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1. Introduction 

The contamination of metals like Nickel (Ni) in the soil represents a serious threat worldwide. To 

counteract this phenomenon, hyperaccumulator plant species, able to remove metal from soil and 

store it at high concentration in shoots, are employed for metal phytoremediation purposes. Native 

microbial communities occurring in the rhizosphere of hyperaccumulators often promote plant 

growth and metal uptake. 

So far, each abiotic and biotic rhizospheric components (soil, root system and microbiota) have 

been used without considering the reciprocal interactions and the responses to Ni stress as a whole. 

The present study aims to develop for the first time an innovative and multidisciplinary approach to 

examine the rhizosphere of Ni-hyperaccumulators as a holistic model, promoting the plant 

development and the Ni uptake. 

A promising approach can be the synergic inoculation of mixed rhizospheric bacterial and fungal 

strains as natural chelators of metals for plants. This integrated system is feasible owing to the 

collaboration with the Laboratory of Micology and the Laboratory of Microbiology of Department 

of Earth, Environmental and Life Sciences (DISTAV), University of Genoa. 

Among metalliferous soils, specific attention was given to serpentinitic soil which display 

extremely hostile conditions (nutrient shortage and concentration of metals - e.g., Ni - highly toxic) 

for most plants except for hyperaccumulator species. 

In the present study, each rhizosphere component was examined before starting the study of 

microbiota interactions. 

The root system of Ni-hyperaccumulators plays a key role in the Ni accumulation. In particular the 

root surface (area) represents the first zone of potential Ni uptake and it is measured likewise root 

biomass to assess the response to Ni stress. 

Bacterial and fungal communities are involved in plant growth promotion and defence against Ni 

stress. They are frequently able to alter metal bioavailability in the rhizosphere promoting the plant 

metal uptake. 
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The thesis is divided in four parts and it is organized as follows: 

Chapter 2 deals the issue of Ni in the soil environment and it briefly mentions the Ni-

hyperaccumulators and their role in the soil phytoremediation. Great emphasis is given to 

rhizosphere as a whole superorganism. 

In the end, aim and objectives of the research are stated. 

Chapter 3 explains material and methods of this research. Early response to Ni stress in plant 

development are carried out with micro- and mesocosm germination under Ni stress in the Ni-

hyperaccumulator species Alyssoides utriculata (L.) Medik, Noccaea caerulescens (J. Presl & C. 

Presl) F. K. Mey. [= Thlaspi caerulescens. J. Presl & C. Presl] and Odontarrhena 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 response to 

increasing Ni concentrations in terms of root surface area, root and shoot biomass, water content 

and photosynthetic efficiency was evaluated. 

Subsequently, A. utriculata was selected as a good candidate to study rhizospheric components 

because of its Ni-facultative hyperaccumulation traits and its ability to thrive in harsh metalliferous 

soils. Related rhizosphere and bare soil samples were collected from serpentine and non-serpentine 

sites. 

Plant and soil samples were processed and analysed with specific attention to isolation and 

identification of culturable microbiota, then selected for their Ni-tolerance and plant growth 

promoting traits. Later, most performing Ni tolerant bacterial and fungal strains were tested by 

means of co-growth methods to estimate their potential mutual synergy in a mixed culture to be 

used as inoculum in the rhizosphere of A. utriculata. 

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

between variables, then data structure was visualized through the Principal Components Analysis. 
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The findings were discussed in Chapter 5, highlighting the importance of this first step of integrated 

plant-rhizobiota tool, focused on the whole rhizospheric model to improve Ni uptake from polluted 

soil, although further investigations are required to ascertain the efficiency of the field application. 
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2. A new rhizospheric approach 

2.1 Metals in the environment 

Nowadays, environmental pollution by metals represents one of the most dramatic treat in the 

world. In addition to the natural sources like weathering of minerals, erosion and volcanic activity, 

the main sources of metal pollution in soils are anthropogenic, like agricultural activity, municipal 

and industrial wastes and mining (Ali et al., 2013). 

Recently, the most frequent definition of “heavy metals” has been used to indicate metals and 

metalloids characterized by potential toxicity towards environment and living organisms (Dal Corso 

et al., 2013). Metals are considered as trace elements because of their presence at very low 

concentrations (i.e., ppb to less than 10 ppm) in various environmental matrices (Kabata-Pendias, 

2010). The main characteristics of this contamination can be summarized as: wide distribution, 

strong latency, irreversibility and remediation hardness (Su, 2014). Besides, the metallic elements 

are considered systemic toxicants that are known to induce multiple organ damage, even at low 

levels of exposure (Tchounwou et al., 2012). 

The metal accumulation in soils and waters poses a significant risk to human health and 

environment. The metals concentrate in the body tissues of living organisms (i.e., bioaccumulation) 

and their concentrations increase as they pass from lower to higher trophic levels (i.e., 

biomagnification, Ali et al., 2013). 

 

2.2 Nickel: sources, characteristics, functions and toxicity 

Nickel is the 24th most abundant element and it occurs either as a free metal in igneous rocks or in 

combination with other metals like iron (Anjum et al., 2015). 

In soil Ni exists both in organic and inorganic form as well as water soluble and as free in soil 

solution; the acidity of the soil promote the bioavailability of Ni, because low pH values facilitate 

the metal mobilization towards the plants’ roots (Alford et al., 2010; Shahzad et al., 2018). 
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Nickel is an essential micronutrient and plays a significant role in the development of the seedling 

(Shahzad et al., 2018). It is involved in the plant growth and in many biological functions (Rahman 

et al., 2005), it is necessary for the biosynthesis of some proteins and it plays an important role in 

nitrogen plant assimilation and metabolism as part of many enzymes involved in the process 

(Mustafiz et al., 2014; Parida et al., 2003). Moreover Ni can protect plant against several biotic and 

abiotic stresses (Sreekanth et al., 2013). 

Ni enters the environment through natural and anthropogenic sources such as metallurgical, 

chemical and food industries (Shahzad et al., 2018). 

Polluted soil may exhibit Ni concentrations of 200-26000 mg kg−1 (20- to 30-fold higher than 

unpolluted areas, Cempel and Nikel, 2006; Izosimova, 2005; Lock et al., 2007). 

Excess Ni can be toxic to plants and cause a number of morphological and 

physiological/biochemical consequences (Anjum et al., 2015). 

General symptoms include: inhibition of germination, reduction of biomass, poor branching, 

irregular shape of the flowers, diminution of the leaf area, staining, chlorosis, necrosis and leaf 

staining, iron deficiency, disturbed mitosis and general decrease in yield (Ahmad and Ashraf, 2011; 

Negi et al., 2014; Seregin and Kozhevnikova, 2006). 

Ni in the soil competes with other essential ions causing chemical disorders and the formation of 

chelate complexes with metal ligands (Shahzad et al., 2018). This increases the Ni concentration in 

plant tissue that causes metabolic perturbations by the alterations of enzymatic activities, inducing 

oxidative stress that provokes deleterious effects on DNA (Chen et al., 2009; Demchenko et al., 

2010), disrupted photosynthesis and ultimately affecting growth and crop yield (Gajewska et al., 

2013; Gajewska and Skłodowska, 2009; Negi et al., 2014; Yusuf et al., 2011). 

The exposure to Ni or its alloys is very frequent due to its diffusion and uses in everyday life and it 

is mainly represented by inhalation and dermal contact, with 20% of human population affected by 

Ni-allergy (Schmidt and Goebeler, 2011; Spiewak et al., 2007; Zambelli et al., 2016). Moreover, as 
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reported by the epidemiological studies, Ni may induce carcinogenesis and a wide range of genetic 

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

 

2.3 The Ni-hyperaccumulators 

In a few plant taxa called hyperaccumulators, 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 (Krämer, 2010). 

The term “hyperaccumulator” was coined by (Jaffré et al., 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 Brooks et al. (1977) quantified the accumulation with 

Ni concentrations > 1000 mg kg-1 (0.1%) on dry weight (DW) without showing phytotoxic 

symptoms; subsequently Reeves (1992) included in this definition only those species that grow in 

their natural habitat. 

About the meaning of the mechanism of metal hyperaccumulation, 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 competitors; 

• defense against herbivores and pathogens; 

• accidental phenomenon. 

Hyperaccumulators occur in over 34 families (Verbruggen et al., 2009a), 25% belong to the 

Brassicaceae family (Brooks, 1998; Rascio and Navari-Izzo, 2011) and by now, 450 Ni 

hyperaccumulator species have been reported worldwide (van der Ent et al., 2013). 

Many hyperaccumulator species are called “strict metallophytes” because they are endemic to 

metalliferous soils whereas some “facultative metallophytes” can thrive on non-metalliferous soils, 



11 
 

although they are more frequent on metal-rich habitats (Assunção et al., 2003; Baker et al., 2010; 

Pollard et al., 2014). 

The degree of hyperaccumulation of metals significantly varies within and across plant species 

(Deng et al., 2007; Roosens et al., 2003) but three common traits distinguish a hyperaccumulator 

species from a related non-hyperaccumulator one: 

• the ability of extract metals from soil; 

• the fast and effective root-to-shoot metal translocation; 

• the ability to sequester and detoxify metals into vacuoles (Rascio and Navari-Izzo, 2011). 

The first phase of hyperaccumulation involves active transport or passive metal absorption in the 

root. Ni can enter the symplast through the uptake sites of the membrane transporters or, 

alternatively, it may enter the apoplast and then the symplast through low affinity transport systems 

in the endodermis (Alford et al., 2010; Deng et al., 2018). 

The Ni uptake is modulated by some factors such as metal concentration, acidity of the substrate, 

presence of other metals and organic matter, CEC (cation exchange capacity), soil structure, type of 

plant and its metabolism (Nishida et al., 2011). 

The Ni mobility and the root-to-shoot translocation is affected by the presence of metal-ligands 

complexes between Ni and organic acids or transporter proteins in root cytoplasm (Boominathan 

and Doran, 2002; Callahan et al., 2006; Centofanti et al., 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 al., 2018) and it is redistributed into the aerial sink 

organs (young growing tissues) (Milner and Kochian, 2008; Shahzad et al., 2018; Verbruggen et al., 

2009a), then the plant activates tolerance and detoxification mechanisms such as vacuolar 

sequestration and compartmentalization in various subcellular structures (Agrawal et al., 2013; 

Fryzova et al., 2018; Rascio and Navari-Izzo, 2011) which prevents the toxic effects on the cell 

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

Phytoremediation is a combination of the terms: phyto (from Greek, meaning plant) and remedium 

(from Latin, meaning to correct or remove an evil) (Ali et al., 2013). 

The concept of phytoremediation (as phytoextraction) suggested by Chaney (1983), allows to 

restore contaminated soils by anthropogenic sources through the uptake of metals (Chaney et al., 

1997; van der Ent et al., 2013). 

The purpose of phytoremediation can be threefold: (1) reduce metal bioavailability of pollutants in 

the environment (phytostabilization); (2) uptake metals from soil and water and translocate and 

accumulate them in the aboveground biomass (phytoextraction); (3) recover energy and metals with 

market value from the bio-ore (phytomining). Among the other forms of phytoremediation 

mentioned by Ali et al. (2013) and Peuke and Rennenberg (2005): phytofiltration is the removal of 

pollutants from contaminated waters by plants (Sangeeta and Maiti, 2010); phytovolatilization 

refers to the uptake of pollutants from soil by plants, their conversion to volatile form and 

subsequent release into the atmosphere (Ali et al., 2013); phytodesalination regards the use of 

halophytic plants for removal of salts from salt-affected soils (Manousaki and Kalogerakis, 2010); 

phytodegradation concern the degradation of organic pollutants by plants through enzymes activity 

(Vishnoi and Srivastava, 2007); rhizodegradation denotes the breakdown of organic pollutants in 

the soil by rhizospheric microorganisms (Sangeeta and Maiti, 2010). 

Promising species for phytoextraction include Elsholtzia 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 genera Haumaniastrum, Eragrostis, Ascolepis, Gladiolus and 

Alyssum are suitable for phytostabilization purpose (Favas et al., 2014). Regarding phytomining, we 

can mentioned the Ni recovery in Alyssum spp. (Bani et al., 2015a, 2015b; Chaney et al., 2007; 

Pardo et al., 2018), Cd, Zn and Pb in Thlaspi spp. (Eissa, 2016), Cu, Ag and Au in Brassica spp. 

(Eissa, 2016; González-Valdez et al., 2018). 
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The metal-contaminated soils require specific remediation to avoid ecosystem disruption and 

harmful effects on human health (Wuana and Okieimen, 2011). The use of plants and associated 

soil microbes to reduce the concentrations or toxic effects of contaminants in soils (i.e., 

phytoremediation) can be a sustainable technique to reach this goal (Greipsson, 2011). In fact the 

phytoremediation technology is a cost-effective, less invasive, green alternative solution to the 

chemical and physical methods of soil remediation (Kidd et al., 2009; Pilon-Smits, 2005), because 

many plants are able to uptake organic and inorganic contaminants from the environment causing 

their detoxification (Ali et al., 2013). 

On the other hand, there are some limitations, because a) phytoremediation is effective at low soil 

depth, where the roots are developed; b) it is a time-consuming process and the success depends on 

the climatic conditions; c) high concentrations of contaminants in the aerial parts can pose a serious 

risk to the food chains (Lee, 2013; Shahzad et al., 2018). 

Despite the described disadvantages, phytoremediation is recognized as a promising technique for 

metal remediation of soils. It involves the use of metal hyperaccumulator plant species for the metal 

uptake from the soil and their deposition in harvestable 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 kg-1 DW) is an evergreen shrub with good biomass. 

It is a Ni facultative hyperaccumulator (Roccotiello et al., 2015a, b) occurring on both metalliferous 

and ‘normal’ soils. The species ranges primarily in the northeastern Mediterranean region (Pignatti, 

1982). The greater abundance of A. utriculata in low-competition serpentine soils compared to 

adjacent non-serpentine sites, suggests preadaptation tolerance traits (Roccotiello et al., 2015a). It is 

able to accumulate greater quantities of Ni in the aboveground biomass even in soils with low metal 

level, compared to the typical serpentine non-hyperaccumulator species (Roccotiello et al., 2016). 

Despite the medium-high ability to concentrate Ni in shoots, A. utriculata species is of a key 
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importance because it is a native Mediterranean hyperaccumulator that can be exploited for 

improved phytoremediation purposes in this climate. Nowadays, a deep comparison between 

serpentine and non-serpentine microbiota of facultative Ni-hyperaccumulators like A. utriculata is 

missing. 

Noccaea caerulescens (Ni in the shoots 1000–30000 mg kg-1 DW) is a herbaceous biennial plant, 

found in Europe and in USA (Milner and Kochian, 2008). It has been studied extensively for its 

ability to hyperaccumulate several metals (Milner and Kochian, 2008). Some populations of genus 

Noccaea (sin. Thlaspi) hyperaccumulate Ni in the serpentinitic soil, whereas other populations are 

capable to uptake Zn and Cd (Assunção et al., 2008), suggesting that hyperaccumulation is 

monophyletic (Macnair, 2003). N. caerulescens also known as ‘montane crucifer’ (Fones et al., 

2019) or ‘alpine pennycress’ (Halimaa et al., 2014) includes populations that differ in 

morphological and physiological characteristics, exhibiting a wide range of accumulation and metal 

tolerance (Visioli et al., 2014b). In Europe, N. caerulescens shows three ecological groups that 

correspond to three edaphic environments (Gonneau, 2014). Two ecological groups are typical of 

metalliferous soils: the Calamine group develops in soils rich in Zn, Cd and Pb, while the 

Serpentine group is characterized by populations that thrive in Ni-rich soils derived from 

serpentinite ultramafic rocks. Finally, the third group includes non-metalliferous populations 

(Sterckeman et al., 2017). 

Odontarrhena bertolonii is a herbaceous perennial plant, endemic of serpentine outcrops of Central 

Italy (Mengoni et al., 2009). It is able to uptake Ni from 7000 to 12000 mg kg-1 in the shoot dry 

matter (Galardi et al., 2007; Selvi et al., 2017). Some studies have shown that its leaf tissues host a 

large variety of bacterial strains (Mengoni et al., 2009, 2004) that show a high phenotypic 

variability depending on the metal tolerance (Barzanti et al., 2007). 
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2.6 The rhizosphere 

The rhizosphere, i.e., the soil-root interface (Hiltner, 1904) for the assimilation of soil elements and 

the uptake of metals, is characterized by feedback loops of interactions among root processes, 

physical and chemical soil characteristics and microbial dynamics (Wenzel et al. 2004; Comerford, 

2005; Alford et al., 2010; Kidd et al., 2017). The rhizosphere is much more complex than the small 

volume of soil around the root, indeed it constitutes a system of functionally integrated zones in 

which abiotic and biotic factors cohabit in a holistic whole (York et al., 2016). 

The plant and the associated rhizobiota could be considered as a superorganism that is described as 

holobiont (Margulis, 1993; Margulis and Fester, 1991; Vandenkoornhuyse et al., 2015). Although 

we can define the plant holobiont a unit of adaptation and selection processes (Zilber-Rosenberg 

and Rosenberg, 2008), the implications related to the holobiont concept and its evolution need to be 

examined (Vandenkoornhuyse et al., 2015). 

The interactions between the different components appear to be regulated by a molecular 

communication system that are currently still understudied albeit they are essential for the 

sustainable soil management (Lemanceau et al., 2017). 

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

 

2.6.1 The soil 

The rhizospheric soil consists of a small volume surrounding the root zone (Lazarovitch et al., 

2018; York et al., 2016). It is a mixture of mineral and organic material that, in association with 

roots and microbiota, represents a complex system of mutually integrated zones (York et al., 2016). 

Its structure and aggregation processes are influenced by the roots (Alford et al., 2010; Schlüter et 

al., 2018; York et al., 2016). 

The rhizosphere contributes to the stability and resistance against soil erosion (Wenzel et al., 2004). 

Soil chemistry (chemical concentration, pH, redox conditions, etc.) is strongly affected by both the 

elements uptake and the exudation of organic acids by the root system and soil microorganisms 
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(Alford et al., 2010). Specifically, the pH decrease can modify the solubility and therefore the 

bioavailability of metals (Alford et al., 2010; Wenzel et al., 2004 ). In fact, root exudates can lower 

the rhizosphere soil pH generally by one or two units over that in the bulk soil (Ali et al., 2013). 

Moreover, rhizobiota (mainly bacteria and fungi) may significantly increase the bioavailability of 

metals in soil (Sheoran et al., 2010; Vamerali et al., 2010), which is a critical factor affecting the 

efficiency of phytoextraction (Ali et al., 2013). 

Among natural metalliferous soils, serpentine soils have nutrient deficiency and toxic concentration 

of metals as Ni (bioavailable Ni: 7 to >100 mg kg-1; total Ni: 500-8000 mg kg-1 (Freitas et al., 2004; 

Ghaderian et al., 2007; Reeves and Baker, 2000; Roccotiello et al., 2015a; Turgay et al., 2012; van 

der Ent et al., 2013). Worldwide researchers use the term “serpentine” to define abiotic factors such 

as rocks, soils, but also biotic components such as vegetation and other biota associated with 

ultramafic outcrops (Rajakaruna et al., 2009). 

Serpentine soils provide particularly harsh and hostile conditions for most plant species (Brady et 

al., 2005), except for some endemic and threatened species (van der Ent et al., 2015) and the 

presence of some hyperaccumulator species (Mengoni et al., 2010; Pollard et al., 2014). 

This "serpentine factor" as mentioned by (Brooks, 1987) is caused by peculiar edaphic conditions as 

the lack of nutrients (N, P, S, K, Na, Ca) and the high concentration of phytotoxic elements (Ni, Fe, 

Cu, Co, Cr, etc., Chiarucci and Baker, 2007), wide temperature ranges, occurrence of thin soil layer 

and consequently low organic content, combined with high surface runoff (Mengoni et al., 2010). 

Due to their mineralogical and chemical properties, serpentinitic soils have often been 

overexploited to extract metals from their ultramafic rocks (Pasquet et al., 2018) causing a serious 

danger to the surrounding ecosystem. In particular, mining activity is responsible for soil 

degradation and groundwater pollution (Raous et al., 2010), due to metal leaching and active acid 

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

The root system provides the structural element of this dynamic microenvironment (Wenzel et al., 

2004) determining the plant access to soil-borne elements (Alford et al., 2010). 

The root surface plays a significant role in element uptake through membrane transporters and in 

some hyperaccumulator, the root grows towards trace elements in soil (Alford et al., 2010). This 

metallophilic behaviour allows plants to mainly develop roots towards metal-rich patches (Hodge, 

2004). The induction of root proliferation (i.e. root foraging) in response to Ni, Cd and Zn in soils 

were reported in few hyperaccumulators, like Noccaea caerulescens, Thlaspi goesingense Halácsy, 

Sedum alfredii Hance and Streptanthus polygaloides Gray. (Dechamps et al., 2008; Himmelbauer et 

al., 2005; Liu et al., 2010; Mincey, 2018). Nonetheless, other hyperaccumulators do not show the 

same positive chemotropism towards metal-spiked soil (Moradi et al., 2009) and for some species 

there are no information. 

Depth and root morphology are also important traits in relation to uptake, although little is known 

about the relationship between root morphology and metal accumulation (Alford et al., 2010). 

Many hyperaccumulators have been described as shallow-rooted (< 0.5 m) and with high proportion 

of fine roots for the accumulation of elements (Himmelbauer et al., 2005; Keller et al., 2003), but 

deep-rooted herbaceous species (2 m) exist (Kutschera et al., 1992) and the roots of many arboreal 

hyper-accumulative species have not yet been examined (Alford et al., 2010). 

The release of exudates and acid production (H+) by roots can alter the metal solubility and 

consequently the bioavailability in the rhizosphere (Alford et al., 2010; Gonzaga et al., 2009). 

At the root surface, specific membrane transporters provide metal uptake sites for soil metals such 

as Ni (Gendre et al., 2007) which bind metal chelators; some of which can facilitate root-to-shoot 

translocation or be involved in the metal tolerance (Alford et al., 2010; Rascio and Navari-Izzo, 

2011). 
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Although root depth, morphology and the preferential metal allocation in root may partially explain 

the high concentration of trace elements in some species of hyperaccumulator (Alford et al., 2010), 

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

 

2.6.3 Rhizosphere microbiota: bacteria and fungi 

Soil metal contamination exerts selective pressure and changes on microbial communities and 

functional diversity (Kelly and Tate, 1998; Liao and Xie, 2007). Soil microorganisms (bacteria and 

fungi) can be metal-tolerant (Álvarez-López et al., 2016; Iram et al., 2012; Kidd et al., 2017; 

Mengoni et al., 2001; Thijs et al., 2017; Turgay et al., 2012). In addition, they are involved in: a) 

promoting the growth and development of the root surface area and root hairs (Gadd 2007; Zotti et 

al. 2014; Cecchi et al. 2017b), b) affecting metal uptake via altered solubility and bioavailability of 

chemicals (Benizri et al., 2001; Gadd, 2004; Wenzel et al., 2004; Alford et al., 2010; Rajkumar et 

al., 2013; Johnson and du Plessis, 2015; Kidd et al., 2017), and c) protecting the plant against metal 

toxicity (Ma et al. 2010). Thanks to those main features, bacteria and fungi from metal-rich soils of 

natural origin can be exploited for the colonization and bioremediation of metal-polluted soils 

(Zucconi et al., 2003), suggesting their potential use to help site revegetation (Fomina et al., 2005; 

Gadd, 2007). 

In the rhizosphere of Ni-hyperaccumulators, the optimal plant growth, metal tolerance, and 

increased Ni uptake are strongly influenced by the native microbial community (Jing et al., 2007; 

Aboudrar et al., 2013; Rue et al., 2015), improving efficient phytoremediation of metal-

contaminated sites (Ma et al., 2009a). 

Plant Growth Promoting Rhizobacteria (PGPR) can be found in association with the root system of 

hyperaccumulators increasing plant growth, biomass development and protecting plant from 

stresses (Aboudrar et al., 2013; Benizri et al., 2001; de Souza et al., 2015). 

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

remediation technologies employing native soil microorganisms for metal phytoextraction. These 
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research allow to assess the effects of Ni mobilizing rhizobacteria on the plant growth and Ni 

uptake in Alyssum spp. and Brassica spp. (Cabello-Conejo et al., 2014; Glick, 2010; Lebeau et al., 

2008; Ma et al. 2009a, 2009b; 2010, 2011; Rajkumar et al., 2013a; Rajkumar and Freitas, 2008a; 

Sessitsch et al., 2013; Zhuang et al., 2007). However, little is known about the microbial 

communities associated with the majority of hyperaccumulators, their functions and interactions 

(Alford et al. 2010; Thijs et al., 2017). 

Serpentine bacteria were studied for the ability to mobilize metals and promote plant growth as in 

the case of Microbacterium, Arthrobacter, Agreia, Bacillus, Micrococcus, Stenotrophomonas, 

Kocuria, and Variovorax interacting with the obligate Ni-hyperaccumulating species Noccaea 

caerulescens, Pseudomonas acting in synergy with roots of Odontarrhena bertolonii, 

Microbacterium and Sphingomonas belonging to the rhizosphere of Odontarrhena muralis (Waldst. 

& Kit.) Endl. complex sin. Alyssum murale Waldst. & Kit. and members of the genus Burkholderia 

collected in the rhizosphere of Pycnandra acuminata (Pierre ex Baill.) Swenson & Munzinger sin. 

Sebertia acuminata Pierre ex Baill. and Psychotria douarrei (Beauvis.) Däniker, together with other 

nickel-resistant strains, like Acinetobacter sp., Hafnia alvei, Pseudomonas mendocina, Comamonas 

acidovorans, and Agrobacterium tumefaciens (Aboudrar et al., 2013; Barzanti et al., 2007; Idris et 

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

The Ni-hyperaccumulator species usually host a greater number of Ni-tolerant rhizospheric 

bacterial strains if compared with those of non-hyperaccumulators growing on the same site or on 

bare soil (Aboudrar et al., 2007; Abou‐Shanab et al., 2003; Idris et al., 2004; Mengoni et al., 2001; 

Schlegel et al., 1991). For instance, a comparison among the serpentine rhizospheric bacterial 

biodiversity associated with some subspecies of the Ni-hyperaccumulator Alyssum serpyllifolium 

Desf., the Ni-excluder Dactylis glomerata L., and the non-hyperaccumulator Santolina semidentata 

Hoffmanns. & Link, revealed that A. serpyllifolium subspecies hosted a greater density of bacteria 

than the non-hyperaccumulator species (Álvarez-López et al., 2016). This selective increase of Ni-

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

Also rhizosphere fungi have the potential to assist the growth of hyperaccumulator plants in metal-

rich soil and to increase their metal uptake (Husna et al., 2017; Thijs et al., 2017). Lately 

researchers have discovered that the network of fungal hyphae of the soil is involved in the 

translocation of a large variety of the plant photosynthetic metabolites (Klein et al., 2016). 

Many studies were carried out on rhizospheric mycorrhizal communities of serpentine Ni-

hyperaccumulator plants (Amir et al., 2013; Husna et al., 2017), but few of them investigated the 

role of serpentine non-mycorrhizal fungi associated with plant rhizosphere (Pal et al., 2006; Urban 

et al., 2008). Besides, it is known that fungi affect the composition of the bacterial community in 

their zone of influence called mycosphere by Warmink and van Elsas, 2008. 

Previous studies isolated fungi like Aspergillus, Botrytis, Clonostachys, Eurotium, Penicillium, 

Rhodotorula, and Trichoderma from the rhizosphere of the facultative Ni-hyperaccumulator 

Alyssoides utriculata (Roccotiello et al. 2010; 2015a; 2016) growing on serpentine soils. Most of 

them were also metal-accumulator (Zotti et al., 2014; Roccotiello et al., 2015b; Cecchi et al., 

2017b). 

Hence, bacteria and fungi contribute in an essential way to biogeochemical cycles of the soil 

mediating the nutrition, the growth development and the health of the associated plant (Heydari and 

Pessarakli, 2010; Nazir et al., 2017). 

In fact, fungi play the first step in the breakdown of organic matter, producing small molecules 

which are further decomposed by bacteria occurred in the same soil habitats (Nazir et al., 2017). In 

turn, bacteria are involved in nitrogen fixation, as well as phosphates solubilization, siderophores 

formation, phytohormones production (i.e. indole-3-acetic acid, IAA) and 1-aminocyclopropane-1-

carboxylic acid (ACC) deaminase activity that are all plant growth promoting traits of rhizobia 

(Gopalakrishnan et al., 2015). In short, bacteria and fungi together form the basis of soil trophic 

networks (Rudnick et al., 2015). 
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Although many soil bacteria and fungi are metal-tolerant and play a key role in mobilization or 

immobilization of metals (Gadd, 1993), only a few attempts have been made to study the 

rhizosphere bacteria and non-mycorrhizal fungi of metal hyperaccumulator plants and their role in 

the tolerance to and uptake of metals by the plants. 

Ecologically, the interactions between bacteria and fungi range from symbiotic and mutualistic 

(Partida-Martinez et al., 2007) to harmful and antagonistic (Scherlach et al., 2013). 

In this scenario, the great challenge is to identify the microbiological components involved in these 

interactions and to understand their pattern (Miransari, 2011). Nowadays, a deep comparison 

between serpentine and non-serpentine microbiota of facultative Ni-hyperaccumulators like A. 

utriculata is missing. The inoculation of some Ni-tolerant bacterial and fungal strains in the 

rhizosphere of hyperaccumulators, specifically facultative-hyperaccumulators, can increase the 

efficiency of phytoextraction by promoting the development of root biomass (Ma et al. 2009a, b) 

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

 

2.7 Aim and objectives 

The main aim is to provide basic data for the development of an integrated approach (plants-fungi-

bacteria) cost-effective and environmental-friendly to improve the bioremediation of contaminated 

soils. Specific attention has been given to the interactions between Ni-hyperaccumulator species, 

native of polluted soils, and the related rhizosphere microbiota. The focus was set on all rhizosphere 

components to clearly understand how the hyperaccumulators’ 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 first step of plant development, i.e., seed 

germination of selected Ni-hyperaccumulator species in comparison with non-

hyperaccumulators; 
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• evaluate possible alterations in the development of the root system (morpho-functional 

response to Ni) in terms of biomass and surface area; 

• assess the potential Ni-selectivity of the rhizosphere microbiota through a screening of 

bacterial and fungal strains from the rhizosphere of a facultative Ni-hyperaccumulator; 

• obtain a mixed culture of Ni-tolerant, plant growth promoting bacterial and fungal strains 

associated with the rhizosphere of a facultative Ni-hyperaccumulator. 

This research represents the first step of a multidisciplinary holistic approach focused on the 

evaluation of all rhizosphere components in a facultative Ni-hyperaccumulator species in the future 

perspective of using native hyperaccumulator species and 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 nickel hyperaccumulator plants (Fig. 1A, B, C) from 

natural Ni-rich soils: Alyssoides utriculata, Noccaea caerulescens and Odontarrhena bertoloni and 

two non-hyperaccumulator plants (Fig. 1D, E) from ‘normal’ soil: Alyssum montanum and Thlaspi 

arvense. 

Hyperaccumulator plants were grown from seeds collected according to international guidelines 

(ENSCONET, 2009), from serpentine soils in Liguria (NW Italy) in July 2016. Samples were 

harvested from the eastern Ligurian Alps (Voltri Massif, N 44° 28' 49, E 8°40' 44). The presence of 

Ni in the mother plants was assessed by means of a colorimetric field dimethylglyoxime test 

(Charlot, 1964; Küpper et al., 2001). All plants yielded a dimethylglyoxime-positive reaction. 

A. montanum L. (Fig. 1D) and T. arvense L. (Fig. 1E) were the related non-hyperaccumulator 

species commonly used for comparison in experiments (Agrawal et al., 2013; Broadhurst and 

Chaney, 2016; Kozhevnikova et al., 2014; Mari et al., 2006; Milner and Kochian, 2008). Seeds 

were provided by herbarium specimens: A. montanum from the Jardin Botanique de Bordeaux 

FR0BORD120310 - Causse – Méjean, and T. arvense were provided by the Botanischer Garten 

Ulm IPEN XX-0-ULM-1998-F-152. 
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3.2 Germination test  

According to International Seed Testing Association (ISTA), germination is defined as "the 

emergence and development of the seedling to a stage where the aspect of its essential structures 

indicates whether or not it is able to develop further into a satisfactory plant under favourable 

conditions in the soil". 

Germination test is often the most reliable way of evaluating the maximum seeds germination 

potential or viability. Optimal germination conditions should allow the germination of viable seeds. 

A B C 

D E 

Figure 1. Test species: Ni-hyperaccumulator A) A. utriculata (photograph, S Marsili), B) N. caerulescens (photograph, A. 
Mazzoni) and C) O. bertolonii (photograph, S. Marsili); non-hyperaccumulators D) A. montanum (photograph, S. Marsili) and E) 
T. arvense (photograph, G. Nicolella). 
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Knowing the germination rate of plant species is the key to understand how that seed will perform 

in the field. 

Basing on available literature, microcosm and mesocosm experiments were set up to assess plant 

germination and growth under controlled or semi-natural environmental conditions. 

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

different substrates without Ni. Tests were performed in a closed system (Petri dishes and veg-

boxes). 

The mesocosm experiments were carried out to simulate natural environmental conditions, 

monitoring the germination rate and rhizosphere response of plantlets to Ni stress. 

 

3.2.1 Microcosm 

Three type of substrate were placed in Petri dishes (Ø 90 mm): agar 1% (Sigma-Aldrich), mix of 

peat and river sand (2:1, pH 6.5) and vermiculite mineral substrate (pH 9.6). Each plate was filled 

with 50 ml of substrate previously sterilized at 120°C for 20 minutes. The substrates were irrigated 

with sterile deionized water (pH 6.0). 

The plant seeds were surface sterilized with sodium hypochlorite (NaClO) 10% for 10 minutes 

(Baiyeri and Mbah, 2006). Ten seeds per plate of the considered plant species were sown 

equidistant from each other and three replicates per substrate were carried out (N= 30 seeds per 

substrate, each species). 

The plates were incubated for 4 weeks, at different temperature and photoperiod: 20°C, 8 h light / 

16 h darkness for A. utriculata, O. bertolonii, A. montanum, T. arvense and 21°C, 12 h light / 12 h 

darkness for N. caerulescens (ENSCOBASE, Ensconet Virtual Seed Bank). Germination data were 

collected every day in order to evaluate the germination rate, G%= (Number of germinated 

seeds/Total number of seeds) * 100. 
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After the primary root emission, images of seedlings were acquired by stereomicroscope and they 

were processed with LAS EZ software (Fig. 2) to monitor the radicle morphology of test species on 

different substrates. 

 

 

 

3.2.2 Mesocosm 

After the sterilization at 120°C for 20 minutes, the peat-sand mix was placed inside veg-box (150 

ml each veg box), and treated with a solution of 1/2-strength Hoagland's basal salt mixture n.2 

(Sigma-Aldrich) containing nickel sulphate hexahydrate (NiSO4*6H2O, Sigma-Aldrich) at different 

concentrations of available Ni (0, 2, 12, 25, 50, 100 mg l-1, pH 6.0). 

The seeds were surface sterilized with NaClO 10% for 10 minutes (Baiyeri and Mbah, 2006); five 

seeds per veg-box were sown equidistant each other and three replicates per substrate were carried 

out (N= 15 seeds per treatment, each species). The veg-box were left in greenhouse in semi-natural 

conditions with natural photoperiod, T min=19°C, T max=22°C, for 120 days, monitoring weekly 

to evaluate the germination time (Fig. 3A, B). 

At the end of the germination test, plant samples were collected then thoroughly rinsed first with tap 

water and then with deionized water to remove soil particles and dust. 

For each treatment, we evaluated the biomass, in terms of fresh and dry weight. 

 

Figure 2. Stereo microscope images of microcosm test. A) Radicle of A. bertolonii grown on agar; B) radicle of A. utriculata 
grown on neutral peat-sand mix; C) radicle of N. caerulescens on vermiculite. 

B A C 
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For each species and treatment, roots were scanned and the resulting images were processed with 

ImageJ software (Abràmoff et al., 2004; Rasband, 1997) that performed the estimation of the 

surface area (Fig. 4), for both hyperaccumulator and non-hyperaccumulator species. Image analysis 

systems would be developed not only to record the shape of root systems at a specific time point but 

also to explore different aspect of the soil-root interactions, to provide Root Structure Analysis 

(RSA), on the mechanisms of root growth and the morpho-physiological responses over time, 

analyzing the interactions with environment and investigating rhizosphere traits and processes 

(Downie et al., 2015). 

 

 

Figure 3. Mesocosm test in greenhouse. A) Veg box filled with neutral peat-sand mix; B) sowing of A. uticulata seeds on 
neutral peat-sand mix. N= 15 seeds per treatment, each species. 

A B 

A C B 

Figure 4. Phases of the image acquisition by ImageJ software. A) Root of A. utriculata at Ni 0 mg kg-1 scanned and B) converted 
in RGB (Red, Green, Blue) format, then C) converted to binary 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 treatments was performed to better simulate natural 

growth conditions compared to germination tests on Petri dishes or in veg-boxes. 

The peat-sand mix (2:1) was chosen as growing substrate; the substrate was sterilized at 120°C for 

20’, oven dried at 60°C. The final pH of substrate was measured by mixing an aliquot of soil with 

deionized water (ratio 1:3), and to obtain a pH of 6 - 6.5, slaked lime with Ca and Mg was added to 

the dry soil. After the assessment of pH, the soil water content at field capacity on volume basis 

(Bandyopadhyay et al., 2012) was assessed to calculate the Water Holding Capacity (WHC): 100 

ml of water was added to 100 ml of dry soil placed in a funnel on a graduated cylinder. After 

waiting at least 1 hour until the last drop, the WHC (%) was calculated based on the volume of 

water retained by the soil. Finally, the soil was transferred to 10 cm Ø pot. 

To evaluate the root surface response to increasing concentration of available Ni, soil was 

homogeneously hydrated with a 70% WHC solution of 1/4 strength Hoagland’s basal salt mixture 

n.2 (Sigma-Aldrich) and metallic salt (NiSO4*6H2O) (Dechamps et al., 2008; Moradi et al., 2009) 

was added to obtain increasing concentrations of available Ni: 0, 50, 100, 200, 500, 1000 mg l-1 

respectively. Afterwards, seeds were surface-sterilized with sodium hypochlorite (NaClO) 10% for 

10’ (Baiyeri and Mbah, 2006) and placed in pot (one seed per box, five replicates each 

concentration). 

Pots were transferred to greenhouse and the plants were grown in semi-natural conditions at 

controlled temperature (T= 19-22°C) for 120 days, replenishing the plants with deionized water and 

monitoring plant growth two times a week (Fig. 5). 

During the third month of growth, the water-soluble fertilizer Leader N-P-K (20-10-20 + MgO + 

Me) was solubilised in deionised water at the concentration of 0.5 g l-1 and supplied for each pot 

once a week for one month. 
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At the end of the test, Ni accumulation in leaves was evaluated via colorimetric dimethylglyoxime 

test (DMG 1%, Sigma-Aldrich, in ethanol 95%, Charlot, 1964) for each species and treatment. One 

mature leaf each plant was collected and placed in a solution of 1% DMG in ethanol 95°. Leaves 

turn red when a positive reaction occurs (high amount of Ni is stored in leaf epidermis). 

Each plant was gently removed from the substrate, washed with tap water and then with deionised 

water, divided into root and shoot and weighed for fresh biomass. Roots were scanned and the 

resulted images were processed and analysed as in paragraph 3.2.2 to assess the root surface area. 

Finally, DW were determined after oven-drying (60°C, 48 h). Leaves were powdered using a ball 

mill (Retsch MM2000, Haan, Germany), preceding XRF analysis. 

Figure 5. Control plant species grown in pots after 4 months: Ni-hyperaccumulators A) A. utriculata, B) N. caerulescens; non-
hyperaccumulators C) A. montanum, D) T. arvense. N= 30 each species. 

A B 

C D 
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The chemical characterization of the dried samples was carried out on the granulometric fraction < 

2 mm by using a X-ray field portable spectrophotometer (X-MET7500 FP-EDXRF Analyser, 

Oxford Instruments) that allows non-invasive and non-destructive analyses, providing information 

about chemical composition of the shoots. Quantitative analyses were obtained from trace level 

(ppm) to 100% for elements with atomic number ≥ 12 and the data quality level of the analyses was 

defined according to the Method 6200 of the U.S. Environmental Protection Agency (EPA, 2007). 

This procedure was performed thanks to the collaboration with Geospectra s.r.l, spin off of the 

University of Genoa. It represents an efficient, alternative approach to traditional laboratory 

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

 

3.3.2 Photosynthethic efficiency 

Chlorophyll fluorescence is a simple and non-invasive measurement technique of photosystem 

activity (PSII) in which the light energy absorbed by chlorophyll is partly re-emitted as light 

(Murchie and Lawson, 2013). 

To estimate the plant physiological condition at the end of the growth period, 10 measurements of 

photosynthetic efficiency in each plant were performed on leaves with digital fluorimeter Handy-

Pea (Hansatech Instruments, Fig. 6A). It provides the high time resolution essential in performing 

measurements of fast chlorophyll fluorescence induction kinetics. Leaves samples were covered 

with the leafclip which has a small shutter plate to keep close when the clip is attached so that light 

is excluded, and dark adaptation takes place (Fig. 6B). After 20 minutes the chlorophyll 

fluorescence signal received by the sensor head during recording is digitised within the Handy PEA 

control unit using a fast Analogue/Digital converter. 

The fluorescence transient is a tool to characterize and screen photosynthetic samples (Strasser et 

al., 2000). General parameters recorded by fluorimeter are: 

• F0 is the minimum fluorescence value and represents emission by excited chlorophyll a 

molecules in antenna structure of Photosystem II. 
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• Fm is the maximum fluorescence value obtained after the application of a saturation pulse to 

the dark-adapted leaf. 

• Fv is the variable fluorescence and it denotes the variable component of the recording and 

relates to the maximum capacity for photochemical quenching. 

• Fv/Fm is widely used to indicate the maximum quantum efficiency of Photosystem II. It is a 

sensitive indication of plant photosynthetic performance. 

• Tfm is used to express the time at which the maximum fluorescence value (Fm) was 

reached. 

• Area above the fluorescence curve between F0 and Fm is proportional to the pool size of 

electron acceptors. 

• P.I. (Performance Index) is essentially an indicator of sample vitality. 

 

 

 

The excitation light consisted of a 1 second (s) pulse of ultra-bright continuous red radiation (650 

nm peak wavelength), provided by an array of three light-emitting diodes focused on a leaf surface 

of 5 mm2 at an intensity of 3500 μmol photons per square meter (m2) per second (s). The analysis of 

the transient was based on the fluorescence values measured at 50 µs (F0), 2 ms, 30 ms, and 

Figure 6. Fluorescence transient analysis. A) Handy-Pea fluorometer; B) dark adaptation of leaves samples as the first step of 
the chlorophyll fluorescence measurement; C) Kautsky Induction curve (Brestic & Zivcak, 2013) must be plotted on a 
logarithmic axis to observe the polyphasic rise to Fm. 

A B C 
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maximal (Fm) after about 300 ms (Roccotiello et al., 2016; Strasser et al., 2000). The fluorescence 

induction is well represented by Kautsky Induction curve (Fig. 6C, Brestic and Zivcak, 2013). 

The fluorescence emission provides information about the phytochemical efficiency and the heat 

dissipation; therefore, the presence of any type of stress results in photoinhibition and a low Fv/Fm 

ratio (Murchie and Lawson, 2013). Therefore a quick screening of the photosynthetic efficiency 

shows the trend of growth and plant yield (Furbank et al., 2009; Montes et al., 2007). 

Data on photosynthetic efficiency and plant physiological performance, obtained from the averages 

of measurements on the test species, have been processed with PEA-Plus software (Hansatech 

Instruments). 

 

3.4 Characterization of culturable rhizobiota 

3.4.1 Sampling sites and sample collection 

The facultative Ni-hyperaccumulator A. utriculata and related soil were sampled from serpentine 

(S) and non-serpentine sites (NS). The S site in the Beigua Geopark (44°27′41.4″N 8°40′03″E) is 

geologically located in the extreme East of the Ligurian Alps. The soils derived from ultramafic 

bedrocks like serpentines and eclogitic metagabbros (Capponi and Crispini, 2008; Marsili et al., 

2009). The NS site was the locality of Glori in the NW of Liguria (43°57′19″N 7°50′08″ E), 

geologically characterized by flysch and clay marl (Giammarino et al., 2010). Each site was 

sampled for plant (A. utriculata) and soil (rhizospheric and bare) (Fig. 7). 

Five shoots of adult plants of A. utriculata from non-fruiting branches and roots replicates (1 plant 

= 1 replicate) were collected in July 2016 (fruiting stage) from the S and NS sites (N= 5 each site). 

Ni-hyperaccumulation in plants was assessed with colorimetric dimethylglyoxime test (DMG 1% in 

ethanol 95%, Sigma-Aldrich) (Charlot, 1964) on leaves, as described previously, then plants were 

quantitatively evaluated with ICP-MS. 

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

Plants were carefully dug out with an intact root system and the soil tightly adhering to the roots 
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was collected. The rhizosphere soil was obtained by agitating roots and sampling the soil still attach 

to the roots according to Khan et al. (2015). Each rhizospheric soil sample was placed into a plastic 

bag to avoid microbial mixing between the soils and transported into a refrigerated box. In 

laboratory, aliquots of soil were processed for the isolation of culturable microbiota. 

No vegetation was observed in the bare soil from (Khan et al., 2015) S and NS site. Bulk soil 

samples were collected from five different points which were 20 m away from the vegetation to a 

depth of approximately 15 cm. 

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

 

 

 

3.4.2 Plant and soil sample analysis 

In the laboratory, plant samples were thoroughly rinsed first with tap water and then with deionized 

water to remove dust and soil particles. After oven-drying (60°C, 48 h), leaves and roots were 

separately powdered using a ball mill (Retsch MM2000, Haan, Germany), before the chemical 

analyses. 

Figure 7. Sampling of Alyssoides utriculata and related rhizosphere soil from A) Serpentine and B) Non-Serpentine site. 

A B 
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Soil samples were oven-dried at 60°C for 48 h before being sieved through a 2.0 mm mesh. Soil 

and plant fractions were analysed for Ni, Ca, Mg, Cu and Zn concentration by means of a 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS). 

The accuracy of the results was checked processing BCR-100 ‘beech leaves’ reference material 

(JRC-IRMM, 2004). Plant and soil metal concentrations were 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 soil by using 25 ml of sterile saline solution. Aliquots (1 

ml) were serially diluted with NaCl 0.9% w/v (Khan et al., 2015; Turgay et al., 2012) and spread on 

Tryptic Soy Agar (TSA, Sigma-Aldrich) added with NiSO4*6H2O (Sigma-Aldrich) to obtain the 

Ni-concentration of 0 (control), 1, and 5 mM, respectively, and amended with 50 mg l-1 of 

cycloheximide (Sigma-Aldrich) to inhibit the microfungal growth (Visioli et al., 2014a). Plates (N= 

180 each site) were incubated in the dark at 27±1°C for 72 h (Barzanti et al., 2007). Bacterial 

colonies with distinct morphologies (colour, shape, size, opacity, etc., Fig. 8) were selected from the 

plates and repeatedly re-streaked onto fresh agar medium prepared as previously described, to 

obtain pure bacterial colonies (Barzanti et al., 2007; Khan et al., 2015; Luo et al., 2011; Turgay et 

al., 2012; Zhu et al., 2014) (Fig. 9). 

Relative concentration of identified morphotypes was also determined and expressed as Colony 

Forming Units per g of dry soil (CFU g-1) (Rue et al., 2015). The most representative morphotypes 

were selected (N= 30, three replicates each isolate) to perform the DNA sequencing. 

To identify isolates, DNA extraction from pure bacterial culture was performed by the boiling 

method (99°C, 10 min). PCR amplification of a 409 bp region was then performed using the 

universal primers Com1 (5′-CAGCAGCCGCGGTAATAC-3′) and Com2 (5′- 

CCGTCAATTCCTTTGAGTTT -3′), amplifying positions 519–926 of the Escherichia coli 

numbering of the 16S rRNA gene (Schwieger and Tebbe, 1998). Each PCR was performed in a 
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total volume of 15 μl in micro-test tubes (Eppendorf s.r.l., Milan, Italy). Reaction mixtures 

contained 1× PCR buffer with 1.5 mM of magnesium chloride (MgCl2), deoxynucleoside 

triphosphate solution (200 mM each dATP, dCTP, dGTP and dTTP), primers Com1 and Com2 (0.5 

mM each), and 2.5 U of DNA polymerase (FastStart High Fidelity enzyme blend, Sigma Aldrich 

srl, Milan, Italy). The temperature profile for the PCR was as follows: an initial step of 10 min at 

95°C, followed by denaturation for 1.30 min at 94°C, annealing for 40 s at 55°C and primer 

extension for 40s at 72°C. After the 35th cycle, the extension step was prolonged for 10 min to 

complete synthesis of all strands, and then the samples were kept at 4°C until analysis. 

Amplified fragments from the PCR reaction were purified using the High Pure PCR product 

purification kit (Roche Diagnostics, Mannheim, Germany) and sequenced using the automated ABI 

Prism 3730 DNA sequencer (Applied Biosystems). 16S rRNA gene sequence similarity was 

determined using the BLAST function of the CLC Genomics workbench (version 9.5.1). 

The sequences were submitted in the NCBI GenBank® database under the accession numbers from 

MG661811 to MG661840. 

The isolated strains were cryoconserved at -80°C in 20% glycerol in Luria Bertani (LB, Sigma-

Aldrich) broth in the Laboratory of Microbiology (DISTAV, University of Genoa, Italy). 
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A 

Figure 9. Pure bacterial colonies re-streaked onto agar isolated from A) Serpentine site and B) Non-Serpentine site. N=180 each 
site. 

B 

A B 

C D 

Figure 8. Bacterial colonies diversity on TSA isolated from Serpentine (A, B) and Non-Serpentine (C, D) site. Sample of bare 
soil (A, C) and rhizosphere soil (B, D). The bacterial colonies are significantly more abundant on R soil than B soil and in the NS 
site compared to site S. The presence of Ni (B, D) develops a clear black halo around some colonies identified as belonging to 
genus Streptomyces. N=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 their ability to grow on 1-Aminocyclopropane-1-

Carboxylic Acid (ACC) as the sole N source, to produce indole-3-acetic acid (IAA) and 

siderophores and solubilize phosphorous. For ACC deaminase activity, following an incubation of 

24 h in Tryptic Soy Broth (TSB, Sigma-Aldrich) at 28°C, bacterial suspension was harvested by 

centrifugation (4500 g x 10 min) then a 1-ml aliquot was transferred to 50 ml sterile Dworkin and 

Foster (DF) mineral medium (Dworkin and Foster, 1958) added with 300 µl of ACC (Alfa Aesar) 

instead of (NH4)2SO4 as nitrogen source. A 0.5 M solution of ACC (labile in solution) was 

previously filter-sterilized through 0.2 µm pore size membrane and added to DF medium. The salts 

minimal medium without N was used as control. The solution was incubated at 28°C for at least 24 

h (Luo et al., 2011; Penrose and Glick, 2003). Turbidity indicates positive growth (Fig. 10A). 

Auxin IAA production was estimated using a spectrophotometric method (Bric et al., 1991). 

Isolates were grown in TSB amended with tryptophan (trp, 1 mg/ml broth) at 32±2°C for 4 days. 

The surnanant was mixed with Salkowski Reagent (1 ml 0.5 M FeCl3 in 50 ml 35% HClO4) in the 

ratio of 1:1. After 25-30 min at room temperature, the development of pink colour underlines IAA 

production (Fig. 10B). The optical density was measured using spectrophotometer (Jenway 6300 

spectrophotometer) at 530 nm of absorbance and auxin concentration was estimated using standard 

curve of IAA (Goswami et al., 2015; Naveed et al., 2014). 

The siderophores production (Fig. 10C) was determined after 5 days of incubation at 30°C on 

Chrome Azurol Sulfonate (CAS) agar (Schwyn and Neilands, 1987), through the development of 

red-orange halo around the colony (Durand et al., 2016). 

Phosphate solubilisation activity (Fig. 10D) was assessed by the formation of a clear halo around 

the colony on Pikovskaya’s agar medium (Khan et al., 2015). 

Afterwards, each PGPR isolate was tested for metal tolerance on Tryptic Soy Agar (TSA, Sigma-

Aldrich) spiked with NiSO4*6H2O at the concentration of 10, 15, and 20 mM respectively, in 

addition to concentrations previously tested. 
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3.4.5 Isolation and identification of culturable fungi 

Fungi were counted and isolated through a dilution plate technique (Cecchi et al., 2017b; Greco et 

al., 2017; Zotti et al., 2014) by using two different culture media (Fig. 11A): Malt Extract Agar 

added with Chloramphenicol (MEA+C) and Rose Bengal agar (RB) (Greco et al., 2017). The 

dilution was obtained by mixing 1 g of soil with 100 ml of sterile water. Each sample was plated in 

duplicate, for each dilution (1:50.000 and 1:100.000). The 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 (CFU g-1) were counted for each fungal strain grown in 

plates. Then, these strains were isolated and subcultured onto Malt Extract Agar (MEA). The pure 

cultures were maintained on MEA slants and kept at 4°C. 

All the fungal isolates were initially identified by a polybasic approach on the base of their micro-

macromorphological, physiological, and molecular characteristics. The morphological identification 

was confirmed by molecular analysis. PCR amplification of β-tubulin gene was performed using 

Bt2a and Bt2b primers (Glass and Donaldson, 1995) and ITS region amplification using universal 

primers ITS1F and ITS4 (White et al., 1990; Gardes and Bruns, 1993). The taxonomic assignment 

of the sequenced samples was carried out by means of the BLASTN algorithm thus allowing us to 

compare the sequences obtained in our study with the ones available in the GenBank database. The 

Figure 10. Evaluation of Plant Growth Promoting (PGP) traits. A) Turbidity indicates 1-Aminocyclopropane-1-Carboxylic Acid 
(ACC) deaminase activity in falcon tube; B) development of pink color in cuvettes denotes synthesis of indole-3-acetic acid 
(IAA); C) red-orange halo around bacterial colonies in some Petri dishes shows the production of siderophores; D) the clear zone 
around bacterial growth on plate compared to control demonstrates the phosphate solubilization activity. N= 8 each strain. 

D B C A 
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sequences were submitted in the NCBI GenBank® database under the accession numbers from 

MG836709 to MG850983. 

The isolated strains were conserved in the culture collection of Mycological Laboratory of DISTAV 

(University of Genoa, Italy, Fig. 11B). These cultures were maintained by agar slants with periodic 

transfers and then crioconserved (-20°C). 

 

 

 

3.4.6 Screening for Ni-tolerance in fungi 

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

Sigma-Aldrich) spiked with NiSO4*6H2O 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 on different types of substrate (Fig. 12) to screen the 

most suitable agar for their growth among Czapek Yeast extract Agar (CYA), Czapek’s agar (CZ), 

Malt Extract Agar (MEA), Potato Dextrose Agar (PDA), Sabouraud (SAB) and Tryptic Soy Agar 

(TSA). 

Figure 11. Screening of fungal strains. A) Isolation of serpentinitic fungi on Malt Extract Agar (MEA) and Rose Bengal agar 
(RB); B) conservation of the fungal strains in tubes. N= 40 each site. 

A B 
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The growth curves of bacteria were calculated by spectrophotometric analysis of the Absorbance 

(Optical Density, OD) at a wavelength of 600 nm at regular time intervals (1 h). 

Among the eight bacterial strains characterized by PGP traits, Pseudomonas sp. (SERP1) and 

Streptomyces sp. (SERP4) were selected because of their tolerance to high concentrations of NiSO4 

*6H2O. At the same time, among serpentinitic fungi, Penicillium ochrochloron Biourge (Serp03S) 

and Trichoderma harzianum Rifai (Serp05S) were selected for the following tests on the basis of 

bibliographic data (Cecchi et al., 2017b) on metal uptake and Ni tolerance test. 

The selected microbiota was examined to understand if there is an antagonism activity 

(Agamennone et al., 2018; Trivedi et al., 2008) or if bacteria and fungi grow together without 

inhibition. 

For each test, three methods were used onto two different 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 alone were used as a control. 

Bacteria isolates were grown in cell culture flasks containing TSB until reaching the exponential 

phase. SERP1 was incubated overnight at 26±1°C, while SERP4 was maintained for 72 h at 

26±1°C, then revived 1:20 in the same growth medium and finally incubated for 30 h. 

On the other hand, fungi were plated on MEA agar and kept at 24±1°C until conidiogenesis and 

potential spore formation. 

At the starting time of the test, Optical Density (OD600) of the growing culture was recorded and 

compared with concentration (approximately 108 CFU ml-1). Bacterial cells pellet were washed 

twice in 1x Phosphate-Buffered Saline (PBS) solution pH 7.4 and then concentrated (van Ditmarsch 

and Xavier, 2011). 
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In addition to the pure fungal culture on MEA agar, an aliquot of well-grown fungal colony was 

diluted in distilled sterile water and fungal concentration was estimated by cell counts using a 

Bürker chamber (Kopecká, 2016). 

 

 

 

3.5.2 Co-growth methods 

Agar overlay 

For this method, 100 µl of fungal liquid culture (108 CFU ml-1) were stroked on solid medium CYA 

and TSA pH 6.0 and subsequently 100 μl of bacterial suspension (108 CFU ml-1) was inoculated at 

the centre of the Petri dishes. 

Agar plug 

For this method, a disc (Ø 5 mm) from well-grown lawn of the fungus was cut and transferred on 

100 μl of bacterial suspension (108 CFU ml-1) previously stroked on agar. 

Distance growth 

In this method, the agar plug (5 mm) and the bacterial suspension (108 CFU ml-1) were inoculated 3 

cm away from each other on the same plate. 

A B 

Figure 12. Bacterial and fungal strains tested on different agar plates. A) Bacterial strains grown on Malt Extract Agar (MEA), 
Czapek Yeast extract Agar (CYA), Sabouraud (SAB), Potato Dextrose Agar (PDA) and Czapek’s agar (CZ) (from left to right 
respectively). N= 40; B) fungal strains grown on Tryptic Soy Agar (TSA) at pH 6.0.N= 10. 
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In similar manner, bacterial suspension and agar plug from the well-grown lawn of fungus were 

used as positive control. The plates of three methods were then incubated at 26±1°Cand the growth 

of the isolates was monitored daily for 10 days. 

 

Scanning Electron Microscopy 

To better observe the well-grown mix culture of microbiota after 14 days-incubation on CYA agar, 

the isolates were fixed in phosphate 10% buffered formalin and dehydrated in ethanol series 

(Roccotiello et al., 2010). Samples were then mounted on SEM stubs, sputter-coated with gold and 

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

 

3.6 Data analysis 

The statistical analyses were performed with Statistica 8.0 (Statsoft Inc.) software. 

The averages were presented with their standard deviations (SD). Nonparametric tests were used to 

avoid data transformation. Normality of parameters were evaluated with the Shapiro-Wilk test. 

Correlations between variables were analysed using Spearman’s correlation coefficient (ρ) using 

different level of significance (α: 0.05, 0.01, 0.001), since data exhibit a non-normal statistical 

distribution. 

The difference between different sites (S and NS) and substrates (R and B) was estimate by means 

of Kolmogorov-Smirnov (K-S) two samples test. 

The Principal Components Analysis (PCA) was performed as a multivariate display method to 

visualise the data structure. Significance was considered at the p < 0.05 level. 

The mobility of Ni from soils towards the roots of A. utriculata and the ability to translocate root-

to-shoot Ni were assessed, respectively, by means of the Bioaccumulation Factor (BF), and the 

Translocation Factor (TF) on a dry weight basis (Roccotiello et al., 2016). BF is the ratio of metal 

concentration in the plant shoots to the initial soil concentration of the metal (Cshoot/Csoil, Zhang et 
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al., 2010), while TF indicates the ratio between metal concentration in the shoot and plant root 

(Cshoot/Croot) as indicated by Mehes-Smith and Nkongolo (2015). 

Moreover, the R/S ratio for both fresh and dry biomass and the water content (100 * DW/FW) in 

root and shoot were evaluated (Roccotiello et al., 2016). 
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4. Results 

4.1 Germination test 

4.1.1 Microcosm 

The germination test shows that the mean germination rate (G%) appears high (G> 75%, Fig. 13) in 

A. utriculata (mean germination= 83,8%, Fig. 13A) and A. montanum (mean germination= 76,6%, 

Fig. 13D) after 28 days for analysed substrates. Germination rate of N. caerulescens (mean 

germination= 56,0%, Fig. 13B) reached 100% on vermiculite, while O. bertolonii had the lowest 

germination rate (mean germination= 42,9%, Fig. 13C) compared with the other species. 

The correlation between G% and the substrate of each species is shown in Table 1 O. bertolonii 

shows a highly negative correlation between the germination rate and two substrates (agar and 

vermiculite, p< 0.001). O. bertolonii was not considered suitable for the following Ni treatment due 

to its low-performance observed in the microcosm test. On the contrary, in A. utriculata the G% 

reveals highly significant positive correlations both with agar and with peat-sand mix (p< 0.001). 

Vermiculite seems to improve the germination of N. caerulescens (p< 0.01), while the peat-sand 

mix promotes the germination of A. utriculata (p< 0.001), but it hinders the germination of N. 

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 between growth substrates and Germination rate (G%) of test species. N= 30 per 
substrate, each species. A.u.: A. utriculata, N.c.: N. caerulescens, O. b. Odontarrhena bertolonii, A.m.: A. montanum. 
++ hyperaccumulator species, + non-hyperaccumulator species 
*p< 0.05**, p< 0.01 ***, p< 0.001, NS Not Significant 
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4.1.2 Mesocosm 

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

60%). 

On neutral peat-sand mix, A. utriculata exhibits a low germination rate at the highest Ni 

concentration: G= 20% and 26,7% for Ni 50 and Ni 100 mg l-1 respectively (Fig. 14A) compared to 

the control (G= 73,3%) as well as N. caerulescens (G= 40% and 46,7% for Ni 50 and Ni 100 

Figure 13. Germination rate (G% of seeds that sprout). of test hyperaccumulator species: A) 
A. utriculata, B) N. caerulescens, C) O. bertolonii and non-hyperaccumulator species, D) A. 
montanum. Data are mean±SD. N= 30 per substrate, each species. 

A B 

C D 
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respectively, Fig. 14B), compared to the control Ni 0 (G= 80%), while in the non-hyperaccumulator 

species, a variation in terms of germination rate is not observed (Fig. 14C, D). 

 

 

 

Hyperaccumulator species do not show significant differences in terms of root surface area between 

treatment and control (Fig. 15A, B) while the non-hyperaccumulator species show a clear dose-

response effect by Ni (Fig. 15C, D) (p< 0.001). 

 

Figure 14. Germination rate (G%) of test hyperaccumulator species: A) A. utriculata, B) N. caerulescens 
and non-hyperaccumulator species C) A. montanum and D) T. arvense on neutral peat-sand mix. Data are 
mean. N= 15 per treatment, each species. 

A B 

C D 
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Consistently with previous analysis, the root biomass of hyperaccumulator species do not seem to 

be affected by Ni, while a sharp decrease in dry biomass was observed at increasing Ni 

concentrations in A. montanum (p< 0.01) and T. arvense (p< 0.001) (Fig. 16). 

 

A B 

C D 

Figure 15. Box-and-whisker plots showing the root surface area (mm2) of test hyperaccumulator species at 
increasing Ni concentrations (0-100 mg kg-1): A) A. utriculata, B) N. caerulescens and non-hyperaccumulator 
species C) A. montanum, D) T. arvense. In each box, the central line marks the median of the data; the box edges 
represent the first and third quartiles; the whiskers show non-outlier range. N= 15 per treatment, each species. 
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Table 2 reveals that the hyperaccumulator species are not affected by the Ni treatment, while the 

non-hyperaccumulator species show a significant negative correlation (p< 0.001) between Ni and 

the analyzed biological parameters. 

 

Biological parameters Ni treatment 
 A.u.++ N.c.++ A.m.+ 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 between Ni concentration and biological parameters of test species. N= 15 per 
treatment , each species. A.u.: A. utriculata, N.c.: N. caerulescens, A.m.: A. montanum, T.a.: T. arvense. 
++ hyperaccumulator species, + non-hyperaccumulator species 
*p< 0.05, **p< 0.01, ***p< 0.001, NS Not Significant 

A B 

C D 

Figure 16. Box-and-whisker plots showing the root and shoot dry biomass (mg) of test hyperaccumulator species 
at increasing Ni concentrations (0-100 mg kg-1): A) A. utriculata, B) N. caerulescens and non-hyperaccumulator 
species C) A. montanum, D) T. arvense. In each box, the central line marks the median of the data; the box edges 
represent the first and third quartiles; whiskers show non-outlier range. N= 15 per treatment, each species. 
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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 the 1% DMG test enhances with increasing Ni 

concentration, suggesting a nickel accumulation in the leaf epidermis for both the hyperaccumulator 

species at 100 mg kg-1 of Ni concentration. 

 

 

 

Figure 18. Root system of N. caerulescens scanned and processed with ImageJ software at different concentrations 
of Ni (mg kg-1); A) Ni 0,B) Ni 50, C) Ni 100, D) Ni 200, E) Ni 500, F) Ni 1000. N= 20 each treatment. 

A B C 

D E F 
1 cm 

Figure 17. Root system of A. utriculata scanned and processed with ImageJ software at different concentrations of 
Ni (mg kg-1); A) Ni 0, B) Ni 50, C) Ni 100, D) Ni 200, E) Ni 500, F) Ni 1000. N= 20 each treatment. 

A C 

D E F 

B 

1 cm 
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The qualitative observation of the roots of the test species scanned with the ImageJ software does 

not clarify any relationship between the root surface area and the increasing concentrations of Ni 

from 0 mg kg-1 to 1000 mg kg-1 (Fig. 17-20) but the graph in Figure 21 shows the non-

Figure 20. Root system of T. arvense scanned and processed with ImageJ software at different concentrations of Ni 
(mg kg-1); A) Ni 0, B) Ni 50,C) Ni 100,D) Ni 200, E) Ni 500, F) Ni 1000. N= 20 each treatment. 

A B C 

D E F 
1 cm 

Figure 19. Root system of A. montanum scanned and processed with ImageJ software at different concentrations of 
Ni (mg kg-1); A) Ni 0, B) Ni 50, C) Ni 100, D) Ni 200, E) Ni 500, F) Ni 1000. N= 20 each treatment. 

A B C 

D E F 
1 cm 
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hyperaccumulator T. arvense as the only species significantly affected by the presence of Ni, with 

an increase of the root surface area (p< 0.01). 

The analysis in non-accumulator T. arvense (Fig. 21D, 22D) show an increase in terms of root 

surface area and root dry weight (p< 0.01) at increasing Ni concentrations, which is less evident for 

the aboveground organs (p< 0.05). Interesting to note the significant increase in root (p< 0.01) and 

shoots (p< 0.01) biomass of the facultative Ni-hyperaccumulator A. utriculata (Fig. 22A), although 

this is not supported by an increase of the root surface (Fig. 21A). 

N. caerulescens and A. montanum do not exhibit significant differences in terms of root surface area 

and biomass, except for N. caerelescens at Ni1000 (Fig. 21B, C, Fig. 22B, C). 

 

 

A B 

C D 

Figure 21. Box-and-whisker plots showing the root surface area (mm2) of test hyperaccumulator species at increasing Ni 
concentrations (0-1000 mg kg-1): A) A. utriculata, B) N. caerulescens and non-hyperaccumulator species C) A. montanum, D) T. 
arvense. In each box, the central line marks the median of the data; the box edges represent the first and third quartiles; whiskers 
show non-outlier range. N= 20 each treatment. 
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In the facultative Ni-hyperaccumulator A. utriculata, the Ni concentration is positively correlated 

with fresh and dry shoot biomass (p< 0.001) and with the root dry biomass (p< 0.01). In N. 

caerulescens Ni seems to positively affects the root water content (p< 0.01) (Table 3). 

Non-hyperaccumulator species behave differently: while in A.montanum the presence of Ni does 

not seem to affect the considered biological parameters, T. arvense shows a positive correlation 

between Ni and the root surface area and biomass, the root: shoot biomass ratio, the water content 

of the aerial organs (p< 0.001) and the shoot dry weight (p< 0.01) (Table 3). 

 

 

 

Figure 22. Box-and-whisker plots showing the root and shoot dry biomass (mg) of test hyperaccumulator species at increasing 
Ni concentrations (0-1000 mg kg-1): A) A. utriculata, B) N. caerulescens and non-hyperaccumulator species C) A. montanum, D) 
T. arvense. In each box, the central line marks the median of the data; the box edges represent the first and third quartiles; 
whisker show non-outlier range. N= 20 each treatment. 

A B 

C D 
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Biological parameters Ni treatment (mg kg-1) 

 A.u.++ N.c.++ A.m.+ 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 between Ni concentration and biological parameters of test species. N= 20 each 
treatment. A.u.: A. utriculata, N.c.: N. caerulescens, A.m.: A. montanum, T.a.: T. arvense. 
++ hyperaccumulator species, + non-hyperaccumulator species 
*p< 0.05, ** p< 0.01, ***p< 0.001, NS Not Significant 

 

A clear difference in terms of Ni uptake between the hyperaccumulator species exists, as indicated 

in Table 4. At the maximum Ni concentration, the facultative hyperaccumulator A. utriculata 

accumulates ~1000 mg Ni kg-1 in the aboveground biomass, while N. caerulescens is able to 

accumulate seven times higher Ni concentration (6798 mg Ni kg-1) compared to the other species. 

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

compared hyperaccumulators and the range varies between 100 and 200 mg kg-1 

 

Species Ni treatment Ni concentration (mg kg-1) 
A. utriculata ++ 0 18.33±2 

1000 999.67±8 
N. caerulescens ++ 0 76.67±3 

1000 6798±24.33 
A. montanum + 0 4±1.33 

1000 127.33±4 
T. arvense + 0 0 

1000 177±5 

 
Table 4. XRF chemical analysis of Ni concentration measured on shoots of test species A. utriculata, N. caerulescens, A. montanum 
and T. arvense. N= 10 each species. 
++ hyperaccumulator species, + non-hyperaccumulator species 

 

4.2.2 Photosynthetic efficiency 

The curves represented by the Figure 23 are plotted on a logarithmic axis to observe the 

fluorescence over time up to the maximum fluorescence value. On the other hand, spider (or radar) 
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plots (Fig. 24) provide a method of comparing the spread of individual parameter values for 

selected records within a data set and a visualisation of which parameters have greater sensitivity to 

certain type of stress. 

 

 

Figure 23 summarizes the transient fluorescence analysis for controls and treatments at Ni 1000 mg 

kg-1. The curves represent the average values of samples measured for the indicated species at Ni 0 

(light colour) and Ni 1000 mg kg-1 (dark colour). The peaks represent the fluorescence values 

measured at 50 µs (0), 2 ms (J), 30 ms (I) and maximal (P) (Strasser et al., 2004). 

Figure 23. Fluorescence transient analysis of test species distinguished by colour of the curves (purple: A. 
uticulata, red: N. caerulescens, blue: A. montanum, green: T. arvense) at Ni 0 mg kg-1 (light color) and Ni 1000 
mg kg-1 (dark color). The peaks are denoted by letters 0, J, I, P and correspond to fluorescence values measured 
at 50 ms (F0, step 0), 2 ms (step J), 30 ms (step I), and maximal (Fm, step P). Data are the mean of ten 
measurements per plant. N= 100 each species. 
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Through the evaluation of the Fv/Fm ratio, the Photosystem II efficiency was assessed for the test 

species. Instead, P.I. is an index of the vitality of the sample: it expresses the potential capacity for 

energy conservation. 

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

while A. utriculata and A. montanum exhibit the highest values of Fm. 

 

 

 

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

increasing Ni concentration in terms of recorded parameters. 

Figure 24. Fluorescence transient analysis of test species represented by spider plots: A) A. uticulata, 
B) N. caerulescens, C) A. montanum, D) T. arvense. Increasing concentrations of nickel correspond to 
darker shades of blue; green identifies the control. Data are standardized for Ni 0 mg kg-1. Data are the 
mean of ten measurements per plant. N= 300 each species. 

A B 

C D 
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Each axis of the plot corresponded to one of the seven parameters (F0, Fv, Fm, Fv/Fm, Tfm, Area 

and P.I.) and the average value of each parameter for the control species was used as the 

comparative value. 

In A. utriculata (Fig. 24A), Tfm, Area and P.I. increase in treatment (p< 0.001, p< 0.001 and p< 

0.05 respectively). The parameters do not seem to differ considerably in N. caerulescens, while in 

non-hyperaccumulators there is a reduction in the P.I. except for Ni 50 mg kg-1 (A. montanum, Fig. 

24C) and Ni 1000 mg kg-1 (both species, Fig. 24C, D). Clear differences are observed between the 

Ni treatments in non-accumulators. In particular, Tfm and P.I. reach the maximum value at Ni 1000 

mg kg-1. 

Data summarized in Table 5 show that in A. utriculata, Performance Index (P.I., p< 0.05) and the 

time to reaching Fm (Tfm, p< 0.001) increase at increasing Ni concentrations. Similarly, the latter 

enhances (p< 0.001) in N. caerulescens, although the maximum fluorescence (Fm) decrease (p< 

0.01), and there are no significant difference in terms of P.I.. In A. montanum a positive correlation 

between dark level fluorescence (F0) and Ni (p< 0.001) and between the latter and Fm (p< 0.05) is 

observed. On the other hand, in the same conditions, T. arvense exhibits a sensible reduction of F0 

(p< 0.01), but a highly significant positive correlation (p< 0.001) between Ni and the maximum 

efficiency of PSII (Fv/Fm), the P.I. and the Tfm. 

 

Parameters Ni treatment 

 A.u.++ N.c.++ A.m.+ T.a+ 

F0 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.I. 0.13* NS -0.21** 0.31*** 

 
Table 5. Spearman’s rank correlations coefficients between Ni concentration and fluorescence parameters of test species (F0: dark 
level fluorescence, Fm: maximum fluorescence, Fv/Fm: maximum efficiency of PSII, Tfm: time (ms) to reaching Fm, P.I. 
Performance Index). N= 300 each species. A.u.: A. utriculata, N.c.: N. caerulescens, A.m.: A. montanum, T.a.: T. arvense. 
++ hyperaccumulator species, + non-hyperaccumulator species. 
*p< 0.05, **p< 0.01, *** p< 0.001, NS Not Significant 
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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) is significantly high on S site respect to NS site (NiS> 

1000 mg kg-1; NiNS ~20 mg kg-1, p< 0.01), both in R and in B soil. On S site A. utriculata 

hyperaccumulates Ni as expected (Niroots~ 200 mg kg-1 Nishoots~ 1200 mg kg-1, Table 7). Among 

other soil elements, only Ca has a concentration significantly high in the NS site compared with S 

site (p< 0.01, Table 6). 

 

Site Soil type Element concentration (mg kg-1) 
Ni Ca Mg Cu Zn 

S R 1491.48±624.09 3249.30±645.54 9032.93±4878.95 85.37±42.90 76,57±25.69 
S B 1046.65±404.77 4267.50±922.94 11957.34±1876.38 88.64±40.57 84.42±19.81 
NS R 19.52±0.94 9288.04±66.76 7050.32±42.44 21.48±3.35 53.22±0.92 
NS B 19.46±1.14 9336.06±54.08 7095.98±88.31 20.46±1.66 52.90±1.99 

 
Table 6. Bulk element concentration in soil samples (mg kg-1). S: Serpentine site, NS: Non-Serpentine site, R: Rhizosphere soil, B: 
Bare soil. Data are mean±SD. N= 5 each site, each soil type. 

 

 

Site Plant sample Element concentration (mg kg-1) 
Ni Ca Mg Cu Zn 

S Shoot 1241.37±245.67 10142.29±1942.62 16342.84±2502.94 14.06±2.30 45.88±9.25 
S Root 203.04±49.75 2886.33±372.81 2374.12±228.19 16.56±11.89 28.46±8.11 
NS Shoot 10.64±0.45 9220.26±1766.01 21258.69±135.74 7.10±0.55 21.24±0.36 
NS Root 5.95±0.25 1317.18±252.29 2024.64±12.93 16.32±1.26 14.28±0.36 

 
Table 7. Bulk element concentration in shoots and roots of the facultative nickel-hyperaccumulator A. utriculata harvested from 
Serpentine (S) and Non-Serpentine (NS) sites. Dara are mean±SD. N= 5 each site, each plant sample. 
 

Kolmogorov-Smirnov two-sample test reveals marked differences between S and NS sites 

examined (p< 0.05) as regards Ni, Cu, Zn, Ca and Mg (p< 0.05). 

In the S site, the bioaccumulation factor (BF= Cshoot/Csoil) of A. utriculata is approximately 1 (0.8), 

while the Translocation Factor (TF= Cshoot/Croot) 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 that from S site in terms of bacterial strain diversity, 

without a clear Ni selectivity among Ni 0, 1 and 5 mM except for the black halo around some 

colonies isolated from rhizospheric soil that is clearly visible in the presence of Ni. In the R soil the 

bacterial colonies from S and NS site are significantly more abundant than B soils (Fig. 25) at all Ni 

concentrations (0, 1, 5 mM, p< 0.05). 

Among all the isolated bacteria, 30 morphotypes are counted and identified with a morphological 

approach followed by a molecular identification. Among the isolates, the most frequent strain is 

Arthrobacter which accounts for about 27% of average bacterial count of the rhizospheric S site 

(SR). Besides, there is a prevalence of Enterobacteriaceae which accounts for 18% of the total 

bacterial colonies isolated at Ni 0. Among others isolates, the most recurrent are Bacillus, Erwinia, 

and Streptomyces. The bacterial count indicates that Novosphingobium, Pantoea, and 

Stenotrophomonas are present in the SR and NSR soil, while the metallophilic Pseudomonas 

thrives only in SR soil (Table 8). 

There are no significant correlations between the total culturable bacterial count isolated at Ni 0 

mM (CFU g-1) and the bulk element concentration in native soils (mg kg-1 DW), except for the 

significant positive correlation with Zn (r= 0.90, p< 0.05) in the SR soil. 

Kolmogorov-Smirnov two-sample test reveals marked differences between S and NS sites 

examined (p< 0.05) in terms of culturable bacteria (p< 0.05). Similarly, bacterial count differ 

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

Microbiota 
type 

NCBI 
accession 
number 

Taxonomy 
rank 

Most closely related 
genus/species (sequence 
similarity) 

Soil compartment 

SERP1 Bacterium MG661811 Genus Pseudomonas sp. (99%) SR 
SERP2 Bacterium MG661822 Genus Stenotrophomonas 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 
SERP8 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 Stenotrophomonas 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 
(100 %) 

SR, SB 

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 Aspergillus niger (100 %) SB, NSB 
Serp08S Fungus MG850981 Species Penicillium lanosum (98%) NSR 
Serp11S Fungus MG850982 Species Penicillium atramentosum (99 %) NSR, NSB 
Serp13S Fungus MG850983 Species Penicillium canescens (99 %) SR, NSR 

 
Table 8. The diversity (strain name, accession number, taxon) of isolated culturable bacteria and fungi from the rhizosphere (R, N= 
10) of A. utriculata growing on Serpentine and Non Serpentine soil and from the adjacent bare soil (B, N= 10). 
 



60 
 

 

 

4.3.3 PGP traits and Ni-tolerant bacteria 

Among the serpentine bacterial isolates, 8 strains belonging to 5 genera show to possess more than 

one PGPR activity (Table 9): Pseudomonas, Stenotrophomonas, Streptomyces, Pantoea and 

Erwinia. Specifically, strain SERP14 and SERP25 (Pantoea 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 (Erwinia sp.) show a great 

synthesis of siderophores as well as Pantoea previously cited, while SERP3, SERP4 and SERP23 

(Streptomyces sp.) can solubilize phosphate as SERP19 (Erwinia sp.) and genus Pantoea and to 

grow on ACC as the sole source of N. 

All the bacterial colonies considered highlight a metal-tolerance at low Ni concentrations (up to 5 

mM of Ni, Table 10). Half of these isolates tolerate concentrations up to 10 mM of Ni and only 

SERP01 (Pseudomonas sp.) and SERP04 (Streptomyces sp.) can be cultivated on Ni 15 mM. 

Figure 25. Average bacterial count expressed as Colony Forming Unit (CFU g-1) and diversity (genus, comprising different 
strains) in the rhizospheric (R) soil of facultative Ni-hyperaccumulator A. utriculata and adjacent bare (B) soil on serpentine (S) 
and non-serpentine (NS) site. Data are mean±SD. N= 180 each site. 
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Strain 
name 

Genus ACC 
deaminase 

IAA synthesis Siderophores 
(halo Ø, mm) 

Phosphate 
solubilization 
(halo Ø, mm) 

SERP1 Pseudomonas sp. - + + (90) + (5) 
SERP2 Stenotrophomonas 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 bacteria isolated from the rhizosphere of A. utriculata on Serpentine soil (S), N= 

8 each strain. The absorbance was recorded at 530 nm. Growth: - absence; + presence. 
 

Strain name Genus Ni 0 Ni 1 Ni 5 Ni 10 Ni 15 Ni 20 

SERP1 Pseudomonas sp. + + + + + - 
SERP2 Stenotrophomonas sp. + + + + - - 
SERP3 Streptomyces sp. + + + + - - 
SERP4 Streptomyces sp. + + + + + - 
SERP14 Pantoea sp. + + + - - - 
SERP19 Erwinia sp. + + + - - - 
SERP23 Streptomyces sp. + + + - - - 
SERP25 Pantoea sp. + + + - - - 

 
Table 10. Nickel tolerance (mM) of culturable PGPR isolated from the rhizosphere of A. utriculata growing on the Serpentine soil 

(S), N= 15 each strain. Growth: - absence; + presence. 
 

4.3.4 Isolation and identification of culturable fungi 

Figure 26 summarizes the fungal presence in S and NS sites both in R and B soils. Fungi preferably 

colonize NSR soil respect to SR. The most recurrent genera are Aspergillus, Penicillium, 

Cladosporium, and Trichoderma (Table 8). 

Genus Penicillium is the most abundant, comprising the 84% of total colonies. Although genus 

Cladosporium has a low frequency (2% of the total), it was exclusively isolated from S soils. In 

particular, Penicillium canescens Sopp represented the most abundant species (36% of total 

colonies). 
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There are no correlations between the presence of microfungi (CFU g-1) and the bulk element 

concentration in native soils (mg kg-1 DW). 

As for bacteria, Kolmogorov-Smirnov two-sample test exhibits clear differences between R and B 

substrates in terms of culturable fungal abundance (p< 0.05). Moreover, the fungi are positively 

correlated with Niroot (p< 0.05). 

 

 

 

4.3.5 Ni-tolerant fungi 

Among the isolated S fungal strains, Cladosporium cladosporoides (Fresen.) G.A. de Vries does not 

grow in the presence of Ni, Trichoderma harzianum and Penicillium canescens tolerate up to 5 mM 

of NiSO4*6H2O, while Penicillium ochrochloron is able to tolerate up to 20 mM (Table 11). 

 

Figure 26. Microfungal count expressed as Colony Forming Unit (CFU g-1) and diversity (genus, comprising different strains) in 
the rhizospheric (R) soil of facultative Ni-hyperaccumulator A. utriculata and adjacent bare (B) soil on serpentine (S) and non-
serpentine (NS) site. Data are mean±SD. N= 40 each site. 
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Strain name Species Ni 0 Ni 1 Ni 5 Ni 10 Ni 15 Ni 20 

Serp01S Cladosporium cladosporoides + - - - - - 
Serp03S Penicillium ochrochloron + + + + + + 

Serp04S Penicillium canescens + + + - - - 
Serp05S Trichoderma harzianum + + + - - - 

 
Table 11. Nickel tolerance (mM) of culturable fungi isolated from the rhizosphere of A. utriculata growing on the Serpentine soil 

(S), N= 15 each strain. Growth: - absence; + presence. 
 

4.3.6 Plant-soil-microbiota relationship 

S and NS samples constitute two fairly well-defined cluster, highlighting a good homogeneity of the 

starting samples (Fig. 27A). The Loadings plot in Figure 27B show the samples data distribution 

(element concentration in plant and soil and microbiota count) on the first two principal 

components. 

Despite the less uniform pattern, most of the elements in soil, root and shoot (especially Ni) is 

associated with negative scores of PC1 (Fig. 28A, B). Both Loading plots presented explain a total 

variance of 75.02%. 

It is noteworthy that Ca is the only soil element associated with positive scores on PC1; indeed, S 

soil samples are characterized by scarcity of nutrients such as Ca and presence of phytotoxic 

elements such as Ni. Differently, the separation of the bacterial and fungal strains is less evident, 

but at least four mixed groups of bacteria and fungi are present without specific interactions with 

analysed elements except the genus Bacillus which appears (as Chryseobacterium sp.) negatively 

correlated with Nisoil (p< 0.05) and Cusoil (p< 0.01) and positively correlated with Casoil (p< 0.001). 

Among the microorganisms selected by means PGPR tests and the Ni tolerance test, there is a 

highly significant positive correlation between Stenotrophomonas sp. and Streptomyces sp. (p< 

0.01), between these two bacterial strains and the fungus P. canescens (p< 0.001 and p< 0.01 

respectively) and between the two fungal strain P. ochrochloron and T. harzianum group (p< 0.05). 

As opposed to genus Bacillus, C. cladosporoides is negatively correlated with Ca (and Mg) 

concentration in the soil (p< 0.01 for both) and positively with Cusoil (p< 0.05). 
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A B 

Figure 28. Loadings plot of a Principal Component Analysis including the abundance of bacterial and fungal taxa and element 
concentration in plant and soil data obtained from R soil. A) Factor 1 (37.88% variation explained) vs Factor 2 (13.90% variation 
explained); B) Factor 3 (13,32% variation explained) vs Factor 4 (9,92% variation explained). In bold S and NS sites; the 
samples are distinguished by different colours depending on the origin, brown: soil, orange: root, green: shoot, red: bacteria, 
blue: fungi. Variables are indicated by symbol ♦. 

Figure 27. Score plot and Loading plot of a Principal Component Analysis. A) Score plot of 10 R soil samples distributed in the 
two sites (red: S site; blue NS site); B) loading plot of microbiota and element concentration data in R soil. Samples are indicated 
by different colour (brown: element concentration in soil, orange: element concentration in roots, green: element concentration in 
shoots, red: bacterial count, blue: microfungal count). Variables are indicated by symbol ♦. 

A B 
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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 TSA buffered at pH 6.0 proved to be the most suitable 

agar substrates for the growth of bacterial and fungal strains. 

The calculation of the growth curves associated with plate culture for the eight serpentinitic bacteria 

allowed to evaluate the time lapse useful to reach the exponential phase of the bacterial growth. 

Among the isolated selected for the co-growth experiment, fungal strains exhibited increased 

growth on the CYA substrate compared to TSA pH 6.0 as noted in the Figure 29C, D, whereas 

bacteria thrive on both agar culture media. 

The species belonging to the genus Pseudomonas are Gram negative bacilli, straight or slightly 

curved and their size range from 1.5 to 5 µm x 0.5-1 µm approximately. They are motile due to the 

presence of one or more polar flagella and they are obligatory aerobes, mainly oxidase and catalase 

positive; usually the colonies are colourless, although pigmentations of white and white-dirty colour 

are frequent (Fig. 30A, Henry et al. 2011). 

Streptomyces are a group of non-motile, Gram-positive bacteria characterized by a slow 

multiplication by fragmentation similar to filamentous mycetes but are considered bacteria because 

of their prokaryotic cell structure and small size (diameter rarely higher than 1 µm, Bergey et al., 

2001). In Streptomyces sp. SERP4, as shown in Figure 30B, the macroscopic mycelium 

morphology includes pellets and clump formation that are correlated with secondary metabolite 

production (Manteca and Yagüe, 2018). 

Regarding microfungi, the colony of P. ochrochloron on CYA appears round, grooved in a radial 

pattern white to light grey in the margin once maturation is reached (Fig. 30C). 

The colonies of this P. ochrochloron exhibit fast growth rate and are variously branched, with 

asymmetrically and/or symmetrically branched conidiophores (Houbraken et al., 2011) and this is 

clearly evident in the Figure 35. 
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On the other hand Trichoderma isolates (Fig. 30D) produce rough and globose to subglobose 

(Hassan et al., 2014; Shah et al., 2012) conidia (2.8 x 2.6 µm) and their colour was yellow or green 

(Savitha and Sriram, 2015); conidia production is greater at the centre compared to the margins 

(Hassan et al., 2014). 

 

 

Figure 29. Positive growth petri dishes (3 replicates of TSA pH 6.0 and 3 replicates of CYA) with bacterial strains A) 
Pseudomonas sp. SERP1, B) Streptomyces sp. SERP4 and fungal strains C) P. ochrochloron Serp03S, D) T. harzianum group 
Serp05S. N=30 each test. 

A B 

C D 
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4.4.2 Co-growth methods 

a) Pseudomonas sp. (SERP1) vs P. ochrochloron (Serp03S). 

The agar overlay method (Fig. 31A, 32A) on CYA does not seem to clarify any relationship 

between the two organisms. The bacterium develops where it has been inoculated, while the 

microfungus grow better around bacterium. After 10 days of incubation the fungus reaches 

maturation, assuming a grey-black colour. 

In the agar plot (Fig. 31B, 32B) and in the distance growth (Fig. 31C, 32C) methods the contact 

between the two organisms develops a round structure with concentric rings that could mean a sort 

of growth mix. 

 

Figure 30. Stereo Microscope images of positive growth of A) Pseudomonas sp. SERP1, B) Streptomyces sp. SERP4, C) P. 
ochrochloron Serp03, D) T. harzianum group Serp05S. 

A B 

C D 
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b) Pseudomonas sp. (SERP1) vs T. harzianum (Serp05S): 

a suspected antagonistic activity was found between the two organisms, because in the agar overlay 

method the fungus do not thrive where the bacterium was inoculated (Fig. 31D, 32D). Vice versa in 

other treatments (Fig. 31E, F, 32E, F) the fungus covers almost the entire agar plate, but its growth 

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

the plate, suggesting an inhibitory property of the bacterium. 

 

 

Figure 32. Stereo Microscope images of culturable mix of Pseudomonas sp, SERP1 and P. ochrochloron Serp03S 
growth test (A, B, C); culturable mix of Pseudomonas sp. SERP1 and T. harzianum group Serp05S (D, E, F). Agar 
overlay method (A, D); agar plot method (B, E); distance growth method (C, F). 

A B C 

D E F 

Figure 31. Qualitative evaluation of bacteria and fungi growth test: Pseudomonas sp. SERP1 and P. ochrochloron 
Serp03S (A, B, C), Pseudomonas sp. SERP1 and T. harzianum group Serp05S (D, E, F), by means of agar overlay 
method (A, D), agar plot method (B, E) and distance growth method (C, F). N= 30 each test. 

A B C 

D E F 
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c) Streptomyces sp. (SERP4) vs P. ochrochloron (Serp03S) 

there is not an antagonistic effect. In fact, the mix of Streptomyces and P. ochrochloron covers 

almost the entire agar plate, assuming a grey-white colour both in the overlay and plot test (Fig. 

33A, B, 34A, B). No zones of inhibition are visible in the distance growth method (Fig. 33C, 34C) 

where bacteria grow above the fungus. 

d) Streptomyces sp. (SERP4) vs T. harzianum (Serp05S) 

the bacterial colonies appear smaller than the control and the fungus reaches maturation late. The 

bacterium grows only in the centre of the plate in the overlay agar test (Fig. 33D, 34D), while the 

fungus appears to be inhibited in the agar plot test (Fig. 33E, 34E). Bacteria and fungus tolerate 

each other, as shown by the contact between the two microorganisms (Fig. 33F, 34F), but they 

remain distinct. 

 

Figure 33. Qualitative evaluation of bacteria and fungi growth test: Streptomyces sp. SERP4 and P. ochrochloron 
Serp03S (A, B, C), Streptomyces sp. SERP4 and T. harzianum group Serp05S (D, E, F), through agar overlay method (A, 
D), agar plot method (B, E) and distance growth method (C, F). N= 30 each test. 

A B C 

D E F 



70 
 

 

 

As mentioned earlier, the in-depth observation of the Pseudomonas SERP1- P. ochrochloron 

Serp03S mix with the Optical Microscope magnified at 40X (Fig. 35) shows the fungal 

conidiophore branching patterns mostly symmetrical and biverticillated (Visagie et al., 2014). On 

the other hand, the gram staining allowed to underline the presence of the bacterium. Pseudomonas 

sp. is a Gram-negative bacterium, it has a thin layer of cell wall, so it is counter-stained pink by 

safranin (Fig. 36). However also the conidiophores of P. ochrochloron are clearly visible, stained 

with a bright red colour. 

 

Figure 34. Stereo Microscope images of culturable mix of Streptomyces sp, SERP4 and P. ochrochloron Serp03S growth 
test (A, B, C); culturable mix of Streptomyces sp. SERP4 and T. harzianum group Serp05S (D, E, F). Agar overlay 
method (A, D); agar plot method (B, E); distance growth method (C, F). N= 30 each test. 

A B C 

D E F 
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Scanning Electron Microscopy 

The backscattered (BSE) SEM imaging of SERP1 (Pseudomonas sp.) and Serp03S (P. 

ocrhrochloron) highlights clusters of fungal hyphae enveloped by groups of flagellate Pseudomonas 

sp. SERP1 (Fig. 37A, B). Symmetric, mostly biverticillated, conidiophores (Fig. 37C, D) are often 

covered on the tip by bacterial colonies adhering by means of adhesive filaments that provide a 

compact structure to bacterial biofilm consisting of live and dead cells. Fungal spherical conidia are 

free or still borne on specialized stalks of the conidiophore that is characterized by typical "vial"-

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

A B 

Figure 36. Gram staining images of Pseudomonas SERP1 and P. ochrochloron Serp03S by Optical Microscope at 63X 
magnification. In detail A) the mass of fungal hyphae and B) the branched conidiophores of P. ochrochloron surrounded by 
Pseudomonas sp. cells that do not retain the crystal violet stain used in the Gram-staining method (pink-red rods). 

Figure 35. Optical Microscope images (40X) of A) mono- and biverticillate branched conidiophores of P. ochrochloron Serp03S 
in the co-growth method and B) maturation of conidia on conidiophores in detail. 

A B 
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Figure 37. Backscattered electron (BSE) SEM images of the mixed culture of Pseudomonas sp. SERP1 and P. 
ochrochloron Serp03S: A) tangle of fungal hyphae covered by bacteria. Magnification 1.90 kx, Working Distance 10.51 
mm; B) growing hyphal tip sorrounded by cluster of bacteria jointed by means of adhesins. Magnification 19.8 kx, 
Working Distance10.84 mm; C) large group of branching biverticillated conidiophores. Magnification 4.63 kx, Working 
Distance 10.66 mm; D) detail of branch (1) metula (2) interfaces with bacteria adherent to phialides (3). Magnification 
10.6 kx, Working Distance 10.51 mm; E) mature conidia on conidiophores. Magnification 20.0 kw, Working Distance 
10.57 mm; F) fungal conidia (2 µm diameter) and bacterial colonies (1 µm length), some of which in death phase; the 
rough surface of the conidia seems to encourage the adhesion of the bacteria cells. 

A B 

C 

E F 

1 

2 
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5. Discussion 

The development of integrated approach plant-bacteria-fungi, to improve bioremediation of soil 

contaminated by metals like Ni, needs to examine potential responses and interactions between 

plant roots and rhizosphere microbiota. 

Seed germination highlighted different level of response to this metal at earliest stage of plant 

development, although O. bertolonii, A. utriculata and N. caerulescens could have preadaptation 

tolerance traits to Ni that allow hyperaccumulators to grow on low-competition serpentine soils 

(Milner and Kochian, 2008; Roccotiello et al., 2015a; Selvi et al., 2017). 

The microcosm test was used as an early screening to assess the viability and germinability of the 

seeds to establish the best performing species suitable for Ni treatments. O. bertolonii has always 

low seed germination. This could be linked to restricted growing conditions in relations to its 

limited distribution area (Corem et al., 2009). N. caerulescens has a slower germination rate 

compared to the other species but this is the same with germination rate of Ni-amended soil 

suggesting an earlier preadaptation tolerance trait. On the contrary seed germination of the 

facultative hyperaccumulator A. utriculata was affected by increasing Ni concentrations maybe 

because it requires a longer time to adapt to Ni that commonly inhibit seed germination and 

seedlings development in concentration-dependent and species-dependent way (Kranner and 

Colville, 2011). These results are in accordance with literature data, highlighting that Ni at low 

concentrations can stimulate germination in some cases (Hossein Khoshgoftarmanesh and 

Bahmanziari, 2012). At the same time low Ni amounts can stimulate root elongation (Carlson et al., 

1991) while high concentrations can decrease root length (Soudek et al., 2010). 

As described by Pavlova et al. (2018), differences on seed germination were found between Ni-

hyperaccumulator species Alyssum markgrafii O.E.Schulz and Alyssum murale, an obligate and 

facultative hyperaccumulator respectively. Microcosm test showed that in spite of their 

accumulation ability, high Ni concentrations can induce a marked inhibition of the seed germination 

process compared to control, while a slightly Ni concentration may stimulate the germinability. 
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Therefore further investigations can be useful since timing affects the growth of the seedling, the 

survival and the fitness of the whole species (Donohue et al., 2010; Fenner and Thompson, 2005; 

Simons and Johnston, 2000; Verdú and Traveset, 2005). 

The effects of metal concentration on plant growth and biomass are often used to assess 

phytotoxicity in non-hyperaccumulator species (Ryser and Sauder, 2006) or to evaluate differences 

in trace element concentration from inoculated and uninoculated plants (Al Agely et al., 2005; 

Trotta et al., 2006). 

At the highest concentration of available Ni in mesocosm test, hyperaccumulator species do not 

show macromorphological alterations in terms of root area and plant biomass, while the non-

hyperaccumulator species were Ni-affected suggesting that increasing Ni concentration in soil 

hindered root development as indicated by Moradi et al. (2009). 

In the pot test the non-hyperaccumulator A. montanum shows constant root area and plant biomass 

respect to mesocosm. Surprisingly, root biomass and root area of T. arvense significantly increase 

with Ni treatments (but 2,5 time less than hyperaccumulators) despite other studies showed a 

disrupted growth in non-accumulator plants (i.e. Lactuca sativa L., Pollard et al., 2014) or severe 

root biomass reduction in non-accumulator Cicer arietinum L. (Moradi et al., 2009). A possible 

explanation is that the pot test lasted longer time than mesocosm test causing a sort of adaptation of 

the involved species, but further investigations will clarify this point. 

At the highest Ni concentration in pot, both hyperaccumulator species gave positive reaction to 

DMG test that highlight a Ni translocation to aboveground biomass (Nkrumah et al., 2018) as 

expected. In addition, A. utriculata significantly increased aboveground biomass while N. 

caerulescens was comparable to the control, as indicated by Pollard et al. (2014) and similarly to 

what reported by Moradi et al. (2009) for Berkheya coddii Roessler. 

The phenotypic plasticity of the facultative hyperaccumulator species A. utriculata may depend on 

epigenetic modifications enabling a rapid adaptation to metal stress (Mirouze and Paszkowski, 

2011; Ou et al., 2012; Wang et al., 2016) or adaptation to edaphic conditions (Adamidis et al., 
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2014). This may led to a greater development of A. utriculata in the aboveground biomass where Ni 

accumulates. The significant increase of root biomass at increasing Ni treatment was not yet 

appreciated, even if A. utriculata had no negative effects on biomass, development and plant water 

content under Ni stress (Roccotiello et al., 2016). This aspect can probably be related to the species 

ability to concentrate metals in its aboveground biomass without display toxicity symptoms 

(Roccotiello et al., 2016). 

Considering that Ni-hyperaccumulators sequester Ni in shoots and by contrast Ni-excluders store Ni 

in roots, we could hypothesize in agreement with Seregin et al. (2014) that roots systems of both 

hyperaccumulators A. utriculata and N. caerulescens do not show differences at increasing Ni 

because they are more able to tolerate metal, accumulating Ni in aboveground organs, while T. 

arvense specifically act as excluder increasing mostly root area and biomass to sequester metal. 

Consistently with the biomass results, the maximum primary photochemical efficiency of PSII, 

Fv/Fm, and the Performance Index, P.I.(Strasser et al., 2000) do not differ in the hyperaccumulator 

species at increasing Ni concentrations, while it significantly declines in A. montanum. It could be 

due to the great sensitivity to the fluctuations of environmental abiotic factors (Živčák et al., 2015), 

such as Ni stress. Both parameters increase in T. arvense, although Fm is lower than the other 

species. A low Tfm may indicate sample stress (Strasser et al., 2000) which causes the Fm to be 

achieved much earlier than expected, similar to how happen in A. montanum. 

A comprehensive explanation could concern a Ni adaptation of A. utriculata to Ni input during the 

plant growth due to a possible phenotypic plasticity (Visioli et al., 2012). The same will probably 

occurs to T. arvense, specifically at the root level. However, epigenetic aspects involved in plant 

adaptation to strongly stressed environments and detoxification mechanisms need to be verified by 

further investigations (Verbruggen et al., 2009b). 

To obtain a mixed culture of Ni-tolerant, plant-growth-promoting microorganisms associated with 

the rhizosphere of the facultative Ni-hyperaccumulator A. utriculata, the first step was the 

identification of the plant-soil relations and the characterization of culturable microbiota associated 



76 
 

with serpentine and non-serpentine populations. 

The comparison between serpentine and non-serpentine soils, plants and related microbiota revealed 

overall distinction resulting in two well-distinct groups. Bacterial and fungal strains are limited by 

serpentine soil conditions resulting less abundant in S than NS site with preferential colonization of 

rhizospheric soil. The difference in terms of element concentration is significant between the two 

sites (S and NS) because of the high level of Ni and a Ca-deficiency and the low Ca/Mg ratio (0.36) 

typical of harsh serpentinitic environmental conditions (Ghasemi et al., 2015). However, chemical 

differences between rhizospheric and bare soils are not significant. As expected, only A. utriculata 

from serpentine soils shows typical hyperaccumulator traits (shoot Ni >1000 mg/kg; BF~1, TF>>1,) 

(Reeves, 1992; van der Ent et al., 2013) confirming its accumulator traits (Roccotiello et al., 2015a, 

2016). 

Bacteria and fungi in the rhizosphere of A. utriculata are commonly more abundant than in bare 

soils as shown for other hyperaccumulators (Lopes et al., 2016; Wenzel et al., 2004). This trait 

known as ‘rhizosphere effect’ implies that the plant exuding a large number of compounds that can 

be used as nutrition sources by microbes to proliferate and colonize the root surrounding area 

(Morgan et al., 2005; Segura et al., 2009; Smalla et al., 2001; Wenzel et al., 2004). Among the 

identified bacterial morphotypes, genera Arthrobacter, Bacillus, Erwinia, Micrococcus, 

Novosphingobium, Pantoea, Pseudomonas, and Streptomyces are distinguished as they have already 

been isolated on serpentine soil from the rhizosphere of Ni-hyperaccumulator plants (Abou-Shanab 

et al., 2003; Idris et al., 2004; Ma et al., 2009a; Mengoni et al., 2001; Turgay et al., 2012; Visioli et 

al., 2015a). We cannot exclude that those bacterial and fungal strains can induce promoting effects 

on the growth of A. utriculata in S site immobilising Ni instead of increasing metal uptake, as in the 

case of N. caerulescens (Aboudrar et al., 2013) but further studies will clarify this point. The 

presence of some PGPR bacterial strains like Pseudomonas sp. and Streptomyces sp. able to grow 

up to Ni 15 mM and microfungi up to Ni 3 mM (Cecchi et al., 2017b; Schlegel et al., 1991) could 

support this idea. 
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The PGPR activities of the selected strains potentially support the growth of A. utriculata, reducing 

metal stress and increasing Ni uptake and accumulation in aerial parts as observed for rhizospheric 

bacteria isolated from Ni-hyperaccumulator Alyssum serpyllifolium (Ma et al., 2009b, 2011) and 

Brassica juncea (L.) Czern (Rajkumar et al., 2013b; Rajkumar and Freitas, 2008b; Zaidi et al., 

2006). Pseudomonas SERP1 can help plants produce more biomass by providing them the IAA that 

directly stimulates the plant cell division and elongation and root initiation (Prapagdee et al., 2013) 

in addition to siderophores production and P-solubilisation. Previous studies revealed a high 

biomass yield in Brassica spp. inoculated with a serpentine selected strain of Pseudomonas sp. 

(Freitas et al., 2004), emphasizing the protective role of this bacterium against the inhibitory effects 

of Ni and the increasing of Ni uptake by plants (Ma et al., 2009c; Rajkumar and Freitas, 2008b). 

Genus Streptomyces sp. is predominant in soil samples (Mengoni et al., 2001) and Ni-tolerant as 

Arthrobacter (up to 10 mM Ni in the plate test, Kuffner et al. (2010). Streptomyces sp. SERP4 

shows ACC deaminase activity, siderophores production and phosphate solubilisation. All these 

aspects suggest that specific strains showing good activity, colonization potential and PGP traits, 

will be useful in enhancing bioavailability, phytoextraction or phytostabilization performance by 

plants (Sessitsch et al., 2013). 

The isolated microfungal strains of Penicillium, Aspergillus, Trichoderma, and Mucor are 

commonly saprotrophic microfungi with species found in metal-polluted habitats worldwide (Gadd 

and Fomina, 2011; Kubatova et al., 2002; Massaccesi et al., 2002). Among the isolates, Penicillium 

canescens Sopp was a typical species of rhizosphere able to live until 50 cm depth in soil and P. 

ochrochloron is known for its high tolerance to copper and other metals (Domsch et al., 2007). It is 

used for biodegradation of triphenylmethane dye cotton blue, which is very recalcitrant to 

biodegradation (Shedbalkar et al., 2008). 

Moreover, Penicillium expansum Link represents a cosmopolitan species able to colonize polluted 

soils and extreme environments and to bioaccumulate high metal concentrations (Di Piazza et al., 

2017). Among Penicillium, Mucor, Cladosporium, and Trichoderma isolated on serpentine soils, 
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only Trichoderma strain, belonging to the harzianum group, was also isolated from the rhizosphere 

of A. utriculata in metal-contaminated sites. T. harzianum is a saprophytic fungus that grows in soil 

(Demirel et al., 2005); it is used as a biocontrol against soil and plant pests and pathogens 

(Degenkolb et al., 2008; Hanson, 2005; Madsen et al., 2007). By means of the extracellular laccase 

production described by Hölker et al. (2002), Zafra and Cortés-Espinosa (2015), this species is able 

to degrade PAHs. This fungus tolerates Ni up to 500 mg l-1 (Cecchi et al., 2017b; Roccotiello et al., 

2015b) and other metals (Cecchi et al., 2017a; Zotti et al., 2014) with great bioaccumulation 

capacity (up to 11000 mg Ni kg-1 as described by Cecchi et al. (2017b). 

Moreover, Aspergillus strain belonging to the niger group represents one of the more studied fungus 

about biocorrosion, bioalteration, and bioaccumulation of toxic metals, due to the high amount of 

secondary organic acid production (Gadd, 2007). 

Although the culturable techniques are not representative of the total phylogenetic diversity of soil 

microbiota (i.e. less than 1% of bacteria can be cultured in laboratory, Pham and Kim (2012), the 

characterization of culturable bacterial and fungal strains is essential for future field studies using 

bioinoculants as natural chelators in the rhizosphere of hyperaccumulator and facultative 

hyperaccumulator species. Because of the PGP traits, the high tolerance to Ni and the positive 

correlation with other strains, Pseudomonas sp. SERP1, and Streptomyces sp. SERP4, P. 

ochrochloron Serp03S and T. harzianum Serp05, were used for the subsequent co-growth test. This 

technique allow to obtain for the first time a mixed culture of microorganisms associated with the 

rhizosphere of a facultative Ni-hyperaccumulator evaluating their reciprocal behaviour (i.e. 

antagonistic, Agamennone et al., 2018; Trivedi et al., 2008 or synergic activities). 

Streptomyces sp. SERP4 thrives with both tested fungi, but the Pseudomonas sp. SERP1 - P. 

ochrochloron Serp03S culture mix was even more noteworthy. In the agar plug and in the distance 

growth methods, the bacterial colony assumed an atypical shape around the fungal strain, showing a 

mixed growth of both microorganisms. The interface between bacterial strain Pseudomonas sp 

SERP1 and fungal strain P. ochrochloron Serp03S does not show any mutual inhibition halo. 
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The Gram staining underlines the high number of bacteria that surrounded clusters of hyphae. The 

presence of conidiophores at the apex of fungal hyphae and bacterial colonies specifically adherent 

to their surface was clearly revealed by Scanning Electron Microscopy, allowing for the first time to 

assess the morphological features of the mature bacterium-fungus mix culture. The development of 

bacterial biofilms and the abundant presence of asexual non-motile mitospores (conidia) proves that 

both organisms have reached together the maturation phase without showing clear macro- and 

micromorphological signs of reciprocal suffering or inhibition. 

The synergic effects of A. utriculata selected microbiota can play a key role in plant adaptations to 

severe soil condition (Visioli et al., 2015b) that contribute to the hyperaccumulator phenotype 

(Visioli et al., 2015a). Using microbiota as inoculum of the rhizosphere could increase the root 

development and the metal uptake and translocation to shoots improving in a self-sustaining and 

environmental-friendly way the phytoremediation of metal-contaminated soils by facultative 

hyperaccumulators. 

Root inoculation with selected Ni-tolerant bacteria and fungi may represent a powerful tool in 

phytotoremediation, although transferring this technology to the field requires further bacteria-fungi 

mix growth studies and field validation. 

 

6. Conclusion 

At the early stage of plant development, the strict accumulator N. caerulescens do not change the 

germination rate and time. On the contrary, the facultative hyperaccumulator A. utriculata seems to 

be affected in the first phase of seed germination and root development. However, at the plantlets 

and young plant level, A. utriculata reveals a great development of root and shoot biomass 

consistently with the species ecophysiological response in terms of Performance Index. 

Bacteria and fungi were significantly more abundant in rhizosphere than in bare soil and were 

dominated by genera Arthrobacter, Bacillus, Erwinia, Micrococcus, Novosphingobium, Pantoea, 

Pseudomonas, and Streptomyces Penicillium, Aspergillus, Trichoderma, and Mucor. 
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Interestingly, the genus Pseudomonas was only found in rhizospheric serpentine soils (1.6 % of 

total serpentinitic rhizospheric colonies isolated) and with Streptomyces sp. showed highest Ni-

tolerance up to 15 mM. Among serpentine bacterial isolates, eight strains belonging to five genera 

showed at least one PGPR activity. Similarly, Trichoderma strain, belonging to the harzianum group 

(1.7 % of the total microfungal count), exhibits great Ni-tolerance and high Ni uptake ability. 

The rhizosphere of A. utriculata can be an excellent model to enhance Ni uptake and plant growth 

using a microbiota associated with its root system. 

To date, considering the encouraging achieved results, we can consider the use of an integrated 

approach (plants-fungi-bacteria) cost-effective and environmental-friendly to improve metal uptake 

and the bioremediation of contaminated soils. This complex multidisciplinary research has shown 

that a holistic approach to soil pollution allows to extend the perspectives and to overcome the 

current studies focused on the single rhizospheric components, reinforcing the accomplished results 

and the field applications. Just assuming the entire rhizosphere as a whole of components and 

interactions it is possible to better understand its structure and function. 

So the proposed model is an example of integration of different disciplines aimed to studying the 

dynamic microenvironment known as the rhizosphere in the perspective of trying to provide 

guidance for using Ni-hyperaccumulator species and the associated rhizobiota to remediate Ni 

contaminated soils. 
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Annex 12 

Rhizosphere response to nickel in a facultative hyperaccumulator 

 

Stefano Rosatto, Enrica Roccotiello, Giuseppe Greco, Simone Di Piazza, Grazia Cecchi, Mirca 

Zotti, Luigi Vezzulli, Mauro Mariotti 

 

Abstract 

This study faces the characterization of the culturable microbiota of the facultative Ni-

hyperaccumulator Alyssoides utriculata to obtain a collection of bacterial and fungal strains for 

potential applications in Ni phytoextraction. 

Rhizosphere soil samples and adjacent bare soil were collected from A. utriculata from serpentine 

and non-serpentine sites together with plant roots and shoots. Rhizobacteria and fungi were isolated 

and characterized genotypically and phenotypically. Plants and soils were analyzed for total 

element concentration using Inductively Coupled Plasma Mass Spectrometry (ICP-MS). 

Serpentine and non-serpentine sites differ in terms of elements concentration in soil, plant roots and 

shoots. Ni and Co are significantly higher on serpentine site, while Ca is more abundant in non-

serpentine site. 

Bacteria and fungi were significantly more abundant in rhizosphere than in bare soil and were 

dominated by genera Arthrobacter, Bacillus and Streptomyces, Penicillium and Mucor. The genus 

Pseudomonas was only found in rhizospheric serpentine soils (< 2 % of total serpentine isolates) 

and with Streptomyces sp. showed highest Ni-tolerance up to 15 mM. The same occurred for 

Trichoderma strain, belonging to the harzianum group (< 2 % of the total microfungal count) and 

Penicillium ochrochloron (< 10 % of the total microfungal count, tolerance up to Ni 20 mM). 

Among serpentine bacterial isolates, 8 strains belonging to 5 genera showed at least one PGPR 

activity (1-Aminocyclopropane-1-Carboxylic Acid (ACC) deaminase activity, production of indole-

3-acetic acid (IAA), siderophores and phosphate solubilizing capacity), especially genera Pantoea, 

Pseudomonas and Streptomyces. Those microorganisms might thus be promising candidates for 

employment in bioaugmentation trials. 

 
Chemosphere 2019, under review 
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