni treatment, while the
non-hyperaccumulator species show a significanatieg correlation (p< 0.001) between Ni and

the analyzed biological parameters.

Biological parameters Ni treatment

Au++ N.c++ Am+ T.a+
Root surface area NS NS -0.87%*  -0.79***
FW_root NS NS -0.58**  -0.59***
DW_root NS NS -0.76%*  -0.63***
FW_shoot NS NS -0.86***  -0.87***
DW_shoot NS NS -0.65**  -0.85***
R/S FW NS NS NS NS
R/S DW NS NS NS 0.55**
% water R NS NS NS NS
% water S NS NS 0.72%=*  -0.85***

Table 2. Spearman’s rank correlations coefficients betwideroncentration and biological parameters of tgstcies. N= 15 per
treatment , each specidsu.: A. utriculata, N.c.: N. caerulescens, Am.: A. montanum, T.a.: T. arvense.

++ hyperaccumulator species, + non-hyperaccumusgtecies

*p< 0.05, *p< 0.01, **p< 0.001, NS Not Significan
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4.2 Pot experiment

4.2.1 Evaluation of root area, biomass and plant water content

The red colour intensity of the leaves shown by 1B& DMG test enhances with increasing Ni
concentration, suggesting a nickel accumulatiothénleaf epidermis for both the hyperaccumulator

species at 100 mg Kgpf Ni concentration.

Figure 17 Root system of. utriculata scanned and processed with ImageJ software ateliff concentrations of
Ni (mg kg%); A) Ni 0, B) Ni 50, C) Ni 100, D) Ni 200, E) Ni 50&) Ni 1000. N= 20 each treatment.

Figure 18 Root system ol. caerulescens scanned and processed with ImageJ software ateiff concentrations
of Ni (mg kg?); A) Ni 0,B) Ni 50, C) Ni 100, D) Ni 200, E) Ni 506) Ni 1000. N= 20 each treatment.
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Figure 19 Root system of. montanum scanned and processed with ImageJ software atetiff concentrations of
Ni (mg kg-1); A) Ni 0, B) Ni 50, C) Ni 100, D) Ni 20@&) Ni 500, F) Ni 1000. N= 20 each treatment.

Figure 20. Root system of. arvense scanned and processed with ImageJ software ateliff concentrations of Ni
(mg kg?); A) Ni 0, B) Ni 50,C) Ni 100,D) Ni 200, E) Ni 50) Ni 1000. N= 20 each treatment.

The qualitative observation of the roots of thd tggecies scanned with the ImageJ software does
not clarify any relationship between the root scefarea and the increasing concentrations of Ni

from 0 mg kg to 1000 mg kg (Fig. 17-20)but the graph in Figure 21 shows the non-
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hyperaccumulatof. arvense as the only species significantly affected by phesence of Ni, with
an increase of the root surface area (p< 0.01).

The analysis in non-accumulatdr arvense (Fig. 21D, 22D) show an increase in terms of root
surface area and root dry weight (p< 0.01) at msireg Ni concentrations, which is less evident for
the aboveground organs (p< 0.05). Interesting te tiee significant increase in root (p< 0.01) and
shoots (p< 0.01) biomass of the facultative Ni-hrgpeumulatoiA. utriculata (Fig. 22A), although
this is not supported by an increase of the rodasa (Fig. 21A).

N. caerulescens andA. montanum do not exhibit significant differences in termsrobt surface area

and biomass, except fol. caerelescens at Ni1000 (Fig. 21B, C, Fig. 22B, C).
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Figure 21. Box-and-whisker plots showing the root surfacedrent) of test hyperaccumulator species at increasing Ni
concentrations (0-1000 mg kg A) A. utriculata, B) N. caerulescens and non-hyperaccumulator speciesACinontanum, D) T.
arvense. In each box, the central line marks the mediamefdata; the box edges represent the first andl dgiartiles; whiskers
show non-outlier range. N= 20 each treatment.

51



350 y y y y y 1200 150
1100

700

B 600

A {1000
{900
= L
250 i {aoo = = 100 T 200
200 1700 g T 400
L {600
_ T 500 = I 300
y {400 sol
1[0-. i - 1200 200
_ {200
E0f ]
100 l . 100
: s L — 0
0 0 100 200 §

i
i

ma

v
i

Root dry weight ima)
]

Soo; dry weight
i
[am]
Shoot dre weeight (mm

Shoot dry wee ght (ma

nl - - - - 0 0 |
0 50 100 =00 520 1000 0o 1000
290 T T T T T 1500 60 T T T T T 350
- 1400
C -1300 D 300
— 200} 1200 5 = =
£ 1100 £ £ 50 E.
= -1000 = = =
E 150} 000 = 5§ 20 2
T -800 £ T 2
= | = = A0
TOO L 150 =
£ 100t 500 € & =
B 500 g 5 20 =
2 ! 400 £ o 100
* 50-' 300 @ | ? Z
200 T 150
=100
pl— ; ; 0 L : ; —p
0 50 100 =00 520 1000 0 50 100 200 5C0 1020
M treatment (mg kg') Mi treamert (mg kg')
B ovi_ROOT B DW _SHDOT B ow rRooT [l DW_SHOOT

Figure 22 Box-and-whisker plots showing the root and shagtidomass (mg) of test hyperaccumulator speciéscatasing
Ni concentrations (0-1000 mg & A) A. utriculata, B) N. caerulescens and non-hyperaccumulator speciesACinontanum, D)
T. arvense. In each box, the central line marks the mediamefdata; the box edges represent the first andl quiartiles;
whisker show non-outlier range. N= 20 each treatmen

In the facultative Ni-hyperaccumulaté: utriculata, the Ni concentration is positively correlated
with fresh and dry shoot biomass (p< 0.001) anch wite root dry biomass (p< 0.01). M
caerulescens Ni seems to positively affects the root water eabh{p< 0.01) (Table 3).
Non-hyperaccumulator species behave differentlyilenim A.montanum the presence of Ni does
not seem to affect the considered biological pataregl. arvense shows a positive correlation
between Ni and the root surface area and biomlasgpbt: shoot biomass ratio, the water content

of the aerial organs (p< 0.001) and the shoot dright (p< 0.01) (Table 3).
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Biological parameters Ni treatment (mg kg')

Au.++ N.c.++ Am.+ T.a+
Total Area NS NS NS 0.74**
FW_root NS NS NS 0.66***
DW._root 0.53* NS NS 0.78%***
FW_shoot 0.61** NS NS NS
DW_shoot 0.61** NS NS 0.48**
R/S FW NS -0.42* NS 0.68***
R/S DW NS NS NS 0.64**
% water R NS 0.54* NS NS
% water S NS NS NS 0.60***

Table 3. Spearman’s rank correlations coefficients betwdenoncentration and biological parameters of sgicies. N= 20 each
treatmentA.u.: A. utriculata, N.c.: N. caerulescens, Am.: A. montanum, T.a.: T. arvense.

++ hyperaccumulator species, + non-hyperaccumusggecies

*p< 0.05, ** p< 0.01, ***p< 0.001, NS Not Significa

A clear difference in terms of Ni uptake betweea ftyperaccumulator species exists, as indicated
in Table 4. At the maximum Ni concentration, theuidative hyperaccumulatof. utriculata
accumulates ~1000 mg Ni kgin the aboveground biomass, while caerulescens is able to
accumulate seven times higher Ni concentrationg6#§ Ni kg') compared to the other species.

In the non-hyperaccumulator species, the shoot Inugtizake at Ni 1000 is significantly lower

compared hyperaccumulators and the range varieebrt100 and 200 mg kg

Species Ni treatment  Ni concentration (mg kg)
A. utriculata ++ 0 18.33+2
1000 999.67+8
N. caerulescens++ 0O 76.67+3
1000 6798+24.33
A. montanum + 0 4+1.33
1000 127.33+4
T. arvense + 0 0
1000 17745

Table 4. XRF chemical analysis of Ni concentration measuneghoots of test speci@sutriculata, N. caerulescens, A. montanum
andT. arvense. N= 10 each species.
++ hyperaccumulator species, + non-hyperaccumusgtecies

4.2.2 Photosynthetic efficiency
The curves represented by the Figure 23 are platteda logarithmic axis to observe the

fluorescence over time up to the maximum fluoreseearalue. On the other hand, spider (or radar)
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plots (Fig. 24) provide a method of comparing tipeead of individual parameter values for
selected records within a data set and a visu@isat which parameters have greater sensitivity to

certain type of stress.
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Figure 23 Fluorescence transient analysis of test specgtimguished by colour of the curves (purple:
uticulata, red: N. caerulescens, blue:A. montanum, green:T. arvense) at Ni 0 mg kg (light color) and Ni 1000
mg kg* (dark color). The peaks are denoted by letteds D,P and correspond to fluorescence values megsu
at 50 ms (FO, step 0), 2 ms (step J), 30 ms (3tgmdl maximal (Fm, step P). Data are the meaerof t
measurements per plant. N= 100 each species.

Figure 23 summarizes the transient fluorescenclysiador controls and treatments at Ni 1000 mg
kg™. The curves represent the average values of sammasured for the indicated species at Ni 0
(light colour) and Ni 1000 mg K (dark colour). The peaks represent the fluoreseeratues

measured at 50 us (0), 2 ms (J), 30 ms (I) andmmaXP) (Strasser et al., 2004).

54



Through the evaluation of the Fv/Fm ratio, the BlRgstem Il efficiency was assessed for the test
species. Instead, P.l. is an index of the vitaitghe sample: it expresses the potential capéaity
energy conservation.

Only N. caerulescens shows a greater Fm in the control than at the mami Ni concentration,

while A. utriculata andA. montanum exhibit the highest values of Fm.
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Figure 24 Fluorescence transient analysis of test specfgesented by spider plots: A) uticulata,

B) N. caerulescens, C) A. montanum, D) T. arvense. Increasing concentrations of nickel correspond to
darker shades of blue; green identifies the confrata are standardized for Ni 0 mg*@ata are the
mean of ten measurements per plant. N= 300 eaclespe

Figure 24 represents a set of spider plots showhegdifferences between the test species at

increasing Ni concentration in terms of recordechpeeters.
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Each axis of the plot corresponded to one of thvers@parameters (FO, Fv, Fm, Fv/Fm, Tfm, Area
and P.l.) and the average value of each parametetht control species was used as the
comparative value.

In A. utriculata (Fig. 24A), Tfm, Area and P.l. increase in treatin@< 0.001, p< 0.001 and p<
0.05 respectively). The parameters do not seeniffeer donsiderably inN. caerulescens, while in
non-hyperaccumulators there is a reduction in theeRcept for Ni 50 mg Kg (A. montanum, Fig.
24C) and Ni 1000 mg kf(both species, Fig. 24C, DJlear differences are observed between the
Ni treatments in non-accumulators. In particuldm®nd P.l. reach the maximum value at Ni 1000
mg kg™.

Data summarized in Table 5 show thatAinutriculata, Performance Index (P.l., p< 0.05) and the
time to reaching Fm (Tfm, p< 0.001) increase ataasing Ni concentrations. Similarly, the latter
enhances (p< 0.001) iN. caerulescens, although the maximum fluorescence (Fm) decrepse (
0.01), and there are no significant differenceeimis of P.l.. InPA. montanum a positive correlation
between dark level fluorescence (FO) and Ni (p9OD)@&nd between the latter and Fm (p< 0.05) is
observed. On the other hand, in the same condjtioresvense exhibits a sensible reduction of FO
(p< 0.01), but a highly significant positive coatbn (p< 0.001) between Ni and the maximum

efficiency of PSIl (Fv/Fm), the P.l. and the Tfm.

Parameters Ni treatment

A.u.++ N.c.++ Am.+ T.at
FO NS NS 0.25%* -0.16**
Fm NS -0.17* 0.15* NS
Fv/Fm NS NS -0.22* 0.24%*
Tfm (ms) 0.38*** 0.37** NS 0.25%*
Area 0.30*** NS NS 0.19**
P.lL 0.13* NS -0.21* 0.31%*

Table 5. Spearman’s rank correlations coefficients betwdenoncentration and fluorescence parameters ofsggscies (FO: dark
level fluorescence, Fm: maximum fluorescence, Fv/Fmaximum efficiency of PSII, Tfm: time (ms) to okang Fm, P.I.
Performance Index). N= 300 each spedes.: A. utriculata, N.c.: N. caerulescens, Am.: A. montanum, T.a.: T. arvense.

++ hyperaccumulator species, + non-hyperaccumusgecies.

*p< 0.05, *p< 0.01, *** p< 0.001, NS Not Significa
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4.3 Characterization of culturable rhizobiota

4.3.1 Plant and soil sample analysis

Total nickel concentration in soils (Table 6) igrgficantly high on S site respect to NS siteNi
1000 mg kg; Nins ~20 mg kg, p< 0.01), both in R and in B soil. On S she utriculata
hyperaccumulates Ni as expected M- 200 mg kg Nisnoors 1200 mg kg, Table 7). Among
other soil elements, only Ca has a concentratignifszantly high in the NS site compared with S

site (p< 0.01, Table 6).

Site Soil type Element concentration (mg kg)

Ni Ca Mg Cu Zn
S R 1491.48+624.09 3249.30+645.54 9032.93+4878.95 83310 76,57+25.69
S B 1046.65+404.77 4267.50+922.94 11957.34+1876.38  434®.57 84.42+19.81
NS R 19.52+0.94 9288.04+66.76 7050.32+42.44 21.48+3.35 3.220.92
NS B 19.46+1.14 9336.06+54.08 7095.98+88.31 20.46+1.66 2.9(1.99

Table 6.Bulk element concentration in soil samples (mg)kg: Serpentine site, NS: Non-Serpentine site, Rzd®phere soil, B:
Bare soil. Data are mean+SD. N= 5 each site, edttype.

Site Plant sample Element concentration (mg kg

Ni Ca Mg Cu Zn
S Shoot 1241.37+245.67 10142.29+1942.62 16342.84+2502.94 .06%#2.30 45.88+9.25
S Root 203.04+49.75 2886.33+372.81 2374.12+228.19 16.5@811 28.46+8.11
NS Shoot 10.64+0.45 9220.26+1766.01 21258.69+135.74 7.1&0.5 21.24+0.36
NS Root 5.95+0.25 1317.18+252.29 2024.64+12.93 16.32+1.26 4.28+0.36

Table 7. Bulk element concentration in shoots and roots of tleelfative nickel-hyperaccumulatak. utriculata harvested from
Serpentine (S) and Non-Serpentine (NS) sites. Braranean+SD. N= 5 each site, each plant sample.

Kolmogorov-Smirnov two-sample test reveals markefferdnces between S and NS sites
examined (p< 0.05) as regards Ni, Cu, Zn, Ca andp#d.05).

In the S site, the bioaccumulation factor (BFs6/Csoil) Of A. utriculata is approximately 1 (0.8),
while the Translocation Factor (TF=HeofCroor) IS greater than 6 while in the NS site BF is ~0.5

and TF is approximately 2 (1.8).
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4.3.2 Isolation and identification of culturable bacteria

Bacterial counts from NS site are higher than ftrah S site in terms of bacterial strain diversity,
without a clear Ni selectivity among Ni 0, 1 andr®/ except for the black halo around some
colonies isolated from rhizospheric soil that isarly visible in the presence of Ni. In the R $bé
bacterial colonies from S and NS site are sigmnifilyamore abundant than B soils (Fig. 25) at all Ni
concentrations (0, 1, 5 mM, p< 0.05).

Among all the isolated bacteria, 30 morphotypescatented and identified with a morphological
approach followed by a molecular identification. é&mg the isolates, the most frequent strain is
Arthrobacter which accounts for about 27% of average bacteoaht of the rhizospheric S site
(SR). Besides, there is a prevalenceEaferobacteriaceae which accounts for 18% of the total
bacterial colonies isolated at Ni 0. Among otherddtes, the most recurrent &acillus, Erwinia,
and Sreptomyces. The bacterial count indicates thdflovosphingobium, Pantoea, and
Senotrophomonas are present in the SR and NSR soil, while the hogtalic Pseudomonas
thrives only in SR soil (Table 8).

There are no significant correlations between tial tculturable bacterial count isolated at Ni O
mM (CFU g% and the bulk element concentration in nativess@ihg kg' DW), except for the
significant positive correlation with Zn (r= 0.98x 0.05) in the SR soil.

Kolmogorov-Smirnov two-sample test reveals markeffer@nces between S and NS sites
examined (p< 0.05) in terms of culturable bactépa 0.05). Similarly, bacterial count differ

significantly between R and B substrates (p< 0.05).

58



NCBI

Most closely related

Strain Microbiota . Taxonomy . .
name type accession rank g.en'us/.speues (sequence Soil compartment
number similarity)

SERP1 Bacterium MG661811 Genus Pseudomonas sp. (99%) SR

SERP2 Bacterium MG661822 Genus Senotrophomonas sp. (99%) SR, NSR

SERP3 Bacterium MG661833 Genus Streptomyces sp. (99%) SR

SERP4 Bacterium MG661835 Genus Streaptomyces sp. (99%) SR, SB, NSR, NSB
SERP5 Bacterium MG661836 Family Enterobacteriaceae SR

SERP6 Bacterium MG661837 Genus Bacillus sp. (99%) SR, SB, NSR, NSB
SERP7 Bacterium MG661838 Genus Bacillus sp. (99%) SR, SB

SERPS8 Bacterium MG661839 Genus Bacillus sp. (99%) SR, SB, NSR, NSB
SERP9 Bacterium MG661840 Genus Bacillus sp. (99%) SB
SERP10 Bacterium MG661812 Genus Bacillus sp. (99%) SB, NSR, NSB
SERP11 Bacterium MG661813 Genus Arthrobacter sp. (99%) SR, SB, NSR, NSB
SERP12 Bacterium MG661814 Genus Bacillus sp. (99%) SR, SB, NSR, NSB
SERP13 Bacterium MG661815 Genus Chryseobacterium sp (99%) NSR
SERP14 Bacterium MG661816 Genus Pantoea sp. (99%) SR, NSR
SERP15 Bacterium MG661817 Genus Micrococcus sp. (99%) NSB
SERP16 Bacterium MG661818 Genus Bacillus sp. (99%) NSB
SERP17 Bacterium MG661819 Genus Streptomyces sp. (99%) SR, SB, NSR, NSB
SERP18 Bacterium MG661820 Family Enterobacteriaceae SB, NSR
SERP19 Bacterium MG661821 Genus Erwinia sp. (99%) SR, SB, NSR, NSB
SERP20 Bacterium MG661823 Genus Flavobacterium sp. (98%) NSR
SERP21 Bacterium MG661824 Genus Novosphingobium sp. (100%) SR, SB, NSR
SERP22 Bacterium MG661825 Genus Curtobacterium sp. (99%) NSR
SERP23 Bacterium MG661826 Genus Streptomyces sp. (99%) SR, SB, NSR, NSB
SERP24 Bacterium MG661827 Genus Leucobacter sp. (99%) NSR
SERP25 Bacterium MG661828 Genus Pantoea sp. (100%) SR, NSR
SERP26 Bacterium MG661829 Genus Micrococcus sp. (100%) SR, SB, NSR, NSB
SERP27 Bacterium MG661830 Genus Cronobacter sp. (99%) NSR
SERP28 Bacterium MG661831 Genus Senotrophomonas sp. (99%) NSR
SERP29 Bacterium MG661832 Genus Sphingobacterium sp. (100%) NSR
SERP30 Bacterium MG661834 Genus Massilia sp. (100%) NSR
Serp01S Fungus MG836709 Species Cladosporium - cladosporioides SR, SB

(100 %)

Serp03S Fungus MG850978 Species  Penicillium ochrochloron (99 %) SR, SB
Serp04S Fungus MG850979 Species  Penicillium canescens (100 %) SR, NSR
Serp05S Fungus MG836710 Species  Trichoderma harzianum (99 %) SR, SB, NSB
Serp06S Fungus MG850980 Species  Aspergillusniger (100 %) SB, NSB
Serp08S Fungus MG850981 Species  Penicilliumlanosum (98%) NSR
SerpllS Fungus MG850982 Species  Penicilliumatramentosum (99 %) NSR, NSB
Serpl3S Fungus MG850983 Species  Penicillium canescens (99 %) SR, NSR

Table 8. The diversity (strain name, accession number,rnpgbdisolated culturable bacteria and fungi frdme thizosphere (R, N=

10) of A. utriculata growing on Serpentine and Non Serpentine soilfeord the adjacent bare soil (B, N= 10).
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Figure 25. Average bacterial count expressed as Colony Forhditig(CFU g*) and diversity (genus, comprising different
strains) in the rhizospheric (R) soil of facultatNehyperaccumulato@. utriculata and adjacent bare (B) soil on serpentine (S)
and non-serpentine (NS) site. Data are mean+SDL80=each site.

4.3.3 PGP traits and Ni-tolerant bacteria

Among the serpentine bacterial isolates, 8 strh@lenging to 5 genera show to possess more than
one PGPR activity (Table 9)Pseudomonas, Senotrophomonas, Streptomyces, Pantoea and
Erwinia. Specifically, strain SERP14 and SERPP&r{toea sp.) have all four traits and they exhibit
high production of IAA at 530 nm of absorbance.

SERP1 Pseudomonas sp.), SERP4 Streptomyces sp.) and SERP19%E(fwinia sp.) show a great
synthesis of siderophores as wellRetoea previously cited, while SERP3, SERP4 and SERP23
(Streptomyces sp.) can solubilize phosphate as SERFEMRvihia sp.) and genuPantoea and to
grow on ACCas the sole source of N.

All the bacterial colonies considered highlight atai-tolerance at low Ni concentrations (up to 5
mM of Ni, Table 10). Half of these isolates toleraoncentrations up to 10 mM of Ni and only

SERPO1 Pseudomonas sp.) and SERPO&(eptomyces sp.) can be cultivated on Ni 15 mM.
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Strain Genus ACC IAA synthesis Siderophores Phosphate

name deaminase (halo @, mm) solubilization
(halo &, mm)

SERP1 Pseudomonas sp. - + +(90) +(5)
SERP2 Senotrophomonas sp. - + +(90) -
SERP3 Streptomyces sp. + - - +(3)
SERP4 Streptomyces sp. + - +(12) +(3)
SERP6 Bacillus sp. - - - -
SERP7 Bacillus sp. - - + (15) -
SERP8 Bacillus sp. - - - -
SERP11 Arthrobacter sp. - - + (45) -
SERP12 Bacillus sp. - - - -
SERP14 Pantoea sp. + + +(90) + (4)
SERP19 Erwinia sp. - - + (90) +(5)
SERP21 Novosphingobium sp. - - - +(2)
SERP23 Streptomyces sp. + - - +(2)
SERP25 Pantoea sp. + + +(90) + (15)

SERP26 Micrococcus sp. - - - -

Table 9.Plant growth promoting traits of culturable bacesolated from the rhizosphereAfutriculata on Serpentine soil (S), N=
8 each strain. The absorbance was recorded atri3Growth: - absence; + presence.

Strain name Genus Ni 0 Ni 1 Ni 5 Ni 10 Ni 15 Ni 20
SERP1 Pseudomonas sp. + + + + + R
SERP2 Stenotrophomonas sp. + + + + - -
SERP3 Sreptomyces sp. + + + + - -
SERP4 Streptomyces sp. + + + + + -
SERP14 Pantoea sp. + + + - - -
SERP19 Erwinia sp. + + + - - -
SERP23 Streptomyces sp. + + + - - -
SERP25 Pantoea sp. + + + - - -

Table 10.Nickel tolerance (mM) of culturable PGPR isolatedhirthe rhizosphere & . utriculata growing on the Serpentine soil
(S), N= 15 each straifGrowth: - absence; + presence.

4.3.4 |solation and identification of culturable fungi

Figure 26 summarizes the fungal presence in S &ditds both in R and B soils. Fungi preferably
colonize NSR soil respect to SR. The most recurrgenera areAspergillus, Penicillium,
Cladosporium, andTrichoderma (Table 8).

GenusPenicillium is the most abundant, comprising the 84% of totdbnies. Although genus
Cladosporium has a low frequency (2% of the total), it was egilaly isolated from S soils. In
particular, Penicillium canescens Sopp represented the most abundant species (36%otaif

colonies).
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There are no correlations between the presencei@bfungi (CFU ¢') and the bulk element
concentration in native soils (mg k@w).
As for bacteria, Kolmogorov-Smirnov two-sample teghibits clear differences between R and B

substrates in terms of culturable fungal abunddpee0.05). Moreover, the fungi are positively

correlated with Npo: (p< 0.05).
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Figure 26. Microfungal count expressed as Colony Forming (&EU g*) and diversity (genus, comprising different stediim
the rhizospheric (R) soil of facultative Ni-hyperaowlatorA. utriculata and adjacent bare (B) soil on serpentine (S) and no
serpentine (NS) site. Data are mean+SD. N= 40 siéeh

4.3.5 Ni-tolerant fungi
Among the isolated S fungal strail@adosporium cladosporoides (Fresen.) G.A. de Vries does not
grow in the presence of Niyichoderma harzianum andPenicillium canescens tolerate up to 5 mM

of NiSO,*6H,0, while Penicillium ochrochloron is able to tolerate up to 20 mM (Table 11).
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Strain name  Species Ni O Ni 1 Ni 5 Ni 10 Ni 15 ND2

Serp01S Cladosporium cladosporoides + -

Serp03S Penicillium ochrochloron + + + + + +
Serp04S Penicillium canescens + + + -

Serp05S Trichoderma harzianum + + +

Table 11.Nickel tolerance (mM) of culturable fungi isolatédm the rhizosphere o&. utriculata growing on the Serpentine soil
(S), N= 15 each straifGrowth: - absence; + presence.

4.3.6 Plant-soil-microbiota relationship

S and NS samples constitute two fairly well-defickdster, highlighting a good homogeneity of the
starting samples (Fig. 27A). The Loadings plot igufe 27B show the samples data distribution
(element concentration in plant and soil and migib count) on the first two principal
components.

Despite the less uniform pattern, most of the etgmén soil, root and shoot (especially Ni) is
associated with negative scores of PC1 (Fig. 28ABBth Loading plots presented explain a total
variance of 75.02%.

It is noteworthy that Ca is the only soil elemessaciated with positive scores on PC1; indeed, S
soil samples are characterized by scarcity of entsi such as Ca and presence of phytotoxic
elements such as Ni. Differently, the separatiothef bacterial and fungal strains is less evident,
but at least four mixed groups of bacteria and ifang present without specific interactions with
analysed elements except the geBasillus which appears (a€hryseobacterium sp.) negatively
correlated with Nii (p< 0.05) and Cy4; (p< 0.01) and positively correlated with G&p< 0.001).
Among the microorganisms selected by means PGPR &esl the Ni tolerance test, there is a
highly significant positive correlation betwe&benotrophomonas sp. andStreptomyces sp. (p<
0.01), between these two bacterial strains andfuhgus P. canescens (p< 0.001 and p< 0.01
respectively) and between the two fungal stRiinchrochloron andT. harzianum group (p< 0.05).
As opposed to genuBacillus, C. cladosporoides is negatively correlated with Ca (and MQ)

concentration in the soil (p< 0.01 for both) andipeely with Cu; (p< 0.05).
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4.4 Co-growth of bacteria and fungi

4.4.1 Preliminary test

At the end of the preliminary tests, CYA and TSAfered at pH 6.0 proved to be the most suitable
agar substrates for the growth of bacterial anddlstrains.

The calculation of the growth curves associateti wiate culture for the eight serpentinitic baeteri
allowed to evaluate the time lapse useful to rehetexponential phase of the bacterial growth.
Among the isolated selected for the co-growth expemt, fungal strains exhibited increased
growth on the CYA substrate compared to TSA pH &0noted in the Figure 29C, D, whereas
bacteria thrive on both agar culture media.

The species belonging to the gerRseudomonas are Gram negative bacilli, straight or slightly
curved and their size range from 1.5 to 5 pm x10Gn approximately. They are motile due to the
presence of one or more polar flagella and theyobligatory aerobes, mainly oxidase and catalase
positive; usually the colonies are colourless,altfh pigmentations of white and white-dirty colour
are frequent (Fig. 30Adenry et al. 2011).

Streptomyces are a group of non-motile, Gram-positive bacteciaaracterized by a slow
multiplication by fragmentation similar to filaments mycetes but are considered bacteria because
of their prokaryotic cell structure and small s{déameter rarely higher than 1 um, Bergey et al.,
2001). In Streptomyces sp. SERP4, as shown in Figure 30B, the macroscopycelium
morphology includes pellets and clump formationt thee correlated with secondary metabolite
production (Manteca and Yague, 2018).

Regarding microfungi, the colony & ochrochloron on CYA appears round, grooved in a radial
pattern white to light grey in the margin once mation is reached (Fig. 30C).

The colonies of thif. ochrochloron exhibit fast growth rate and are variously bramghsith
asymmetrically and/or symmetrically branched camptliores (Houbraken et al., 20H)d this is

clearly evident in the Figure 35.
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On the other handrichoderma isolates (Fig. 30D) produce rough and globose uiogkbose
(Hassan et al., 2014; Shah et al., 2012) conid&X2.6 pm) and their colour was yellow or green
(Savitha and Sriram, 2015); conidia production risater at the centre compared to the margins

(Hassan et al., 2014).

Figure 29. Positive growth petri dishes (3 replicates of Ti@A6.0 and 3 replicates of CYA) with bacterial sisaf\)
Pseudomonas sp. SERP1, BRtreptomyces sp. SERP4 and fungal strainsRZ)ochrochloron Serp03S, DY. harzianum group
Serp05S. N=30 each test.
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Figure 30 Stereo Microscope images of positive growth ofPagudomonas sp. SERP1, BRreptomyces sp. SERP4, Cp.
ochrochloron Serp03, D). harzianum group Serp05S.

4.4.2 Co-growth methods

a) Pseudomonassp. (SERP1) vB. ochrochloron (Serp03S).

The agar overlay method (Fig. 31A, 32A) on CYA doeg seem to clarify any relationship
between the two organisms. The bacterium developsravit has been inoculated, while the
microfungus grow better around bacterium. After déys of incubation the fungus reaches
maturation, assuming a grey-black colour.

In the agar plot (Fig. 31B, 32B) and in the disegrowth (Fig. 31C, 32C) methods the contact
between the two organisms develops a round steigtith concentric rings that could mean a sort

of growth mix.
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b) Pseudomonas sp. (SERP1) v$. harzianum (Serp05S):

a suspected antagonistic activity was found betvieenwo organisms, because in the agar overlay
method the fungus do not thrive where the bactemas inoculated (Fig. 31D, 32Dyice versa in
other treatments (Fig. 31E, F, 32E, F) the fungusers almost the entire agar plate, but its growth

appears to be disturbed: in the last distance ¢rométhod, fungal strain is confined in its half of

the plate, suggesting an inhibitory property of blaeterium.

Figure 31 Qualitative evaluation of bacteria and fungi griowgst:Pseudomonas sp. SERP1 anB. ochrochloron
Serp03gA, B, C),Pseudomonas sp. SERP1 and. harzanum group Serp05S (D, E, F), by means of agar overlay
method (A, D), agar plot method (B, E) and distagraavth method (C, F). N= 30 each test.

Figure 32 Stereo Microscope images of culturable mi¥séudomonas sp, SERP1 anB. ochrochloron Serp03S
growth test (A, B, C); culturable mix &fseudomonas sp. SERP1 and. harzianum group Serp05S (D, E, F). Agar
overlay method (A, D); agar plot method (B, E);tdicce growth method (C, F).
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c) Streptomyces sp. (SERP4) vB. ochrochloron (Serp03S)

there is not an antagonistic effect. In fact, thie of Streptomyces and P. ochrochloron covers
almost the entire agar plate, assuming a grey-wdateur both in the overlay and plot test (Fig.
33A, B, 34A, B). No zones of inhibition are visililethe distance growth method (Fig. 33C, 34C)
where bacteria grow above the fungus.

d) Streptomyces sp. (SERP4) v3. harzianum (Serp05S)

the bacterial colonies appear smaller than thercbahd the fungus reaches maturation late. The
bacterium grows only in the centre of the platehi@ overlay agar test (Fig. 33D, 34D), while the
fungus appears to be inhibited in the agar pldt ¢€g. 33E, 34E). Bacteria and fungus tolerate
each other, as shown by the contact between themtiemorganisms (Fig. 33F, 34F), but they

remain distinct.

Figure 33 Qualitative evaluation of bacteria and fungi griowgst:Streptomyces sp. SERP4 anB. ochrochloron
Serp03S (A, B, C)3reptomyces sp. SERP4 and. harzianum group Serp05S (D, E, F), through agar overlay ni(o
D), agar plot method (B, E) and distance growthhmeét(C, F). N= 30 each test.
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Figure 34 Stereo Microscope images of culturable mixSwéptomyces sp, SERP4 anB. ochrochloron Serp03S growth
test (A, B, C); culturable mix ditreptomyces sp. SERP4 andl. harzianum group Serp05S (D, E, F). Agar overlay
method (A, D); agar plot method (B, E); distancengtomethod (C, F). N= 30 each test.

As mentioned earlier, the in-depth observation lté¢ Pseudomonas SERP1 P. ochrochloron
Serp03S mix with the Optical Microscope magnified at 40XigF 35) shows the fungal
conidiophore branching patterns mostly symmetrarad biverticillated (Visagie et al., 2014). On
the other hand, the gram staining allowed to uintethe presence of the bacteriuPseudomonas
sp. is a Gram-negative bacterium, it has a thierayf cell wall, so it is counter-stained pink by
safranin (Fig. 36)However also the conidiophores Bf ochrochloron are clearly visible, stained

with a bright red colour.
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Figure 35 Optical Microscope images (40X) of A) mono- andebticillate branched conidiophores®@fochrochloron Serp03S
in the co-growth method and B) maturation of conimtieconidiophores in detail.

Figure 36 Gram staining images &seudomonas SERP1 andP. ochrochloron Serp03S by Optical Microscope at 63X
magpnification. In detail A) the mass of fungal hgehand B) the branched conidiophoreB.adchrochloron surrounded by
Pseudomonas sp. cells that do not retain the crystal violeirsused in the Gram-staining method (pink-red yods

Scanning Electron Microscopy

The backscattered (BSE) SEM imaging of SERMPkeydomonas sp.) and Serp03SP(
ocrhrochloron) highlights clusters of fungal hyphae enveloped imugs of flagellaté®seudomonas

sp. SERP1 (Fig. 37A, B). Symmetric, mostly biveltated, conidiophores (Fig. 37C, D) are often
covered on the tip by bacterial colonies adheriggreans of adhesive filaments that provide a
compact structure to bacterial biofilm consistiridive and dead cells. Fungal spherical conidia are
free or still borne on specialized stalks of thaidmphore that is characterized by typical "vial"-

shaped cell called phialide (Fig. 37D, E).
71



Figure 37. Backscattered electron (BSE) SEM images of the dnigelture of Pseudomonas sp. SERP1 andp.
ochrochloron Serp03S: A) tangle of fungal hyphae covered bydsac Magnification 1.90 kx, Working Distance 10.5
mm; B) growing hyphal tip sorrounded by clusterhafcteria jointed by means of adhesins. Magnificatl®.8 kx,
Working Distance10.84 mm; C) large group of branghbiverticillated conidiophores. Magnification 8.8x, Working
Distance 10.66 mm; Djletail of branch (1) metula (2) interfaces with tesi@ adherent to phialides (3). Magnification
10.6 kx, Working Distance 10.51 mm; E) mature c@nioh conidiophores. Magnification 20.0 kw, WorkiBjstance
10.57 mm; F) fungal conidia (2 um diameter) andtdr@a colonies (1 um length), some of which in theghase; the
rough surface of the conidia seems to encouragadhesion of the bacteria cells.
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5. Discussion

The development of integrated approach plant-bacfengi, to improve bioremediation of soil
contaminated by metals like Ni, needs to examinermi@l responses and interactions between
plant roots and rhizosphere microbiota.

Seed germination highlighted different level of pesse to this metal at earliest stage of plant
development, althougl. bertolonii, A. utriculata and N. caerulescens could have preadaptation
tolerance traits to Ni that allow hyperaccumulattrsgrow on low-competition serpentine soils
(Milner and Kochian, 2008; Roccotiello et al., 2@15elvi et al., 2017).

The microcosm test was used as an early screemiagsess the viability and germinability of the
seeds to establish the best performing specieabdaifor Ni treatmentg. bertolonii has always
low seed germination. This could be linked to iestd growing conditions in relations to its
limited distribution area (Corem et al., 2009y. caerulescens has a slower germination rate
compared to the other species but this is the saitle germination rate of Ni-amended soil
suggesting an earlier preadaptation tolerance. t@it the contrary seed germination of the
facultative hyperaccumulatok. utriculata was affected by increasing Ni concentrations maybe
because it requires a longer time to adapt to Mt tommonly inhibit seed germination and
seedlings development in concentration-dependent species-dependent way (Kranner and
Colville, 2011). These results are in accordancth Wierature data, highlighting that Ni at low
concentrations can stimulate germination in someesa(Hossein Khoshgoftarmanesh and
Bahmanziari, 2012). At the same time low Ni amouwats stimulate root elongation (Carlson et al.,
1991) while high concentrations can decrease s@th (Soudek et al., 2010).

As described by Pavlova et al. (2018), differenoesseed germination were found between Ni-
hyperaccumulator speciegdyssum markgrafii O.E.Schulz andAlyssum murale, an obligate and
facultative hyperaccumulator respectively. Micraoostest showed that in spite of their
accumulation ability, high Ni concentrations cadune a marked inhibition of the seed germination

process compared to control, while a slightly Nncentration may stimulate the germinability.
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Therefore further investigations can be useful esitiming affects the growth of the seedling, the
survival and the fitness of the whole species (Dweoet al., 2010; Fenner and Thompson, 2005;
Simons and Johnston, 2000; Verdu and Traveset,)2005

The effects of metal concentration on plant grovethd biomass are often used to assess
phytotoxicity in non-hyperaccumulator species (Rymad Sauder, 2006) or to evaluate differences
in trace element concentration from inoculated andhoculated plants (Al Agely et al., 2005;
Trotta et al., 2006).

At the highest concentration of available Ni in m&ssm test, hyperaccumulator species do not
show macromorphological alterations in terms oftraca and plant biomass, while the non-
hyperaccumulator species were Ni-affected sugggdtsat increasing Ni concentration in soil
hindered root development as indicated by Moradi.g2009).

In the pot test the non-hyperaccumula®domontanum showsconstant root area and plant biomass
respect to mesocosm. Surprisingly, root biomassraatiarea ofT. arvense significantly increase
with Ni treatments (but 2,5 time less than hypenawglators) despite other studies showed a
disrupted growth in non-accumulator plants (Lactuca sativa L., Pollard et al., 2014) or severe
root biomass reduction in non-accumula@cer arietinum L. (Moradi et al., 2009). A possible
explanation is that the pot test lasted longer tinam mesocosm test causing a sort of adaptation of
the involved species, but further investigation elarify this point.

At the highest Ni concentration in pot, both hygeranulator species gave positive reaction to
DMG test that highlight a Ni translocation to abgraind biomass (Nkrumah et al., 2018) as
expected. In additionA. utriculata significantly increased aboveground biomass wiMe
caerulescens was comparable to the control, as indicated byaRblket al. (2014) and similarly to
what reported by Moradi et al. (2009) B8erkheya coddii Roessler.

The phenotypic plasticity of the facultative hypsmamulator specieA. utriculata may depend on
epigenetic modifications enabling a rapid adaptatio metal stress (Mirouze and Paszkowski,

2011; Ou et al., 2012; Wang et al., 2016) or adaptao edaphic conditions (Adamidis et al.,
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2014). This may led to a greater developmeri.aftriculata in the aboveground biomass where Ni
accumulates. The significant increase of root b&snat increasing Ni treatment was not yet
appreciated, even A. utriculata had no negative effects on biomass, developmenpkami water
content under Ni stress (Roccotiello et al., 20T6js aspect can probably be related to the species
ability to concentrate metals in its abovegroundnmmss without display toxicity symptoms
(Roccaotiello et al., 2016).

Considering that Ni-hyperaccumulators sequesten Bhoots and by contrast Ni-excluders store Ni
in roots, we could hypothesize in agreement witte@e et al. (2014) that roots systems of both
hyperaccumulatord\. utriculata and N. caerulescens do not show differences at increasing Ni
because they are more able to tolerate metal, adating Ni in aboveground organs, while
arvense specifically act as excluder increasing mostly @@a and biomass to sequester metal.
Consistently with the biomass results, the maximunmary photochemical efficiency of PSII,
Fv/Fm, and the Performance Index, P.I.(Strassal.,e2000) do not differ in the hyperaccumulator
species at increasing Ni concentrations, whilegmificantly declines inA. montanum. It could be
due to the great sensitivity to the fluctuationsnfironmental abiotic factors (Zigk et al., 2015),
such as Ni stress. Both parameters increask arvense, although Fm is lower than the other
species. A low Tfm may indicate sample stress ¢Samet al., 2000) which causes the Fm to be
achieved much earlier than expected, similar to happen irA. montanum.

A comprehensive explanation could concern a Ni tdiim of A. utriculata to Ni input during the
plant growth due to a possible phenotypic plastifiisioli et al., 2012). The same will probably
occurs toT. arvense, specifically at the root level. However, epigenetspects involved in plant
adaptation to strongly stressed environments atukifieation mechanisms need to be verified by
further investigations (Verbruggen et al., 2009b).

To obtain a mixed culture of Ni-tolerant, plant-gitb-promoting microorganisms associated with
the rhizosphere of the facultative Ni-hyperaccurmrl@A. utriculata, the first step was the

identification of the plant-soil relations and ttigaracterization of culturable microbiota assodate
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with serpentine and non-serpentine populations.

The comparison between serpentine and non-serpestits, plants and related microbiota revealed
overall distinction resulting in two well-distingroups. Bacterial and fungal strains are limited by
serpentine soil conditions resulting less abundaf than NS site with preferential colonization of
rhizospheric soil. The difference in terms of elameoncentration is significant between the two
sites (S and NS) because of the high level of Miaa-deficiency and the low Ca/Mg ratio (0.36)
typical of harsh serpentinitic environmental comhs (Ghasemi et al., 2015). However, chemical
differences between rhizospheric and bare soilsareignificant. As expected, onfy utriculata
from serpentine soils shows typical hyperaccumulagits (shoot Ni >1000 mg/kg; BF~1, TF>>1))
(Reeves, 1992; van der Ent et al., 2013) confirmtimgccumulator traits (Roccotiello et al., 2015a
2016).

Bacteria and fungi in the rhizosphere Afutriculata are commonly more abundant than in bare
soils as shown for other hyperaccumulators (Lopeal.e 2016; Wenzel et al.,, 2004). This trait
known as ‘rhizosphere effect’ implies that the plaxuding a large number of compounds that can
be used as nutrition sources by microbes to pratéeand colonize the root surrounding area
(Morgan et al., 2005; Segura et al.,, 2009; Smdllal.e 2001; Wenzel et al., 2004). Among the
identified bacterial morphotypes, generArthrobacter, Bacillus, Erwinia, Micrococcus,
Novosphingobium, Pantoea, Pseudomonas, and Sreptomyces are distinguished as they have already
been isolated on serpentine soil from the rhizospbé Ni-hyperaccumulator plants (Abou-Shanab
et al., 2003; Idris et al., 2004; Ma et al., 200@l@&ngoni et al., 2001; Turgay et al., 2012; Visetli
al., 2015a). We cannot exclude that those bactendlfungal strains can induce promoting effects
on the growth oA. utriculata in S site immobilising Ni instead of increasingtaleaiptake, as in the
case OfN. caerulescens (Aboudrar et al., 2013) but further studies wilarddy this point. The
presence of some PGPR bacterial strainsMseidomonas sp. andSreptomyces sp. able to grow
up to Ni 15 mM and microfungi up to Ni 3 mM (Cecdtial., 2017b; Schlegel et al., 1991) could

support this idea.
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The PGPR activities of the selected strains patdyntsupport the growth oA. utriculata, reducing
metal stress and increasing Ni uptake and accuionlat aerial parts as observed for rhizospheric
bacteria isolated from Ni-hyperaccumulatyssum serpyllifolium (Ma et al., 2009b, 2011) and
Brassica juncea (L.) Czern (Rajkumar et al., 2013b; Rajkumar amdits, 2008b; Zaidi et al.,
2006).Pseudomonas SERP1 can help plants produce more biomass bydangwthem the IAA that
directly stimulates the plant cell division andredation and root initiation (Prapagdee et al., 2013
in addition to siderophores production and P-sdikdgion. Previous studies revealed a high
biomass vyield inBrassica spp. inoculated with a serpentine selected st&iRseudomonas sp.
(Freitas et al., 2004), emphasizing the proteatole of this bacterium against the inhibitory efec
of Ni and the increasing of Ni uptake by plants (&al., 2009¢c; Rajkumar and Freitas, 2008b).
GenusSreptomyces sp. is predominant in soil samples (Mengoni et2001) and Ni-tolerant as
Arthrobacter (up to 10 mM Ni in the plate test, Kuffner et £010). Sreptomyces sp. SERP4
shows ACC deaminase activity, siderophores prodacéind phosphate solubilisation. All these
aspects suggest that specific strains showing gotigity, colonization potential and PGP traits,
will be useful in enhancing bioavailability, phytdeaction or phytostabilization performance by
plants (Sessitsch et al., 2013).

The isolated microfungal strains d®enicillium, Aspergillus, Trichoderma, and Mucor are
commonly saprotrophic microfungi with species foumanetal-polluted habitats worldwide (Gadd
and Fomina, 2011; Kubatova et al., 2002; Massa@tedi, 2002). Among the isolatdZenicillium
canescens Sopp was a typical species of rhizosphere ableséountil 50 cm depth in soil ang
ochrochloron is known for its high tolerance to copper and othetals (Domsch et al., 2007). It is
used for biodegradation of triphenylmethane dyetocotblue, which is very recalcitrant to
biodegradation (Shedbalkar et al., 2008).

Moreover,Penicillium expansum Link represents a cosmopolitan species able tonca polluted
soils and extreme environments and to bioaccumuigte metal concentrations (Di Piazza et al.,

2017). AmongPenicillium, Mucor, Cladosporium, and Trichoderma isolated on serpentine soils,

77



only Trichoderma strain,belonging to thdnarzianum group, was also isolated from the rhizosphere
of A. utriculata in metal-contaminated siteB.harzianum is a saprophytic fungus that grows in soill
(Demirel et al.,, 2005); it is used as a biocontagkinst soil and plant pests and pathogens
(Degenkolb et al., 2008; Hanson, 2005; Madsen.e2@07). By means of the extracellular laccase
production described by Holker et al. (2002), Zatna Cortés-Espinosa (2015), this species is able
to degrade PAHs. This fungus tolerates Ni up to B@0* (Cecchi et al., 2017b; Roccotiello et al.,
2015b) and other metals (Cecchi et al., 2017a;i &ttal., 2014) with great bioaccumulation
capacity (up to 11000 mg Ni Raas described by Cecchi et al. (2017b).

Moreover,Aspergillus strain belonging to theiger group represents one of the more studied fungus
about biocorrosion, bioalteration, and bioaccumatabf toxic metals, due to the high amount of
secondary organic acid production (Gadd, 2007).

Although the culturable techniques are not repradme of the total phylogenetic diversity of soil
microbiota (i.e. less than 1% of bacteria can deuced in laboratory, Pham and Kim (2012), the
characterization of culturable bacterial and furgjedins is essential for future field studies gsin
bioinoculants as natural chelators in the rhizosphef hyperaccumulator and facultative
hyperaccumulator species. Because of the PGP, ttagshigh tolerance to Ni and the positive
correlation with other strainsPseudomonas sp. SERP1, and3reptomyces sp. SERP4 P.
ochrochloron Serp03S and. harzanum Serp05, were used for the subsequent co-growthTies
technique allow to obtain for the first time a ndxeulture of microorganisms associated with the
rhizosphere of a facultative Ni-hyperaccumulatoralesating their reciprocal behaviour (i.e.
antagonistic, Agamennone et al., 2018; Trivedi.e808or synergic activities).

Sreptomyces sp. SERP4 thrives with both tested fungi, but Bseudomonas sp. SERP1 P.
ochrochloron Serp03S culture mix was even more noteworthyhénagar plug and in the distance
growth methods, the bacterial colony assumed grcatlyshape around the fungal strain, showing a
mixed growth of both microorganisms. The interfdiween bacterial straiRseudomonas sp

SERP1 and fungal stral ochrochloron Serp03S does not show any mutual inhibition halo.
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The Gram staining underlines the high number ofdsacthat surrounded clusters of hyphae. The
presence of conidiophores at the apex of fungahagmnd bacterial colonies specifically adherent
to their surface was clearly revealed by ScannilegtEon Microscopy, allowing for the first time to
assess the morphological features of the maturefan-fungus mix culture. The development of
bacterial biofilms and the abundant presence ofuedaon-motile mitospores (conidia) proves that
both organisms have reached together the maturati@se without showing clear macro- and
micromorphological signs of reciprocal sufferingimnibition.

The synergic effects @& utriculata selected microbiota can play a key role in plarapaations to
severe soil condition (Visioli et al., 2015b) thaintribute to the hyperaccumulator phenotype
(Visioli et al., 2015a). Using microbiota as inasul of the rhizosphere could increase the root
development and the metal uptake and translocéticghoots improving in a self-sustaining and
environmental-friendly way the phytoremediation wfetal-contaminated soils by facultative
hyperaccumulators.

Root inoculation with selected Ni-tolerant bacteaiad fungi may represent a powerful tool in
phytotoremediation, although transferring this tealbgy to the field requires further bacteria-fungi

mix growth studies and field validation.

6. Conclusion

At the early stage of plant development, the samtumulatomlN. caerulescens do not change the
germination rate and time. On the contrary, thelfatve hyperaccumulatdk. utriculata seems to
be affected in the first phase of seed germinadioth root development. However, at the plantlets
and young plant levelA. utriculata reveals a great development of root and shoot Bema
consistently with the species ecophysiological oasp in terms of Performance Index.

Bacteria and fungi were significantly more abundenthizosphere than in bare soil and were
dominated by generarthrobacter, Bacillus, Erwinia, Micrococcus, Novosphingobium, Pantoea,

Pseudomonas, and Sreptomyces Penicillium, Aspergillus, Trichoderma, andMucor.
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Interestingly, the genuBseudomonas was only found in rhizospheric serpentine soil$ (% of
total serpentinitic rhizospheric colonies isolates)d with Sreptomyces sp. showed highest Ni-
tolerance up to 15 mM. Among serpentine bactesialates, eight strains belonging to five genera
showed at least one PGPR activity. Similaftychoderma strain, belonging to thiearzianum group
(1.7 % of the total microfungal count), exhibitegt Ni-tolerance and high Ni uptake ability.

The rhizosphere oA. utriculata can be an excellent model to enhance Ni uptakepéard growth
using a microbiota associated with its root system.

To date, considering the encouraging achieved teswe can consider the use of an integrated
approach (plants-fungi-bacteria) cost-effective andironmental-friendly to improve metal uptake
and the bioremediation of contaminated soils. Tasiplex multidisciplinary research has shown
that a holistic approach to soil pollution allows éxtend the perspectives and to overcome the
current studies focused on the single rhizosplwmaponents, reinforcing the accomplished results
and the field applications. Just assuming the entiizosphere as a whole of components and
interactions it is possible to better understasdititucture and function.

So the proposed model is an example of integradfadifferent disciplines aimed to studying the
dynamic microenvironment known as the rhizospherghe perspective of trying to provide
guidance for using Ni-hyperaccumulator species #ad associated rhizobiota to remediate Ni

contaminated soils.
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L’interfaccia suolo-radice di specie vegetali iperaccumulatrici rappresenta la prima zona di scambio
e potenziale captazione di contaminanti. Tuttavia 1 processi rizosferici di taxa ipertolleranti restano
ancora 1n gran parte inesplorati. Attraverso la caratterizzazione del rizoplano e degli xenobiotici ad
esso legati, nonché delle componenti rizosferiche microbiche e fungine, & possibile migliorare
I’efficacia dell’assorbimento di contaminanti metallic1.

Di seguito si intende illustrare in sintesi parte degli studi svolti per standardizzare e trasferire in
campo una metodica a basso costo ed ecosostenibile per siti contaminati da attivita antropiche,
avvalendosi di specie vegetali native e delle componenti rizosferiche ad esse associate.

Studi condotti in collaborazione fra botanici e micologi e 1l coinvolgimento di altre competenze
hanno portato all'individuazione di organismi ipertolleranti vegetali e fungini presenti in un sito
minerario dismesso, caratterizzato da un’intensa contaminazione di Fe e Cu e di altri elementi a
concentrazioni potenzialmente tossico-nocive (es., Ti, Mn, Co, Ni, V, Cr, Cu, Zn e Cd) eccedenti 1
limiti di legge (D. Lgs. 152/20006) [1].

Fra le specie vegetali native dell’area di studio, ¢ stata scelta e valutata la capacita di legame ed
assorbimento radicale nell’iperaccumulatrice di Ni Alyssoides utriculata (L.) Medik. [2].

Sono stati esaminati campioni di suolo provenienti dalla rizosfera di 4. utriculata, da cui sono stati
isolati alcuni ceppi microfungini.

I risultati attuali evidenziano la grande capacita di flora e micoflora di accumulare selettivamente
specitici metalli. In particolare, 4. utriculata ¢ i grado di accumulare pmi di 1000 mg Ni Kg-1 a
livello delle parti aeree. Il N1 presente nella radice € per 1l 20% legato alla superficie radicale e per
il restante 80% captato al suo interno [2].

Tra i ceppi fungini isolati, Trichoderma harziamim Rifai, mostra un’elevata tolleranza al Ni, fino a
500 mg l-1 e una capacita di accumulo fino a 11000 mg N1 Kg-1[3].

A seguito del test in microcosmo sara avviato un monitoraggio in continuo dell’apparato radicale
tramite un sistema rhizobox 2D, progettato in modo da favorire la manipolazione e 1’osservazione
dell’ambiente radicale rispetto all’apporto di nutrienti o fattori perturbanti, quali sostanze a
concentrazioni tossiche. Saranno valutati differenti parametri radicali (es. lunghezza, diametro,
tasso di crescita, numero di radici laterali). oltre che prelevate soluzioni circolanti ed essudati
radicali. Verra inoltre determinata I'interazione del microbiota inoculato con I’apparato radicale e
I'influenza di quest’ultimo sulla tolleranza e la capacita di accumulo di metalli in A. utriculata.

I risultati ottenuti consentiranno la messa a punto di un sistema integrato che porterebbe il
microbiota del suolo ad agire come chelante naturale nei confronti dei metalli, alleviando lo stress
che essi proveocano alla pianta e favorendo la ricolonizzazione di suoli disturbati.

Bibliografia:

1. Roccotiello et al. 2015. Biodiversity in ecosystem - Linking structure and functions. pp. 563-582.
2. Roccotiello et al. 2015. Chemosphere 119: 1372-1378.
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Environmental pollution by metals represents a severe risk to human health and fo the environment in
urban and peri-urban areas, where the main sources of metal pollution are mining, municipal and
industrial wastes and agricultural activities [1, 2]. In a few plant taxa called hyperaccumulator, the
concentration of metal(loid)s in aboveground biomass is up to four orders of magnitude higher than in
non-hyperaccumulator species and it is associated with a strongly enhanced metal hypertolerance [3].
The rhizosphere, defined as the soil-root interface, is the micro-ecosystem where roots access soil frace
elements [4] and represents the first area of potential metal uptake. However, there is a general lack of
knowledge about hyperaccumulators, particularly with respect to rhizosphere processes [4].

The aim of this study is to characterize the rhizosphere of selected hyperaccumulator and non-
hyperaccumulator species in order to improve metal hyperaccumulation via root uptake.

Metal-tolerant plant and fungi were selected in metalliferous sites with high concenfration of potentially
toxic elements (i.e. Ni, Cr Co and 7Zn) exceeding the law limits (D. Lgs. 152/2006). Among the studied
species, the nickel-hyperaccumulators Alyssoides utriculata (L) Medik. and Thlaspi caerulescens J. & C.
Presl. were selected as target species. A. ufriculata is able to accumulate over 1.000 mg Ni kg (DW).
Nickel uptaken by roots is adsorbed to rhizoplane (20%) or absorbed (80%) [5].

Besides, soil and rhizosphere samples were examined and some fungal strains were isolated. Among these,
a Trichoderma harzianum Rifai strain exhibits high Ni tolerance, up to 500 mg ' and high uptake ability, up
to 11.000 mg Ni kg1 [6].

Seed germination tests were carried out in veg-box with germination substrate spiked with Ni (0, 10, 50, 100,
200, 400 mg Ni kg, respectively) on target species using non-hyperaccumulator species (i.e., Alyssum
montanum L. and Thiaspi arvense L.) for comparison.

The same substrates were used in mesocosm 3D experiment in pots to evaluate the root elongation and
the root anatomy under Ni hyperaccumulation.

Improving root surface increases metal uptake, prevent soil erosion and reduces the spread of metal
pollutants, favoring the remediation of peri-urban dismissed industrial sites.

1) H. Ali, E. Khan, M. A. Sajad (2013). "Phytoremediation of heavy metals-Concepts and applications”.
Chemaosphere 91: 8469-881.

2) F. De Nicola, D. Baldantoni, L. Sessa, F. Monaci, R. Bargagli, A. Alfani (2015). *Distribution of heavy metals
and polycyclic aromatic hydrocarbons in holm oak plani—=soil system evaluated along urbanization
gradients”. Chemosphere 134 (2015) 21-97.

3) U. Kradmer (2010), “"Metal hyperaccumulation in plants”. Annual reviews Flant Biology 61: 517-34.

4) E. R. Alford, E. A. H. Pilon-Smits, M. W. Paschke (2010). “"Metallophytes - a view from the rhizosphere”.
Plant Soil 337: 35-50.

5) E. Roccotiello, H. C. Serrano, M. G. Mariotti, C. Branquinho (2015). “Nickel phytoremediation potential of
the Mediterranean Alyssoides ufriculata (L.) Medik.” Chemosphere 119: 1372-1378.

6) G. Cecchi, E. Roccofiello, S. Di Piazza, A. Riggi, M. G. Mariotti, M. Zotfi. “Sustainable nickel
bioremediafion by microfungi”, submitted.
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The global climate is predicted to change drastically over
the next century. From literature it is clear that certain climate
change scenarios will have effects on metal phytoremediation
and plant-microorganism interactions, which are increasingly
being explored [1, 2]. The hyperaccumulator plants actively
take up large amounts of metals from the soil at concentra-
tions 100-1000-old higher than in other species, showing no
symptoms of phytotoxicity, resulting in a strong metal-hypertol-
erance [3]. However, there is a lack of knowledge about
hyperaccumulators, particularly as regards rhizosphere
processes [4]. The aim of this study is to assess the metaltol
erant plant response to abiotic stress by nickel (Ni) through
seed germination tests and through the evaluation of potential
morpho-functional root alterations using hyperaccumulator
and non-hyperaccumulator species under controlled growing
conditions. Growing substrates were spiked with Ni at differ-
ent concentrations. The Image J analysis of roots was used to
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evaluate parameters like root elongation, surface area and
number of lateral roots. Furthermore, Ni-hyperaccumulator
plants and soil samples were collected on metdlliferous soils
to characterize the rhizospheric microbiota. The presence of
Ni seems fo determine a general decrease of seed germina-
tion and a greater root development in hyperaccumulator
species, compared to non-hyperaccumulator species.
Moreover, the bacterial isolations show a greater number of
bacterial colonies in the rhizosphere soils compared to bare
soils. The development of an integrated system plant-rhizobio-
ta, using the rhizobiota as a natural metalchelator could
improve metal uptake, alleviating the nickel siress and promot-
ing the recolonization of metal-polluted areas.
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Abstract

Rhizosphere, where roots access soil trace elements, represents the first area of potential metal
uptake. The aim of this study is to assess the plant response to nickel in terms of root
biomass development, and possible selectivity of rhizosphere microbiota. Test species were
Ni-hyperaccumulators: Alvssoides utriculata. Alyssum bertolonii, Thlaspi caerulescens and
non-hyperaccumulators: 4. montanum and T. arvense. Soils were spiked with different

concentration of Ni (0-1000 mg kg'l) both in microcosm and in mesocosm. Root surface
and fresh and dry biomass were evaluated. Various 10-fold dilutions of soil samples were
plated on Tryptic Soy Agar added with N1 (0-5 mM) to determine the number of culturable
bacteria and on Malt Extract Agar (MEA) to 1solate vital fungal strains by a dilution plate
technique. Except A. wtriculata, highest Ni concentration affected root development in
terms of root branching. surface area and biomass. In rhizosphere soil. bacteria colonies
are more abundant than m bare soil: native soil microfungi were screened for Ni
tolerance and a Trichoderma harzianum Rifal strain was selected as N1 hyperaccumulator

(up to 11000 mg kg'l). The native rhizosphere microbiota will be used to evaluate
possible plant tolerance to Ni stress.

Keywords: bacteria, fungi, metal uptake, microbiota, root.
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Abstract

High nickel (N1) levels exert toxic effects on seed germination. but literature on this topic in
hyperaccumulators 1s very few. The aim of the study was to test the Ni effect on seed
germination of hyperaccumulators and related species both in native and amended soils. Seeds
of Alyssoides utriculata were collected from 3 populations in NW Italy on native soils (A,
serpentine; B, serpentine with Fe and Cu contamination; C, non-serpentine) and sown on
them and on neutral growing substrates used as control. Experiments were replicated in
microcosm (n1=400) and 1n mesocosm (n=3000). We also investigated the seed germination of
hyperaccumulators 4. wutriculata, Alyssum bertolonii, Thlaspi caerulescens and on non-
hyperaccumulators 4. montanum and T. arvense (n=90, each species) on soils spiked with
different Ni concentrations (0-1000 mg kg™). In native soils. the germination index (GI) of 4.
utriculata 1s significantly high in microcosm, while in mesocosm. GI<50% under both Ni and
drought stress. No significant effects are shown in relations with native soils. Among main
results, in soils amended with Ni seed germination rate (G%) in 4. wiriculata and in T.
caertlescens do not show significant differences under N1 stress.

Keywords: abiotic siress, native soil, germination index, germination rate.
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Abstract

Soils are complex systems thus the evaluation of the toxicity of a substance on soil organisms
requires to standardize the soil-related influences. For that purpose. the use of defined,
artificial soils has been widely accepted. In the present study. we investigated the effects of
Nickel (N1) on newborn earthworm Dendrobaena veneta 1n artificial soil (peat:sand 2:1).
Different concentration of N1 were added to the artificial soil (N1 0, 2.5, 12.5, 25, 50, 100 mg
ke"). and 3.0 g (dry weight) of control and Ni-enriched soils were used for each Petri dish.
where earthworms were reared individually. Newboms of D. veneta, within 12h after the
cocoon hatching, were weighted and randomly assigned to different treatment groups. The
weight of the earthworms was then measured every fourth day. for 60 days of treatment.
During that time, the soil was periodically soaked with distilled water. and added oat flour.
The optimal amount of oat flour supply for one D. veneta specimen. from hatching to two-
months, was determined in previous experiments. After the 60 days of experimental
treatment, specimens were anesthetized on melting ice and fixed in paraformaldehyde 4% for
standard histological methods: sections of the whole body was obtamned after paraffin
embedding and observed after hematoxylin-eosin. Masson’s trichrome. Alcian-PAS, and
Sirtus Red.

The concentration of Ni 25 mg kg™ was the lowest, among the tested ones, to determine a
lower growth rate in D. veneta. which appeared to be significant after the first 16 days. Tissue
damages were observed after 60 days of treatments. These preliminary results allow
suggesting the weight mcreasing rate of newborns D. venefa as a sensitive parameter for Ni
pollution and further studies will be focused on a better characterization of nickel effects on
D. veneta body growth.

Further studies will be done on serpentine soils with the same experimental design of the
present study.

Keywords: ecoroxicology, earthworms, metals, soil.
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Rhizosphere, as an important interface of soil and plant, plays a significant role in phytoremediation of
contaminated soil by metals. in which, microbial populations are known to enhance phytoremediation
processes (1). However, more information on the microbial communities and their functions associated with
the majority of hyperaccumulators are required (2).

Bacteria in the rlnzosphere are involved in the accumulation of potentially toxic trace elements into plant
tissues (1). Additionally, microfungi are essential in colonizing and detoxifying metal-contaminated soil
ecosystems and consequently have environmental and economic significance (3).

The aim of this study is to assess the plant response to nickel (Ni) in terms of root biomass and surface
development, and to select rhizosphere microbiota with affinity to Ni.

Test species were Ni-hyperaccumulators: A/vssoides urriculata (L.) Medik., Thlaspi caerulescens I. Presl &
C. Presl and non-hyperaccumulators: A4/vssum montanum L. and T. arvense L.. Soils were amended with
different concentration of Ni (0-1000 mg keg™?) both in microcosm and in mesocosm (Fig. 1). Root surface
development and fresh and dry biomass were evaluated. Various 10-fold dilutions of soil samples were
plated on Tryptic Soy Agar added with Ni (0, 1, 5 mM) to determine the number of culturable bacteria (Fig.
2) and on Malt Extract Agar (MEA) and on Rose Bengal agar (RB) to 1solate vital fungal strains (Fig. 3) by a
dilution plate technique.

Hyperaccumulators do not seem to be affected by nickel stress; on the contrary non-hyperaccumulators
exhibit a decrease in terms of root surface area and fresh and dry root and shoot biomass.

In thizosphere soil of 4. urriculara bacteria colonies are more abundant than in bare soil but without a clear
selectivity by nickel at increasing Ni concentrations. Native soil fungi were screened for Ni tolerance and a
strain of Trichoderma harziamem group was selected as Ni hyperaccumulator (up to 11000 mg Ni kg in dry
biomass) suggesting its possible employ in a bioremediation protocol able to provide a sustainable
reclamation of broad contaminated areas (4).

The native rhizosphere microbiota can be useful to evaluate possible plant tolerance to Ni stress. Bacteria
and microfungi can be inoculated in the hyperaccumulators’ thizosphere to alleviate Ni stress and to increase
metal uptake

Fig. 1 Fig. 2 Fig. 3
Greenhouse mesocosin ftest. Bacterial isolation. Microfungal strains isolation.

1) Jing, Y., He, Z., Yang. X.. 2007. Role of soil rhizobacteria in phytoremediation of heavy metal contaminated soils. .
Zhejiang Univ. Sci. B 8, 192-207

2) Thijs. S.. Langill. T.. Vangronsveld. J. 2017. Chapter Two - The Bacterial and Fungal Microbiota of
Hyperaccumulator Plants: Small Organisms. Large Influence. in: Vangronsveld, A.C. and J. (Ed.). Advances in
Botanical Research, Phytoremediation. Academic Press, pp. 43-86

3) Gadd. G.M.. 2007. Geomycology: biogeochemical transformations of rocks, minerals. metals and radionuclides by
fungi. bioweathering and bioremediation. Mycol. Res. 111. 3-49

4) Cecchi. G., Roccotiello. E.. Piazza. S.D.. Riggi. A., Mariotti, M.G.. Zotti, M.. 2017. Assessment of Ni accumulation
capability by fungi for a possible approach to remove metals from soils and waters. J. Environ. Sci. Health Part B 52,
166-170
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High level of available nickel (Ni) in soil exert toxic effects on seed germination of common plants. Most
studies are focused on metal accumulation in seedlings and adult plants of crop and hyperaccumulator
species under different Ni level, but very few of them on the first stages of seed germination.

As a consequence, the main poal of the present research is to investigate the effect of low-to-high available
nickel concentration on seed gernunation m hyperaccumulator and non-hyperaccumulator species both
native and amended soils.

We mvestigated the seed germunation of the facultative hyperaccumulator dhvssoides wiricnlara (L) Medik . the
obligate hyperaccumulators Odontarrhena bertolonii Desv. L. Cecchu&Selva and Thlaspi caerniescens JPresl &
C.Presl and m the non-hyperaccumulator related species Alvssion monfamonm L. and T arvense L. (n=90. each species)
on soils spiked with different Ni concentrations (0-1000 mg keg™). In addition, seeds of 4. umiculata were collected
from 3 populations in NW Italy on native soils (S. serpentine; M. mine site with high Fe and Cu; NS. non-serpentine)
and sown on them and on neutral growing substrates used as control. Experiments were replicated m growth chamber mn
Petr1 dishes (seeds. n=400). in mesocosm at water holding capacity of WHC=80% and mn mesocosm m semi-natural
condition with a WHC of 50% (seeds. n=4000). The ecotoxicological and ecophysiological response of the seedlings
were investigated as well in terms of root elongation and photosynthetic performance.

We found significant differences in gernunation rate (G%) between hyperaccumulator and related species up
to 100 mg kg of available Ni (tolerance). The germination time is longer under semi-natural conditions.
Native soils are related to significant lower gernunation rate. Gernunation rate 1s not affected by soil M1
level, and the same for root elongation in hyperaccumulator species. Accumulation is soil-dependent, not
population-dependent.

Germination stages are particularly important for successful subsequent development of a crop for
phytoremediation.
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The serpentine soils, characterized by high level of merals like Ni, Cr, Co, Mn (1,2), and low levels of N, P, K,
Ca (3), provide inhospitable habitat for many plant species (4,3), except for hyperaccumularors, able to store
metals such as nickel (Ni) in aboveground biomass (6). Despite the high number of research on plants growing
on serpentine substracum, the interest on the root system of hyperaccumulators, and in its interactions with the
other components of the rhizosphere is quite recent (7). The rhizosphere plays a crucial role in
hyperaccumulation, since plant root-associated bacteria and fungi provide beneficial effects on their host,
improving the efficiency of phytoremediation processes (7).

This study aims at characterizing the microbiota associated with the rhizosphere of the faculative Ni-
hyperaccumulator Alyssoides uericulata (L.) Medik. from serpentine and non-serpentine sites, and at obtaining a
screening of bacterial and fungal strains which are capable to promote metal uptake, and hence allow plant
development. Culturable bacteria and fungal strains were isolated on agar by a dilution plate technique from the
rhizosphere of A. wiriculata, as well as from bare soil samples. Microbiota isolated from serpentine soil were
selected on the basis of their Plant Growth-Promoting Rhizobacteria (PGPR) properties, and Ni tolerance.
Isolated strains from the rhizosphere of plants that grow on serpentine soils were evaluated for their ACC
deaminase activity, productiou of phytohormone [AA, syutilesis of sidemphores, phosphate solubﬂizing capacity,
and Ni rolerance, up to 20 mM of nickel sulphate hexahydrate (NiSO4*6H,0) on agar.

Eight tested bacterial isolates were positive for more than one plant growth-promoring character. The
rhizobacteria Pantoea exhibits all PGP acrivities, showing high production of TAA and siderophores, such as
Psendomonas. The solubilization of phosphates is mainly observed in Pantoes and Erwinia, while Strepronmyces
grows better on ACC as the sole source of N. Only two strains (Pseudomonas and Streptamyces) are able to tolerate
up to 15 mM NiSO46H,0.

Among fungal strains, Trichoderma harzianum Rifai group exhibits Ni tolerance (up to 500 mg ' of
NiSO4 6H20), and high bioextraction capability (mare than 10000 mg kg (8).

Bacteria and fungal communities associated with root system could be useful to alleviate metal stress, and to

promote plant growth and Ni uptake, through the development of an integrated plant-microbiota system.

1) Cheng C-H, Jien S-H, lizuka Y, Tsai H, Chang Y-H, Hseu Z-Y. Pedogenic Chromium and Nickel Partitioning in
Serpentine Soils along a Toposequence. Soil Sci Soc Am J. 2011 Mar 1;75(2):659-68.

2) Oze C, Fendorf S, Bird DK, Coleman RG. Chromium Geochemistry of Serpentine Soils. Int Geol Rev. 2004 Feb
1;46(2):97-126.

3) Brooks RR. Serpentine and its vegetation: a multidisciplinary approach. Ecol Phytogeogr Physiol Ser USA [Internet].
1987 [cited 2018 May 29]; Available from: http://agris.fao.org/agris-search/search.do?recordID=US8918938

4) Brady KU, Kruckeberg AR, Jr HDB. Evolutionary Ecology of Plant Adapration to Serpentine Soils. Annu Rev Ecol Evol
Syst. 2005;36(1):243-66.

5) Chiarucci A, Robinson BH, Bonini I, Petit D, Brooks RR, Dominicis VD. Vegetation of tuscan ultramafic soils in
relation to edaphic and physical factors. Folia Geobot. 1998 Jun 1;33(2):113-31.

6) Krimer U. Metal Hyperaccumulation in Plants. Annu Rev Plant Biol. 2010;61(1):517-34.

7) Mengoni A, Schat H, Vangronsveld J. Plants as extreme environments? Ni-resistant bacteria and Ni-hyperaccumulators
of serpentine flora. Plant Soil. 2010 Jun 1;331(1-2):5-16.

8) Cecchi G, Roccoticllo E, Piazza SD, Riggi A, Mariotti MG, Zotti M. Assessment of Ni accumulation capability by fungi
for a possible approach to remove metals from soils and waters. ] Environ Sci Health Part B. 2017 Mar 4;52(3):166-70.
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La rizosfera, come interfaccia suolo-radice, svolge un ruolo significativo nella phyroremediation di suoli
contaminati da metalli. Si tratta di un micro-ecosistema in cui le radici hanno accesso agli elementi del suolo
(1) e rappresenta la prima area di potenziale captazione di metallo in piante iperaccumulatrici.

Nomnostante sia noto da letteratura che le comunitd microbiche presenti a livello rizosferico siano
potenzialmente in grado di incrementare le performance di plnvroremediation (2), le interazioni fra le
componenti rizosferiche di raxa iperaccumulatori restano ancora in gran parte inesplorate. I nostri studi e
sperimentazioni sono volti a valutare Ia risposta delle piante ai metalli con particolare riferimento al nichel
(N1) i termuni di sviluppo di biomassa e superficie radicale. e selezionare 1l microbioma rizosferico idoneo
per incrementare 1’accumulo di metalli.

Le piante iperaccumulatrici di N1 Alyssoides uiriculata (L.) Medik., Noccaea caerulescens (J Presl
& C.Presl) F.K.Mey. e 1 non 1peraccumulatori Alyvssum montanum L. e Thlaspi arvense L. sono stati
selezionati quali specie test in micro- e mesocosmo e trattati su suoli contaminati con differenti
concentrazioni di Ni (0-1000 mg kg™). Parallelamente si & proceduto ad isolare la componente
batterica e fungina da campioni di suolo rizosferico di 4. utriculata (3).

Il microbioma rizosferico testato si prevede possa essere utilizzato a livello della rizosfera di piante
iperaccumulatrici per ottenere una bioaugmentation. Questo potra consentire la messa a punto di un sistema
integrato pianta-funghi-batteri che portera il microbioma del suolo ad agire come chelante naturale nei
confronti dei metalli al fine di alleviarne lo stress ed incrementarne 1’accumulo, promuovendo attivamente la
ricolonizzazione di suoli disturbati.

1. E. R Alford, E. A. H. Pilon-Smits, M. W. Paschke (2010). “Metallophytes - a view from the
rhizosphere”. Plant Soil 337: 35-50.

2. Jing, Y., He, Z., Yang, X., 2007. Role of soil rhizobacteria in phytoremediation of heavy metal
contaminated soils. J. Zhejiang Univ. Sci. B 8, 192-207.

Rosatto, S., Roccotiello, E., Cecchi G., Zotti M., Mariotti, M. Rhizosphere response to nickel stress
in hyperaccumulator and non-hyperaccumulator species. The 9th International Conference on

fsd

Serpentine Ecology 4-9th June 2017, Tirana and Pogradec, Albania.
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Abstract

This study faces the characterization of the calile microbiota of the facultative Ni-
hyperaccumulatoAlyssoides utriculata to obtain a collection of bacterial and fungal istsafor
potential applications in Ni phytoextraction.

Rhizosphere soil samples and adjacent bare soé wa@tected fromA. utriculata from serpentine
and non-serpentine sites together vpléint roots and shootRhizobacteria and fungi were isolated
and characterized genotypically and phenotypicdiiants and soils were analyzed for total
element concentration using Inductively CoupledsPla Mass Spectrometry (ICP-MS).

Serpentine and non-serpentine sites differ in teshredements concentration in soil, plant roots and
shoots. Ni and Co are significantly higher on setipe site, while Ca is more abundant in non-
serpentine site.

Bacteria and fungi were significantly more abundenthizosphere than in bare soil and were
dominated by generarthrobacter, Bacillus and Streptomyces, Penicillium and Mucor. The genus
Pseudomonas was only found in rhizospheric serpentine soil2(% of total serpentine isolates)
and with Streptomyces sp. showed highest Ni-tolerance up to 15 mM. Thmesaccurred for
Trichoderma strain, belonging to thearzianum group (< 2 % of the total microfungal count) and
Penicillium ochrochloron (< 10 % of the total microfungal count, tolerange to Ni 20 mM).
Among serpentine bacterial isolates, 8 strainsrgghy to 5 genera showed at least one PGPR
activity (1-Aminocyclopropane-1-Carboxylic Acid (AT} deaminase activity, production of indole-
3-acetic acid (IAA), siderophores and phosphatalsliting capacity), especially genePantoea,
Pseudomonas and Streptomyces. Those microorganisms might thus be promising icktds for

employment in bioaugmentation trials.

Chemosphere 2019, under review
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