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RESUMO GERAL 

A exploração mineral, em especial a mineração, é uma atividade 

essencial a sociedade moderna, sendo fonte de recursos para diversos setores 

econômicos imprencindíveis, como a indústria e a agricultura. No entanto, a 

mineração ocasiona um grande distúrbio no local e ambientes próximos à 

atividade. Ambientes sob interferência causada pela mineração, provavelmente 

estão desprovidos de meios naturais de regeneração biótica, sendo necessário o 

auxílio de ação antrópica para a revegetação do ambiente. A fitorremediação tem 

provado ser uma técnica bastante promissora para a reabilitação in situ dessas 

áreas. Neste trabalho foram estudas duas áreas distintas de mineração. Uma área 

de extração de ouro, contaminada com arsênio e a outra de extração de zinco 

contaminada com cádmio e zinco. Bactérias do solo, principalmente rizóbio, 

nativos destas áreas foram isolados e caracterizados geneticamente e 

funcionalmente in vitro. Além de testes para a avaliar a capacidade destas 

bactérias em promover o crescimento vegetal, a resistência delas aos 

metal(óides) também foi avaliada. A caracterização genotípica, pelo 

sequenciamento parcial do gene 16S rRNA, revelou que a maior parte das 

bactérias isoladas pertecem à classe α-Proteobacteria com indivíduos 

representando os gêneros Bradyrhizobium, Mesorhizobium, Rhizobium, Bosea, 

Inquilinus, Labrys, Starkeya e Methylobacterium, sendo isolados também 

representantes da classe β- Proteobacteria pelos gêneros Burkholderia, e 

Variovorax. A maioria das espécies isoladas foram positivas em nodular sua 

respectiva leguminosa hospedeira no teste de autenticação da capacidade de 

nodulação. Somente os isolados dos gêneros Bosea, Methylobacterium e 

Starkeya não nodularam seus hospedeiros. Interessantemente, as estirpes 

Inquilinus sp. e Labrys monachus foram capazes de nodular Crotalaria 

spectabilis, e Variovorax paradoxus foi capaz de nodular Leucaena 

leucocephala. Embora essas estirpes sejam consideradas atípicas normalmente 

encontradas nodulando leguminosas. A caracterização funcional dessas bactérias 

revelou sua grande capacidade em desempenhar processos promotores do 

crescimento vegetal e elevada resistência a metal(óides). Além da resistência in 

vitro a Cd e Zn, Mesorhizobium sp. UFLA 01-765 confirmou sua tolerância em 

solo contaminado, estabelecendo simbiose, promovendo o crescimento vegetal e 

acúmulo de nitrogênio de L. leucocephala. Portanto, rizóbios nativos de solos de 

áreas de mineração são ferramentas promissoras para potencializar a revegetação 

destes solos. 

 

Palavras-chave: Leguminosas. Rizóbio nativo de solo contaminado. Fixação 

Biológica de Nitrogênio. Promoção do crescimento vegetal. Fitorremediação. 



 

 

 

 

SAMENVATTING 

Het winnen van mineralen, meer in het bijzonder mijnbouw, levert belangrijke 

grondstoffen aan economische sectoren zoals de (maak)industrie en de landbouw en is 

daarom van essentieel belang in onze moderne samenleving. Anderzijds kan mijnbouw 

de lokale omgeving zo sterk verstoren dat natuurlijke biotische regeneratie niet optreedt. 

Om dergelijke gebieden opnieuw van een vegetatiedek te voorzien, is een menselijke 

ingreep bijgevolg noodzakelijk. Het is reeds gebleken dat fytoremediatie een 

veelbelovende technologie is voor het in situ herstel van zo’n gebieden. In dit werk 

bestuderen we 2 verschillende mijnbouw gebieden. Enerzijds een goudmijnbouw gebied 

dat gecontamineerd is met arseen en anderzijds een zinkmijnbouw gebied 

gecontamineerd met cadmium en zink. De rhizobiumbacteriën die van nature voorkomen 

in deze gebieden, werden geïsoleerd en gekarakteriseerd op genotypisch en functioneel 

niveau. Hiernaast werden de geïsoleerde stammen ook getest voor resistentie aan 

metalen en/of metalloïden en op plantengroeipromotie capaciteit. De genotypische 

karakterisering, gebruik makend van partiële 16SrDNA sequenering, maakte duidelijk 

dat de meeste bacteriële stammen behoren tot de klasse α-Proteobacteriën, met hierin 

volgende rhizobium genera vertegenwoordigd: Bradyrhizobium, Mesorhizobium en 

Rhizobium. Verder werden ook bacteriële stammen geïsoleerd van de genera Bosea, 

Starkeya, Methylobacterium, Inquilinus en Labrys, van de klasse β-Proteobacteriën, 

vertegenwoordigd door Burkholderia en Variovorax. Van de geïsoleerde stammen, 

testten de meerderheid positief voor de inductie van de vorming van nodules bij hun 

eigen leguminose gastheerplant. Gebruik makend van een authenticatietest test voor 

nodulatie capaciteit werden zelfs enkele atypische nodule vormende bacteriën 

gedetecteerd zoals Inquilinus sp., Labrys monachus en Variovorax paradoxus. Enkel 

isolaten van de genera Bosea, Methylobacterium en Starkeya waren niet in staat hun 

gastheerplant te noduleren. Opmerkelijk is dat Inquilinus sp. en Labrys monachus in 

staat waren om nodules te vormen bij Crotalaria spectabilis wortels, en Variovorax 

paradoxus bij Leucaena leucocephala wortels. Dit is opmerkelijk aangezien deze 

bacteriën behoren tot atypische genera met betrekking tot nodule vorming bij 

Leguminosen. Uit de functionele karakterisering van de geïsoleerde bacteriestammen 

bleek hun groot potentieel om de plantengroei te bevorderen en hun resistentie aan 

metalen en/of metalloïden. Naast de in vitro geteste resistentie aan Cd en Zn, werd voor 

de bacteriële stam Mesorhizobium sp. UFLA 01-765 de metaaltolerantie bevestigd op 

gecontamineerde bodem, waar deze stam een symbiose aanging met L. leucocephala, de 

plantengroei bevorderde en Ni accumuleerde. In conclusie kan gesteld worden dat 

rhizobia stammen die van nature voorkomen in mijnbouw gebieden veelbelovend zijn 

met het oog op herbegroeiing van deze bodems. 

 

Sleutelwoorden: Fabaceae. Rhizobia die van nature voorkomen op metaal-

verontreinigde bodem. Biologische stikstoffixatie. Plantengroei promoverende bacteriën. 

Fytoremediatie 



 

 

 

 

GENERAL ABSTRACT 

Mineral exploitation, particularly mining, is an essential modern society 

activity, providing resources for crucial economic sectors, such as industry and 

agriculture. However, mining has disturbing effects on the local environment. 

Environments under influence of mining are often devoid of natural means of 

biotic regeneration. The aid of human intervention is required for the 

revegetation of these environments. Phytoremediation has proven to be a very 

promising technique for in situ rehabilitation of these areas. In this work we 

studied two different mining areas. An area of gold mining, contaminated with 

arsenic and a zinc mining area contaminated with cadmium and zinc. Native soil 

rhizobacteria from these areas have been isolated and genetically and 

functionally characterized. Tests to evaluate the capacity of these bacteria to 

promote plant growth, besides its resistance to metal(oids), were also performed. 

Genotypic characterization by partial 16S rRNA gene sequencing revealed that 

most of the bacterial isolates belong to α-Proteobacteria class with individuals 

representing the rhizobial genera Bradyrhizobium, Mesorhizobium and 

Rhizobium. Moreover, bacteria representing Bosea, Starkeya, Methylobacterium, 

Inquilinus and Labrys genera, and β-Proteobacteria class representants of 

Burkholderia, and Variovorax were also isolated. Most of the isolated species 

tested positive for inducing nodule formation on their respective host legume, 

through authentication test for nodulation capacity, even atypical nodule forming 

bacteria as Inquilinus sp., Labrys monachus and Variovorax paradoxus. Only 

isolates of Bosea, Methylobacterium and Starkeya genera did not nodulate their 

hosts. Interestingly Inquilinus sp. and Labrys monachus have induced nodule 

formation on Crotalaria spectabilis roots, and Variovorax paradoxus have 

induced nodule on Leucaena leucocephala roots. Although these bacteria are 

atypical genera normally found nodulating legume plants. The functional 

characterization of these bacteria showed their great ability to promote plant 

growth and resist metal(oid)s. In addition to in vitro resistance to Cd and Zn, 

Mesorhizobium sp. UFLA 01-765 strain confirmed its tolerance in contaminated 

soil, where it was able to establish symbiosis, promote plant growth and 

accumulate nitrogen when associated with L. leucocephala. In conclusion, native 

rhizobia from soil mining areas are promising tools to enhance revegetation of 

these soils. 
 

Keywords: Fabaceae. Native rhizobia from metal-contaminated soils. Biological 

N2 fixation. Plant-growth promoting bacteria. Phytoremediation. 
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First part - Overview 

1 General introduction 

Nowadays the global economic development is mainly supported by 

different mining activities, which is strongly linked to social development, 

generating assets and wealth. On the other hand, mining exploitation, especially 

metal mining, causes huge environmental impacts (BAKER et al., 1994; DIAS 

JÚNIOR et al., 1998; SALOMONS, 1995; VANGRONSVELD; COLPAERT; 

VAN TICHELEN, 1996). Those areas often are devoid of natural means of 

biotic regeneration, requiring human intervention for the revegetation of the 

environment. A really promising technology for in situ land reclamation is 

phytoremediation (BAKER et al., 1994), which is showing satisfactory results 

for either organic or inorganic contamination (CUNNINGHAM et al., 1997; 

WEYENS et al., 2011, 2013). Phytoremediation success is linked to the 

microorganisms, which benefit plant growth by performing essential biological 

processes, either in the rhizosphere or inside the plant (CROES et al., 2013; 

WEYENS et al., 2013). Among those processes, biological N2 fixation (BNF), 

which is performed by a limited group of prokaryotes able to convert N2 into to 

NH4
+

, is highlighted in this work. An important prokaryote group able to 

perform BNF is represented by rhizobia, which establish mutualistic symbiosis 

with legume plants. Nodulated legume plants incorporate C and N into soil, 

besides increasing their nutrients uptake capacity, improving their tolerance to 

environmental stresses (FRANCO; FARIA, 1997; FRANCO et al., 2000; 

FRANCO; BALIEIRO, 2000; MELLONI et al., 2006; MOREIRA; 

CARVALHO; SIQUEIRA, 2010; MOREIRA et al., 2010; MOREIRA et al., 

2015). Therefore, this thesis reports the study of native, plant growth promoting 

rhizobia isolated from nodules of legume plants growing on contaminated 

http://lattes.cnpq.br/5707994088333543
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mining soils or used as a trap plant, to unravel the potential of rhizobia in 

function of phytoremediation purposes. 

1.1 General objectives 

1 – Isolate and characterize (genotypic and functional) native bacteria 

from Crotalaria spectabilis and Stizolobium aterrimum nodules, growing in an 

arsenic contaminated mining area (Chapter 3). 

2 – Isolate and characterize (genotypic and functional) native rhizobia 

from a zinc mining area contaminated with Cd and Zn, and select strains with 

plant growth promoting traits for testing its potential on contaminated soil 

(Chapter 4). 

3 – Unravel by genome mining the mechanisms performed by 

Mesorhizobium sp. UFLA 01-765, a multi-tolerant, efficient symbiont and plant-

growth promoting rhizobia isolated from Zn-mining soil using Leucaena 

leucocephala as a trap plant (Chapter 5). 

1.1.1 Specific objectives 

1 – i) Evaluate the symbiotic efficiency and the multiple-tolerance of the 

native soil rhizobacteria to As, Cd and Zn, and β-lactam antibiotics, and ii) 

Check their plant growth promoting traits (Chapter 3). 

2 – i) Evaluate the symbiotic efficiency and the tolerance of the native 

soil rhizobacteria to Cd and Zn, and ii) Check their in vitro plant growth 

promoting traits and iii) Confirm these plant growth promoting traits on Cd and 

Zn-contaminated soil (Chapter 4). 
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3 – i) Present the draft genome of Mesorhizobium loti UFLA 01-765 

strain isolated from a Zn-mining soil using Leucaena leucocephala as a trap 

plant (Chapter 5). 

This thesis provides a descriptive view of soil native bacteria able to 

induce nodule formation on roots of legume species, especially rhizobia, in two 

different mining areas. A gold mine area contaminated by arsenic and a zinc 

mine area contaminated by cadmium and zinc. In addition to demonstrating the 

capacity of these rhizobia to promote plant-growth, it provides an overview of 

the rhizobial symbioses with L. Leucocephala using an in planta approach on 

contaminated soil. 
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2. Literature Review 

2.1 Introduction 

Native bacterial populations in soils with high levels of trace elements 

(TE) are well adapted to this kind of stress. By consequence, the study of the 

bacterial diversity under these conditions can provide important information on 

well adapted genotypes (YOUNG, 1994; TRANNIN et al., 2001). In addition, 

inoculating legume species with beneficial bacterial strains that are well-adapted 

to these conditions might be of high importance to both ecological and economic 

concern (COSTA et al., 2004; FRANCO et al., 1992; FRANCO; FARIA, 1997; 

STEPHENS; RASK, 2000). 

Since Brazil has both, huge mining areas for the extraction of several 

minerals, as well as high plant and microbial diversity, it holds a huge potential 

for biotechnological applications, especially concerning the plant-growth 

promotion aspect. Studies on this topic may provide support for exploiting the 

microbial potential in sustainable technologies such as phytotechnology for 

revegetating mining areas. 

Therefore, in this chapter, we give an overview of metal tolerant soil 

bacteria, especially rhizobia, and their importance for promoting plant-growth 

on TE contaminated soils, and thereby their biotechnological potential as a 

phytoremediation tool. 

2.2 Soil microorganisms interacting with Trace Elements 

Weathering minerals from rocks and anthropogenic activities are two 

major sources for TE entering soils. Ross (1994) classified the TE anthropogenic 

origination by 5 major groups: (1) metal mining and smelting – arsenic (As), 

lead (Pb), cadmium (Cd) and mercury (Hg), (2) industry – As, Cd, chromium 

(Cr), cobalt (Co), copper (Cu), Hg, nickel (Ni) and zinc (Zn), (3) atmospheric 

deposition - As, Cd, Cr, Cu, Pb, Hg and uranium (U), (4) agriculture - As, Cd, 
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Pb, Cu, selenium (Se), U and Zn, and (5) waste disposal - As, Cd, Cr, Cu, Pb, 

Hg and Zn. 

Most of the TE interact with vital processes in microorganisms. Some 

TE, such as calcium (Ca), potassium (K), magnesium (Mg), iron (Fe), sodium 

(Na), Co, Cr, Cu, Ni and Zn are essential, since they are (micro)nutrients, they 

are utilized in redox processes and molecule stabilisation through electrostatic 

interactions, they are part of several enzymes and regulate osmotic pressure 

(BRUINS; KAPIL; OEHME, 2000). Several other TE do not have a known 

biological function, for instance silver (Ag), aluminium (Al), Cd, gold (Au), Pb 

and Hg. These TE are not essentials and present, even in low concentrations, 

potential toxicity to microorganisms. This toxicity may be caused through 

essential TE displacement from their binding sites or by binder interaction 

(BRUINS; KAPIL; OEHME, 2000; NIES, 1999). For example, Hg+2, Cd+2 and 

Ag+2 tend binding to sulfhydryl groups (-SH), thereby inhibiting the activity of 

sensitive enzymes (NIES, 1999). Moreover, high levels from both essential and 

non-essential TE may cause damage to microbial cell membranes, shift 

enzymatic specificity, disturb the cellular functioning and cause harm to DNA 

structure (BRUINS; KAPIL; OEHME, 2000). 

For both physiological and toxic effects, most of the metallic ions must 

enter into the microbial cell. Many divalent metal cations, such as Mn+2, Fe+2, 

Co+2, Ni+2, Cu+2 and Zn+2 are highly similar at the structural level. Moreover, 

oxyanions structure, such as chromate is very similar to sulphate, as well as 

arsenate is similar to phosphate. Therefore, to differentiate between metallic ions 

that are structurally similar, absorption systems must be well regulated. Usually, 

microorganisms have solved this deadlock by using two different absorption 

systems for metallic ions. One is fast, nonspecific, and driven by a chemiosmotic 

gradient through the bacterial cytoplasmic membrane. Once this mechanism is 

used by many substrates, it is constitutively expressed (NIES, 1999). The second 
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absorption system has a high specificity for the substrate, and is slower, because 

it uses ATP as energy source and is activated by the cell only when needed, as in 

case of food deprivation or a special metabolic situation (NIES; SILVER, 1995). 

Even in microorganisms holding this specific absorption system, high 

levels of non-essential TE can be carried into the cell through nonspecific 

systems that are constitutively expressed. This “open door” is the main reason 

for toxicity caused by metallic ions to microorganisms (NIES, 1999). Thereby, 

microorganisms have been forced to develop metal-ion homeostasis 

mechanisms, which are crucial for metal resistance (NIES; SILVER, 1995; 

NIES, 1999; BRUINS; KAPIL; OEHME, 2000). Metallic ions can not degraded 

or modified as organic compounds. In general, there are six possible 

mechanisms for TE resistance: 1) exclusion; 2-3) intracelular and extracelular 

sequestration; 4) active efflux pumps; 5) enzymatic reduction; and 6) reducing 

sensitivity of cellular targets to metal ions. (BRUINS; KAPIL; OEHME, 2000; 

JI; SILVER, 1995; NIES; SILVER, 1995; NIES, 1999; RENSING; GHOSH; 

ROSEN, 1999). One or more of these resistance mechanisms allow 

microorganisms performing their functions on TE contaminated environments. 

Arsenic oxyanions, for instance, enter into the cell through transporters 

for other compounds. Bacteria take up arsenate As(V) through the phosphate 

specific transport (Pst) system spending ATP (RENSING; GHOSH; ROSEN, 

1999). An entryway for arsenite As(III) is through aquaporin transporters GlpF 

polyol (glycerol transport proteins and other small uncharged molecules), 

present in bacteria and yeast (RENSING; GHOSH; ROSEN, 1999; LIU et al., 

2002). Bacterial detoxification for As is based on inducible efflux systems, 

which decrease intracellular As content by active efflux, as ilustrated in figure 1 

(JI; SILVER, 1995; NIES; SILVER, 1995; RENSING; GHOSH; ROSEN, 

1999). Once bacterial cells drive anion efflux by a chemiosmotic gradient, 

simple As(III) efflux systems are formed by only one excluder protein (JI; 
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SILVER, 1995; NIES; SILVER, 1995; RENSING; GHOSH; ROSEN, 1999). 

Therefore, As(V) cannot be transported through this system. The solution for a 

As(V) efflux would be the enzyme arsenate reductase. This enzyme catalyses the 

reduction of a As(V) to As(III), which is the substrate for the excluder system 

(JI; SIVER, 1995; NIES; SILVER, 1995; RENSING; GHOSH; ROSEN, 1999). 

Thus, arsenate reductases magnify the As resistance spectrum, including both 

As(III) as well as As(V). 

 

Figure 1. Transport and resistance to arsenate in Escherichia coli. Arsenate and phosphate enter 

the periplasmic space through the outer membrane porin, the PhoE protein. Both anions are 

transported into the cytoplasm by Pit proteins or the Pst system (which is more specific for 

phosphate, as it uses the PstS phosphate-binding protein and the PstABC ATPase complex for 

inner membrane uptake). Within the cell, arsenate is reduced to arsenite by the ArsC protein 

(dependent on glutaredoxin and glutathione) and arsenite is pumped out of the cell by the ArsAB 

efflux ATPase. The arsRDABC operon is regulated by the ArsR repressor protein and the ArsD 

co-regulator protein. OM - outer membrane, PR - periplasmic space, CPM - cytoplasmic 

membrane, CT - cytoplasmic space (NIES; SILVER, 1995). 

The toxicity resistance mechanism for inorganic ions most commonly 

held by bacteria is pumping ions from the inside to the outside of the cell. Such 
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mechanism is energy-dependent for its operation, and is located on the 

membrane as efflux pump (SILVER; PHUNG, 2005) (Figure 2). 

 

Figure 2. Overview of membrane-associated uptake, efflux, reduction and oxidation of metal ions. 

The complexity of several examples of some families (such as CopA/B and CadA P-type ATPases 

and three component chemiosmotic RND systems (CzcCBA and SilCBA) preclude a useful 

detailed listing here and readers are referred to the separate sections concerning each element. 

Arsenic is given more emphasis, as enzymes in the periplasm and cytoplasm are included as well 

as three classes of transporters (GlpP, the aquaglyceroporin; a multicomponent Pst-like ABC 

ATPase uptake system; and a two component ArsA/B ATPase efflux pump). The CBA efflux 

transport systems extend from the cytoplasm across the outer membrane of Gram negative 

bacteria. How the substrates of transport systems (influx and efflux) that do not have indicated 

associated outer membrane proteins function is not known (SILVER; PHUNG, 2005). 

Cells respond to Zn2+ excess or Cd2+ and Pb2+ presence by activating 

resistance mechanisms inducible by the metals itself. Bacterial resistance to 

Zn2+, Cd2+ and Pb2+ is mainly based on active efflux of metallic ions to protect 

cells from toxic effects. Resistance mechanisms to Zn2+ and Cd2+, most often, 

are indistinguishable, because its resistance is coded by the same genes. Zn2+ and 

Cd2+ efflux is facilitated by P type ATPases, CBA transporters and 

chemiosmotic CDF transporters. Resistance to Pb2+ is still not well known, but it 



21 

 

 

 

is reported that the participation of P type ATPases and the detoxification occurs 

through sequestering (SILVER; PHUNG, 2005). 

Concerning Cd efflux, three systems can be used by bacteria. The CzcD 

system, formed by one simple efflux pump, which is composed by a membrane 

chemiosmotic polypeptide, the CzcCBA system, formed by a complex of three 

chemiosmotic polypeptides including CzcA (a large  inner membrane protein), 

CzcC (a smaller outer membrane protein) and CzcB (a periplasmic coupling 

protein connecting CzcA and CzcB and forming a continuous channel from the 

cytoplasm to the outside of the cell – Figure 3b), and the CadA system, a large 

unique polypeptide P-type ATPase (Figure 3a) (SILVER; PHUNG, 2005). 

 

Figure 3. Molecular model of efflux systems a) P-type ATPase and b) RND chemiosmotic 

antiporter (SILVER; PHUNG, 2005). 

The polypeptide chemiosmotic CzcCBA complex acts as a proton 

exchanger to efflux Cd2+, Zn2+ and Co2+. This complex is a member of the metal-

resistance family, which is part of the superfamily of chemiosmotic pumps. This 
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superfamily was already found in rhizobia as Cupriavidus metallidurans* strains 

CH34 and 31A (*renamed from Ralstonia metallidurans), and some members 

are linked to the nodule formation by the bacteria. Thereby this superfamily of 

chemiosmotic pumps is called RND (Resistance, Nodulation and Division). 

Genes linked to RND related with cation efflux systems were identified on the 

above-mentioned rhizobia strains. Resistance to Cd2+ and Zn2+ was encoded by 

the czr gene, and to Co2+ and Ni2+ by cnr and ncc genes (HASSAN et al., 1999; 

LEGATZKI et al., 2003; MERGEAY et al., 2003; NIES, 2003). The cation 

diffusion facilitator, CzcD Cd2+ and Zn2+ efflux system, member of the family 

(CDF), was first described in C. metallidurans* (NIES, 2003; HANEY et al., 

2005). Moreover, C. metallidurans* holds also ferrous iron efflux FieF, zinc 

efflux ZntA, nickel efflux Cnr and Ncc systems, and copper resistance conferred 

by periplasmic proteins PcoA, PcoE and PcoC, which bind Cu+ (ANTON et al., 

2004; MERGEAY et al., 2003; NIES, 2003). C. metallidurans* CH34 was 

isolated from sediments of a decantation basin of a Zn factory in Belgium, near 

Liège (MERGEAY; HOUBA; GERITS, 1978). This rhizobia strain is highly 

resistant to Zn2+, Cd2+, Co2+, Ni2+, Cu2+, CrO4
2-, Hg2+ and Pb2+. Therefore, it 

highlights the importance and potential of rhizobia during phytoremediation 

studies. 

2.3 Phytoremediation as a phytotechnology to revegetate trace elements 

contaminated soil 

Several technologies identified by the US Environmental Protection 

Agency (EPA, 1997; EPA, 2002) are applicable to soil and waste contaminated 

by TE, such as solidification/stabilization, vitrification, soil washing/acid 

extraction, pyrometallurgical recovery (coverage), in situ leveling the ground 

electrokinetically, biological treatment, and phytoremediation. To facilitate 

comparison with the physical/chemical recovery systems, Cunningham, Berti 
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and Huang (1995) have redefined plants as "pumping and filtering systems 

driven by solar energy" that have "measurable skills to carry, degrade, and 

immobilize" TE. Roots are described as "exploratory liquid phase extractors that 

can find, change and/or translocate elements and compounds against large 

chemical gradients". Plants can also be an economical alternative to physical 

recovery systems, with much lower costs than necessary to cover physical and 

chemical remediation technologies. 

Phytoremediation (from the Greek “phyto” means plant and the Latin 

“remedium” means cure or treatment) is a given name for a number of 

technologies (phytotechnologies), which use plants to control and/or mitigate 

contamination in compromised areas. The term is relatively new, proposed in 

1991 (EPA, 1997; EPA, 2002), although the use of plants in order to prevent or 

control leakage of hazardous materials in landfills or treat the slurry has been 

performed over decades, being reported by Brix (1994) in Australian studies by 

Mackney (New South Wales) and German studies developed by Seidel in 1904 

and 1953 (Max-Planck Institute). 

Phytoremediation distinguishes itself from the other remediation 

methods due to its permanent nature, lower maintenance costs, improved soil 

structure, increased fertility, and soil protection from water and wind erosion. 

This latter characteristic is extremely important in case of soils contaminated 

with As, Cu, Cd, Cr, Ni, Pb and Zn, because wind dispersal is one of the main 

sources of contamination by these elements (COMPANHIA AMBIENTAL DO 

ESTADO DE SÃO PAULO - CETESB, 2012). Moreover, phytoremediation 

retrieves the aesthetics on the affected area and improves conditions for the 

development of soil microorganisms, which perform and participate in a large 

number of processes essential to the ecosystem, such as nitrogen-fixing bacteria 

(NFB) (CUNNINGHAM; OW, 1996; HARTLEY et al., 2009; LOPEZ, 2010; 

SANTOS, 2010). 



24 

 

 

 

Due to the relatively low cost, phytoremediation behaves like an 

attractive option for the remediation of TE contaminated soils, especially in 

developing countries where funding for environmental recovery is scarce 

(NASCIMENTO; AMARASIRIWARDENA; XING, 2006). Accioly and 

Siqueira (2000) believe that phytoremediation is a promising practice, with a 

guaranteed market in Brazil, considering the existence of numerous and 

extensive contaminated areas, mainly mining areas. 

2.4 Nitrogen-fixing bacteria that nodulate Legume species, and plant-

associated bacteria as essential helpers for phytoremediation 

Although phytoremediation is a rather recent phytotechnology (being in 

its “twenties”), it is already known that the interaction with soil microorganisms 

plays an important role. These soil microorganisms might carry out important 

biological processes such as biological N2 fixation (BNF), which can improve 

the nutritional status of plants, indirectly influencing their tolerance to TE. 

The mutualistic symbiosis between legumes and rhizobia has great 

potential for using in different situations such as restoration of mining areas and 

revegetation of contaminated areas (FRANCO et al., 1992; FRANCO et al., 

1995; MELLONI et al., 2006). In these situations, legume plants will have 

several benefits such as soil protection, system enrichment with N, providing 

good soil coverage and providing diverse flora and wildlife recovery 

(SIQUEIRA; SOARES; SILVA, 2008). In addition to the N supply to plants, 

legume-rhizobia symbiosis can replace the ammoniacal fertilizer which acidifies 

the soil and by consequences increases the availability of many TE. 

Studies searching for information about rhizobial behavior in TE 

contaminated soils have been developed by the Biology, Microbiology and Soil 

Biological Processes lab team at the Federal University of Lavras, since the end 

of the 90s. Mostasso (1997) conducted studies to investigate the development 
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and nodulation of different leguminous and rhizobia species. The experiment 

was performed using a multiple contaminated soil (Cd, Cu, Pb and Zn) from a 

Zn smelting site. Such contamination was accidentally caused by the leakage of 

metallurgical waste. The contents of these metals came to Zn-18,600, Pb-600, 

Cu-596 and Cd-135 mg dm-3. Mostasso (1997) tested the potential of tamboril 

(Enterolobium contortisiliquum (Vell.) Morong.) inoculated with a 

Bradyrhizobium japonicum BR 4406 strain, sesbania (Sesbania virgata (L.) 

Merr.) inoculated with a Azorhizobium sp. BR 5401 strain (later identified as a 

strain of the species Azorhizobium doebereinerae (BR 5401T)), leucaena 

(Leucaena Benth. sp.) inoculated with a Sinorhizobium sp. BR 827 strain and 

siratro (Macroptilium atropurpureum Urb.) inoculated with the Bradyrhizobium 

elkanii INPA 173A strain, in soils with 0, 15, 30, 45 and 60% contamination. 

Under these conditions the symbiosis between E. contortisiliquum and 

B. japonicum showed a better tolerance, while M. atropurpureum Urb. was the 

most affected plant. The authors attributed the better tolerance of E. 

contortisiliquum to the fact that this plant species is a tree species and has a 

slower growth rate than the others, providing it more time to better adapt to the 

toxic effects of metals. 

Since the M. atropurpureum Urb. is an herbaceous plant, it presents fast 

growth, impeding its adaptation to adverse conditions. Regarding nodulation, the 

authors observed that the B. japonicum BR 4406 was the most tolerant on 

increasing levels of soil contamination with a greater number of nodules 

compared to the other rhizobia species. 

This behavior was later confirmed by Trannin, Moreira and Siqueira 

(2001), who also found a high and even better tolerance for the symbiosis 

between E. contortisiliquum and B. japonicum BR 4406, than for the same plant 

species in symbiosis with other Bradyrhizobium strains (UFLA 01-457 and 

INPA 398) when grown in contaminated soil. Besides Acacia mangium in 
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symbioses with Bradyrhizobium BR 3617 and S. virgata in symbioses with 

Azorhizobium BR 5401; UFLA 01-483 and UFLA 01-515 strains. These results 

demonstrate that both the host plant and its microsymbiont might contain some 

mechanisms providing them tolerance to the metal-induced stresses. 

Trannin et al. (2001) showed in vitro that rhizobia strains from 

contaminated soils are more tolerant to Cd, Cu and Zn, than rhizobia strains 

from non-contaminated environments. It is an indication that selecting rhizobia 

from contaminated areas might be a first step for revegetating those areas. Also 

in this study, the behavior of Bradyrhizobium and Azorhizobium genera was 

compared, showing higher metal tolerance for the former genus.  

This behavior of the Bradyrhizobium genus was observed by Matsuda, 

Moreira and Siqueira (2002a) as well, who in vitro evaluated the tolerance of 

more rhizobia genera to Cd, Cu and Zn. Ranking the most metal-tolerant 

rhizobia, considering the maximum metal level, the authors found 

Bradyrhizobium > Rhizobium = Mesorhizobium = Sinorhizobium > 

Azorhizobium. Matsuda, Moreira and Siqueira (2002b) also assessed the 

behavior of the genera Bradyrhizobium and Azorhizobium, checking the number 

of viable cells after 28 days incubation in soil with different contamination 

levels, confirming the higher tolerance of Bradyrhizobium strains. 

In addition to rhizobia belonging to the α-proteobacteria subclass, order 

Rhizobiales, there are bacteria belonging to the β-proteobacteria subclass, order 

Burkholderiales, like Burkholderia and Cupriavidus strains, capable of fixing N2 

and inducing nodules on legumes roots (CHEN et al., 2001; MOULIN et al., 

2001). Cupriavidus necator was isolated by Florentino et al., (2009), who 

evaluated its symbiotic efficiency (FLORENTINO et al., 2012) as well as its 

ability to induce nodules on roots of different legume species (SILVA et al., 

2012). Subsequently, Ferreira et al. (2012) evaluated in vitro the tolerance of C. 

necator to Cd, Cu, Pb and Zn, as well as the symbiotic efficiency of the most 
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tolerant strains associated with L. leucocephala (Lam.) R. de Wit, E. 

contortisiliquum (Vell.) Morong, A. mangium (Wild.), M. caesalpiniifolia, M. 

pudica L., M. pigra L. and M. acutistipula (Marth.) Benth. Regarding in vitro 

tolerance to metals, from the 35 strains tested 91% were able to grow up to 2.5 

mmol L-1 of all metals tested. Only five strains were able to grow at 10 mmol L-1 

of Zn and Cu, and just one strain grew up to 7.5 mmol L-1 of Pb. No strain grew 

at concentrations above 2.5 mmol L-1 of Cd. Ranking metal toxicity of the 

strains followed the order Cd > Pb > Cu = Zn. 

The genetic and biochemical plasticity of prokaryotes is an extremely 

interesting feature to be explored, especially in situations of contamination by 

metals, where the organisms are threatened by conditions that allow them to use 

up all resources that they have to survive in adversity. Concerning the efficiency 

of the most tolerant strains to metals in vitro, Ferreira et al. (2012) observed that 

C. necator strains are symbiotically efficient with legume trees. UFLA 02-71 

strain was effective in symbiosis with M. caesalpiniifolia, and UFLA 01-659 

strain demonstrated its symbiotic efficiency with the M. pudica and L. 

leucocephala. Both strains were highly competitive with soil native rhizobia, 

improving plant growth. 

Several legume species have shown potential when used for land 

recovering and phytoremediation practices since they satisfactorily grow in TE 

contaminated soil (FERREIRA et al., 2012; MARQUES; MOREIRA; 

SIQUEIRA, 2000; TRANNIN; MOREIRA; SIQUEIRA, 2001; RANGEL et al., 

2014). For example Acacia mangium, Copaifera langsdorffii, Crotalaria juncea, 

E. contortisiliquum, Hymenaea courbaril, L. leucocephala, M. caesalpiniifolia, 

M. pudica, Platypodium gonoacantha and Stizolobium aterrimum among others. 

The rhizobia and legume species diversity in Brazil (MOREIRA et al., 1993) 

represents important genetic resources for selecting genotypes that are well 

adapted to adverse conditions such as TE contaminated soils. 

http://lattes.cnpq.br/3320433498067620
http://lattes.cnpq.br/5707994088333543
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Plant-associated bacteria resistant to TE have been considered a 

promising tool to assist plants in their nutrient acquisition, reduce TE toxicity, 

immobilize/mobilize TE in the soil and recycle nutrients in soils where fertility 

is compromised by mineral extraction and/or processing of metals (CHERIAN et 

al., 2013; SESSITSCH et al., 2013; WEYENS et al., 2013). The term plant-

associated bacteria comprise endophytic, phyllosphere and rhizosphere bacteria. 

Besides plant-associated bacteria, mycorrhizal fungi may enhance plant biomass 

production and influence metal tolerance and uptake by plants (CABRAL et al., 

2015; WEYENS et al., 2013). Since this thesis will focus on plant-associated 

bacteria (rhizosphere), mycorrhizal mechanisms to enhance plant growth will 

not be discussed. 

Plant-associated bacteria might increase phytoremediation efficiency on 

TE contaminated soils through two complementary ways (Figure 4): i) direct 

promotion of phytoremediation, in which plant-associated bacteria might 

enhance TE uptake and/or translocation, facilitating phytoextraction, or they 

might reduce TE mobility/availability, enhancing phytostabilization, and ii) 

indirect promotion of phytoremediation, in which plant-associated bacteria 

confer tolerance to TE to the plants and/or increase biomass production, 

facilitating TE removal/accumulation/stabilisation (RAJKUMAR et al., 2013; 

WEYENS et al., 2013.). 
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Figure 4. Plant-associated microbes can accelerate the phytoremediation process in metal 

contaminated soils by enhancing metal mobilization/immobilization. (a) Plant-associated microbes 

improve plant metal uptake by producing metal mobilizing chelators. Plant-associated microbes 

reduce plant metal uptake and/or translocation through (b) producing metal immobilizing 

metabolites, extracellular polymeric substances (EPS) (c) metal reduction and/or (d) metal 

biosorption. (RAJKUMAR et al., 2013). 

 

Plant-associated bacteria can affect plant growth (mainly) in a positive 

or a negative way. Some causes diseases, impairing plant growth, whereas others 

may directly promote plant growth through a variety of mechanisms such as 

biological N2 fixation, solubilizing insoluble phosphates, siderophore 

production, plant growth regulators and enzyme 1-aminocyclopropane-1-

carboxylic acid oxidase (ACC) production (Figure 5). Kloepper and Schroth 

(1978) have defined the rhizospheric bacterial community having beneficial 

effects for plant growth as ‘plant growth-promoting rhizobacteria (PGRP)’. Soil 
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microorganisms that promote plant growth may have different effects, since they 

depend on several rhizosphere conditions including soil organic matter, pH, 

temperature, nutrients and pollutants (BAIS et al., 2006; GLICK, 2003). 

 

 

Figure 5. Schematic overview of direct plant growth promotion by plant-associated microbes in 

metal contaminated soils. (a) Plant-associated microbes improve plant nutrients and water uptake. 

Microbial metabolites reduce metal toxicity through (b) metal biosorption, (c) metal reduction and 

complexation reactions. Plant-associated microbes reduce heavy metal stress in plants through (d) 

increasing antioxidative defense and/or producing ACC deaminase and (e) improve the plant 

growth by producing plant growth regulators. Abbreviations: indole-3-acetic acid (IAA), reactive 

oxygen species (ROS), 1-aminocyclopropane-1-carboxylate (ACC), α ketobutyrate (α KB) 

(RAJKUMAR et al., 2013). 

Also production of phytohormones that are mainly controlling plant 

growth, such as auxins, cytokinins, gibberellins and ethylene, is attributed to the 

presence of different plant-associated bacteria strains (FORCHETTI et al., 2007; 
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PERRIG et al., 2007; WEYENS et al., 2009). Plant-associated bacteria may 

indirectly improve plant growth by producing antibiotics, which may control 

pathogenic and harmful microorganisms (SIKORA; SCHAFER; DABABAT, 

2007), besides suppressing growth or activity of pathogens by competing for 

space and nutrients (BACKMAN; SIKORA, 2008; WEYENS et al., 2009), 

inducing plant systemic resistance, producing hydrolytic enzymes that can lyse 

fungal cell walls or inhibiting enzymes or toxins produced by pathogenic 

microorganisms (GLICK; KARATUROVIC; NEWELL, 1995; GLICK et al., 

2007; WEYENS et al., 2009). Therefore, to reduce TE toxicity and promote 

plant growth, extensive research efforts are needed to explore the microbial 

diversity, as well as its distribution and function on contaminated soil. Recently, 

Weyens et al. (2013) have reported the first observations of a field-related 

experiment concerning plant-associated bacteria and their role in the success or 

failure of metal phytoextraction projects in Belgium. A genotypic and 

phenotypic characterisation of the bacteria associated with two willow clones 

showed a more diverse and more metal-resistant plant growth promoting 

endophytic bacterial population associated with the clone with a twice as high 

metal accumulation than the endophytic population associated with the willow 

clone with a moderate metal extraction capacity. 

2.5 Conclusions and perspectives 

Native bacterial populations present in contaminated soils represent a 

source of well-adapted genotypes. On contaminated soils, especially mining 

soils, plant growth is threatened. It is well known that plant-associated bacteria 

are crucial and are able to enhance plant survival and growth on contaminated 

soils through several mechanisms. Therefore, using the microbial potential to 

support sustainable technologies such as phytotechnologies for revegetating 

mining areas might be of high interest. The challenge for the future is to further 
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unravel these complex interactions between plants and microbes, but also their 

interaction with the different kind of metal(oids) in the field. 
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Abstract 

Efficient N2-fixing Leguminosae nodulating bacteria tolerant to As can 

contribute to phytoremediation of As contaminated areas. In order to 

identify bacteria with these features twenty-four strains were isolated 

from nodules of Crotalaria spectabilis (12) and Stizolobium aterrimum 

(12), which were growing on an As-contaminated soil in a gold mine 

area. Partial sequencing of the 16S rDNA gene revealed that most of 

those strains belong to the group of α-Proteobacteria, being 

representatives of the genera Bradyrhizobium, Rhizobium, Bosea, 

Inquilinus, Labrys, Starkeya and Methylobacterium. These strains were 

characterized symbiotically under axenic conditions with their original 

host, and screened in vitro for their plant growth promoting traits (organic 

acids, indole-3-acetic-acid and siderophore production, 1-

aminocyclopropane-1-carboxylate deaminase activity, and Ca3(PO4)2 

solubilization) and Zn- and Cd-resistance. In addition, some type and 

reference rhizobia strains were studied as well. 33.3% of the strains 

isolated from nodules of C. spectabilis showed a higher relative nitrogen 
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fixing efficiency (RE%) than the control treatment supplied with high 

mineral nitrogen concentration (HN), and 58.3% demonstrated a RE% 

statistically similar to the control treatment HN. 50% of the strains 

isolated from nodules of S. aterrimum exhibited a RE% statistically 

similar to the control treatment HN, highlighting their symbiotic 

efficiency for supplying legume plant species with nitrogen. After the 

phenotypic characterization, strains representative for phenotypic groups 

were formed, in addition to 7 reference or type strains belonging to the 

genera Azorhizobium (BR 5401T, ORS 571T), Bradyrhizobium (BR 2001, 

BR 2811), Mesorhizobium (BR 3804), Rhizobium (CIAT 899T) and 

Burkholderia (LMG 1222T). They were evaluated for their As tolerance 

on 79 solid medium, supplemented with As concentrations ranging from 

0 to 200 mmol L-1. The most tolerant strains were also evaluated for their 

resistance to different β-lactam antibiotics. UFLA 05-16 strain 

(Rhizobium tropici) tolerated the highest As concentration tested and 

exposed a wide resistance spectrum to β-lactam antibiotics. It further 

showed also efficient in fixing N2 when in symbiosis with Crotalaria 

spectabilis and tested positive for all plant-growth promoting traits 

evaluated. Thus, all these features together highlighted its potential for 

phytoremediation purposes. 

Keywords: plant-growth promoting, biological N2 fixation, metal(oid) 

multi-resitance, β-lactam antibiotics resistance. 

1 Introduction 

Soil microorganisms performing biological services such as 

biological N2 fixation (BFN), have been recognized as important allies for 

phytoremediation because they can improve the nutritional status of the 

plant, positively influencing tolerance to the excess of metal(oid)s. 
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The symbiotic relationship between legume plants and rhizobia 

has a great potential for reclaiming mining areas (Franco et al., 1992; 

Franco et al., 1995), due to many advantages, for instance: i) soil 

protection, ii) ecosystem enrichment with N, iii) great land cover supply, 

iv) soil restoration, and v) supply of flora and fauna diversity (Siqueira et 

al., 2008). Moreover, the symbiosis rhizobia-legume can replace 

ammoniacal fertilizers, which acidify the soil increasing trace elements 

availability. 

Many authors have demonstrated trace elements tolerance for 

different rhizobia genera (Purchase et al., 1997; Trannin et al., 2001; 

Matsuda et al., 2002a; Carrasco et al., 2005). Currently most of the 

research is focused on strains genetically engineered to use them in 

bioremediation processes (Valls et al., 2000; Sriprang et al., 2002; Wu et 

al., 2006). However, native bacterial populations from soils with high 

metal(oid) content are probably most adapted to metal(oid)-induced 

stress. Therefore the isolation of bacteria surviving in these conditions can 

provide important information concerning genetic resources more adapted 

to metal(oid) stress (Young, 1994; Trannin et al., 2001; Weyens et al., 

2009a). Moreover, inoculating legume plants with strains efficient in N2 
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fixation, and well adapted to these environmental conditions features 

great relevance from an ecological as well as economical viewpoint 

(Franco et al., 1995; Franco & Faria, 1997; Stephens & Rask, 2000; Costa 

et al., 2004). 

Therefore this study aimed to (a) isolate and characterize N2-

fixing bacteria from Crotalaria spectabilis and Stizolobium aterrimum 

nodules, growing in an arsenic contaminated mining area; (b) identify 

them by the partial sequencing of 16S rRNA gene; (c) evaluate their 

symbiotic efficiency with their original host; (d) evaluate their tolerance 

to As and β-lactam antibiotics and (e) test their in vitro plant growth 

promoting traits. 

2 Materials and Methods 

2.1 Isolation and cultural characterization 

Bacteria were isolated from legume nodules collected in a gold 

mine area contaminated with arsenic, in the northwest region of Minas 

Gerais, Brazil. Nodules were sampled from S. aterrimum (17° 10’59.88”S 

46° 52’24.11”W) and C. spectabilis plants (17° 8’10.99”S 46° 

51’31.75”W). Soil chemical and physical parameters (0-20 cm) from 
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mining area contaminated with As are presented in Table 1. Phosphorus 

and potassium were determined by Mehlich 1 extraction (HCl 0.05 mol L-

1 + H2SO4 0.0125 mol L-1), calcium, magnesium and aluminium were 

determined by KCl extraction (1 mol L-1). The potential acidity (H + Al) 

was estimated by SMP extraction, organic matter was determined by 

oxidation using Na2Cr2O7 + H2SO4 (10N) (EMBRAPA, 2011). According 

to 5th Approach (Guidelines for lime and fertilizers use in Minas Gerais) 

(Ribeiro et al., 1999), the soil active acidity was chemically classified as 

medium acidity, the phosphorus availability considering the clay content 

and Prem value was classified as good, the soil fertility (based on organic 

matter and cation exchange capacity) was classified as very good for P, 

low for potassium, calcium and magnesium, very low for aluminium, 

hydrogen+aluminium and organic matter content (Ribeiro et al., 1999). 

The soil texture was determined by the pipette method according to Day 

(1965), and according to the classification of the normative guideline 

number 2 from the Brazilian Ministry of Agriculture, Livestock and 

Supply (MAPA) October 9th 2008, the soil texture was silt loam. 
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Table 1 – Soil chemical and physical parameters (0-20 cm) from mining area contaminated with As. 

Chemical parameters(1) 

pH H2O P-rem P(2) K(2) Ca2+(3) Mg2+(3) Al3+(4) H+Al(4) OM(5) As 

Mehlich(6) USEPA(7) 

 mg L-1 _mg dm-3_ ________cmolc dm-3________ dag kg-1 ____mg kg-1____ 

5.5 61.36 40.1 25.4 0.68 0.22 0.1 0.9 0.5 13.2 395.9 

           

Soil physical size group and texture 

Sand Silt Clay Soil texture 

___________________g kg-1___________________  

160 760 80 Silt loam 
(1)Chemical parameters: pH – H2O pH (ratio 1:2,5); P-rem (remaining phosphorus); (2)P (phosphorus), (2)K (potassium) - Mehlich 1 

extractor (HCl 0,05 mol L-1 + H2SO4 0,0125 mol L-1); (3)Ca (calcium), (3)Mg (magnesium), (4)Al (aluminium) – KCl extractor 1 mol L-1; (4)H 

+ Al (hydrogen + aluminium) – SMP extractor; (5)OM (Organic matter) – oxidation using Na2Cr2O7 + H2SO4 10N (EMBRAPA, 2011); 

Arsenic available(6) and semitotal(7) content. 
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Nodules were surface disinfected according to Vincent (1970) and 

the bacteria were isolated on 79 solid culture medium (Fred & Waksman, 

1928; Vincent, 1970) with bromothymol blue (pH 6.9, 28 ºC). After 

purification of the single colonies, the following characteristics were 

evaluated: pH change of the culture medium, growth rate, colonies’ 

characteristics (diameter, form, edge, lifting, surface, light transmission, 

colour, and bromothymol blue absorption) and exopolysaccharide (EPS) 

production. The characterization was done according to Moreira et al., 

(1993) and Jesus et al., (2005). The onset of the colonies was observed 

considering the following ranges of days: 2-3 days fast growth; 4-5 days 

intermediary growth; 6-9 days slow growth. The range of EPS production 

was classified as scarce, little, moderate and abundant. 

Strains were clustered considering the cultural characterization 

together with type or reference strains of the genera: Azorhizobium (A. 

caulinodans – ORS571T; A. doebereinerae – BR 5401T), Mesorhizobium 

(M. plurifarium – BR 3804), Rhizobium (R. tropici – CIAT 899T), 

Burkholderia (B. cepacia – LMG 1222T), and strains of the genus 

Bradyrhizobium (Bradyrhizobium sp. – BR 2001 e BR 2811). The strain 

BR 2811 is the inoculum for C. spectabilis and S. aterrimum plant 
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species, approved by the Brazilian Ministry of Agriculture, Livestock and 

Food Supply. All the strains were clustered considering 11 cultural 

characteristics and the similarity dendrogram was made using the 

WARD’s minimum variance method, and assessing the binary distance 

by cluster package on R program (Figure S1). 

2.2 Genotypic characterization 

Strains were identified by sequencing the 16S rDNA gene. 

Genomic DNA was extracted from the cell cultures according to the 

extraction kit protocol ZR Fungal/Bacterial DNA (Zymo Research Corp). 

The PCR was performed using 50 ng of the extracted DNA, 45 µL 

PCR reaction mixture containing 0.2 mM dNTP, 2.5 mM MgCl2, 0.2 µM 

27F primer (5’-AGAGTTTGATCCTGGCTCAG-3’), 0.2 µM 1492R 

primer (5’-GGTTACCTTGTTACGACTT-3’) (Lane, 1991), 1 U Taq 

DNA polymerase (Fermentas), 10x KCl buffer, and ultrapure sterile 

water. The amplification was performed using an Eppendorf 

Mastercycler® under the following conditions: the initial denaturation 

step at 94 °C for 5 min, 40 denaturation cycles at 94 °C for 40 s, the 

annealing step at 55 °C for 40 s, the extension step at 72 °C for 1.5 min, 
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and the final extension at 72 °C for 7 min. The obtained PCR products 

were purified and sequenced by Macrogen (South Korea). 

The sequences’ quality was checked using the Bionumerics 6.5 

program (Applied Maths, Sint-Martens-Latem, Belgium), and they were 

submitted to the BLAST (Basic Local Alignment Search Tool) by 

comparing them with the GenBank sequences (NCBI – National Center 

for Biotechnology Information). 

2.3 Strain authentication and symbiotic efficiency 

The nodulation capacity (authentication), i.e. the ability to 

establish symbiosis with its original host, and the symbiotic efficiency of 

the 24 nitrogen-fixing bacteria strains isolated from the trap species 

Crotalaria spectabilis and Stizolobium aterrimum nodules were checked 

in a greenhouse experiment for each trap species under axenic conditions. 

The seeds were scarified using H2SO4 PA (C. spectabilis for 5 min 

and S. aterrimum for 45 min), and placed on sterile Petri dishes 

containing moistened cotton incubated at 28 °C until radicle emergence. 

The strains were grown in 79 liquid medium shaking (125 rpm, 28 °C) for 

120 hours. At the moment of planting, each seed was inoculated with 1 

mL of the bacterial inoculum containing about 108 cells. After planting 
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and inoculating the seeds, a thin layer of the sterile mixture of sand-

benzene-paraffin was disposed on the top to avoid contamination. Two 

plants were grown in sterile Leonard jars for 45 days. Sand and 

vermiculite (1:1 ratio) were used as substrate in the top portion of the jars, 

and in the lower portion a four-fold dilution of modified Hoagland 

nutrient solution (Hoagland & Arnon, 1950) was added. The inoculated 

plants and the non-inoculated control plants had a low nitrogen 

concentration (5.25 mg·L-1) in the nutrient solution, which is considered a 

starting dose for, and not an inhibitor of, the biological nitrogen fixation 

process. The following quantities of the stock solutions were added to 4 L 

of water: 0.4 mL of 236.16 g L-1 CaN2O6·4H2O; 0.1 mL of 115.03 g L-1 

NH4H2PO4; 0.6 mL of 101.11 g L-1 KNO3; 2.0 mL of 246.9 g L-1 

MgSO4·7H2O; 3.0 mL of 87.13 g L-1 K2SO4; 10 mL of 12.6 g L-1 

CaH4P2O8·H2O; 200 mL of 1.72 g L-1 CaSO4·2H2O; 1 mL of 10 g L-1 

FeCl3, and 1 mL of micronutrients (2.86 mg L-1 H3BO3; 2.03 mg L-1 

MnSO4·4H2O; 0.22 mg L-1 ZnSO4·7H2O; 0.08 mg L-1 CuSO4·5H2O, and 

0.09 mg L-1 Na2MoO4·H2O). In addition, a control treatment 

supplemented with a high mineral nitrogen concentration (52.5 mg·L-1) 

was also provided. Besides the negative control treatments (low and high 
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N content) a positive control treatment inoculated with BR 2811 strain 

(Bradyrhizobium sp.), which has been approved as inoculant for both 

plant species by the Brazilian Ministry of Agriculture, was also added. 

The assays were completely randomized and performed using 4 

replicates. The harvest was done after 45 days including the following 

measurements: nodule number and dry weight (NN and NDW), shoot dry 

weight (SDW), and relative efficiency (RE%). The RE% of each 

inoculated treatment was calculated in relation to the shoot dry matter 

production by the control treatment supplied with high mineral nitrogen 

content, using the formula RE = [(inoculated SDW / high N SDW) x 100] 

where RE means relative efficiency, inoculated SDW means shoot dry 

weight of the inoculated treatment, and high N SDW means shoot dry 

weight of the control treatment supplied with high mineral nitrogen 

content.  

The data were analysed by ANOVA using the statistical program 

SISVAR (Ferreira, 2011). The NN and NDW were transformed using the 

formula (x+0.5)0.5. The average of the treatments were grouped by the 

Scott-Knott test at 5% significance. 

2.4 Phenotypic characterization 
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2.4.1 Arsenic Minimum Inhibitory Concentration (As MIC) 

Bacterial strains representative for the obtained cultural groups 

were selected for the As MIC assay. Seven type or reference strains 

belonging to the genera Azorhizobium, Bradyrhizobium, Mesorhizobium, 

Rhizobium and Burkholderia were also included in this assay. 

Strains were grown in 30 mL of 79 liquid medium with pH 6.9, 

using an orbital shaker (125 rpm) at 28 °C. After growth, 1 mL of each 

cultural strain containing about 108 cells was transferred to sterile 

microtubes (1.5 mL), which were centrifuged at 8,000 g at 25 °C for 4 

min. The supernatant was discarded, the cells were resuspended in 1 mL 

sterile NaCl (8.5 g L-1), and centrifuged again. This ¨washing¨ procedure 

was repeated three times. After that, a 20 µL aliquot of the cell 

suspension was inoculated on 79 solid medium with different As 

concentrations. Arsenic (Na2HAsO4·7H2O) was used at concentrations of 

50, 100, 150 and 200 mmol L-1, in addition to a control treatment without 

As. After adding As to the medium, the pH was adjusted to 6.9 using HCl 

(0.5 mol L-1). The susceptibility of the strains to As was analysed by 

determining the minimum inhibitory concentration (MIC), which is 

defined as the lowest concentration at which there are no colony-forming 
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units (CFU) on the medium after 9 days of incubation at 28 °C. Each 

treatment (strains and controls) was evaluated in three replicates. 

After constructing the similarity dendrogram using the strains’ 

cultural characteristics, the frequency of tolerant individuals at different 

As-concentrations within the groups formed by the cultural 

characterization was analysed using the chi-squared test at 5% 

significance. 

2.4.2 Pattern of β-lactam antibiotics resistance 

Bacteria were grown on 79 liquid medium for 72 h at 28 °C, after 

which a 0.1 mL aliquot of the bacterial inoculum was spread over 79 solid 

medium using a Drigalski spatula. Susceptibility was determined using 

the disk diffusion method (Cecon- Sensobiodisc) for amoxicillin (AMO) 

(10 µg), ampicillin (AMP) (10 µg), cefadroxil (CFD) (30 µg), ceftriaxone 

(CEFT) (30 µg), oxacillin (OXA) (1 µg), and vancomycin (VAN) (30 µg) 

(Bauer et al., 1966). The strains were defined as sensitive if the radius 

zone was observed or resistant if any radius zone was formed after 48 

hours at 28 °C. The strains were grown in triplicate. 

2.4.3 Plant growth promoting traits 
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Purified bacterial strains have been screened for their plant growth 

promoting (PGP) traits such as production of organic acids (OA) and 

indole-3-acetic-acid (IAA), ACC deaminase activity (ACC), siderophores 

production (SID), and Ca3(PO4)2 phosphate solubilization (Table 2). 

Moreover their multi-element resistance was also studied by checking 

tolerance to Cd and Zn (Table 4) (Weyens et al., 2013; Croes et al., 2013). 

Phosphate solubilization ability was evaluated in solid medium 

(Nautiyal, 1999), 25 µl aliquots of inoculum were inoculated in holes (Ø: 

0.5 cm). Strains that produced a clear zone around the hole were 

considered positive. Siderophore production was qualitatively evaluated 

by the universal colorimetrical method of Schwyn and Neilands (1987) 

using the blue chromium-azurol S (CAS) reagent. 50 µl inoculum were 

inoculated in 800 µl of selective 284 medium with a carbon mix (CMIX) 

and 0, 0.25 and 3 mM Fe (respectively deficient, optimal and over supply 

of Fe). Bacterial organic acid production was detected according to the 

colorimetric method of Cunningham and Kuiack (1992) by adding the 

alzarine red S pH indicator. 20 µl inoculum were inoculated in 800 µl of 

sucrose tryptone (ST) medium. Bacterial IAA production capacity was 

tested by using the Salkowski assay (adapted from Patten and Glick, 
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2002). ACC deaminase activity was evaluated by using a slightly 

modified protocol according to Belimov et al. (2005). 

For testing the trace element tolerance, all strains were plated on 

selective 284 medium (Weyens et al., 2013) with a carbon mix (CMIX) 

(per litre of medium: 0.54 g of fructose, 0.66 g of gluconate, 0.52 g of 

glucose, 0.7 g of lactate and 0.81 g of succinate) and 0, 0.4 and 0.8 mM 

CdSO4 or 0, 0.6 and 1.0 mM ZnSO4. An aliquot of 20 µl was used and six 

repetitions were performed per plate. Tolerance was rated visually 

checking the growth and the polysaccharide (mucus) production on the 

plate. In this case, the same exopolysaccharide production pattern applied 

to rhizobia cultural characterization was used (i.e. scarce, low, moderate 

and abundant). 

3 Results 

3.1 Isolation, cultural characterization and identification of the 

strains by 16S rDNA partial sequencing 

All strains isolated from nodules of C. spectabilis (12) and S. 

aterrimum (12) were characterized and clustered together with reference 

strains for the genera Azorhizobium, Bradyrhizobium, Mesorhizobium, 
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Rhizobium and Burkholderia. Strains clustered in two main groups 

(Figure S1 - Table S1), using the Ward’s hierarchical clustering method. 
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Table S1 – Main cultural characteristics of groups A and B formed by 

cluster dendrogram. 

Strains Main cultural characteristics of group A(1)  Strains 

 

Main cultural characteristics of group B(1) 

 1 2 3   1 2 3 

UFLA 05-22 2-3 Alkaline Little amount  UFLA 05-13 6-9 Neutral Abundant 

UFLA 05-10 2-3 Alkaline Little amount  UFLA 05-12 6-9 Neutral Moderate 

UFLA 05-03 2-3 Alkaline Little amount  UFLA 05-11 6-9 Alkaline Moderate 

UFLA 05-01 2-3 Alkaline Little amount  UFLA 05-19 6-9 Alkaline Moderate 

UFLA 05-02 2-3 Alkaline Little amount  UFLA 05-20 6-9 Alkaline Moderate 

UFLA 05-21 2-3 Alkaline Little amount  BR 2811 6-9 Alkaline Abundant 

UFLA 05-09 2-3 Alkaline Little amount  BR 2001 6-9 Alkaline Abundant 

UFLA 05-14 2-3 Alkaline Little amount  UFLA 05-18 4-5 Alkaline Abundant 

UFLA 05-23 2-3 Alkaline Little amount  UFLA 05-17 6-9 Alkaline Little amount 

BR 5401T 2-3 Alkaline Scarce  UFLA 05-24 6-9 Alkaline Little amount 

ORS 571T 2-3 Alkaline Scarce  UFLA 05-15 2-3 Acid Little amount 

     BR 3804 4-5 Acid Abundant 

     UFLA 05-16 2-3 Acid Abundant 

     CIAT 899T 2-3 Acid Abundant 

     UFLA 05-05 2-3 Acid Little amount 

     UFLA 05-07 2-3 Acid Moderate 

     UFLA 05-04 2-3 Neutral Moderate 

     LMG 1222T 2-3 Neutral Moderate 

     UFLA 05-06 2-3 Acid Moderate 

     UFLA 05-08 2-3 Alkaline Moderate 

(1)Main cultural strain characteristics – 1 (Growth rate in days: 2-3 fast growth; 4-5 

intermediary, and 6-9 slow); 2 (pH on 79 medium after growth); 3 (Exopolysaccharides 

production). 

Group A was formed by strains that alkalinize the 79 medium, 

with fast growth, and exopolysaccharide (EPS) production classified as 

little or scarce. Six strains isolated from nodules of C. spectabilis, 

identified as Bradyrhizobium sp., and three strains isolated from nodules 

of S. aterrimum, identified as Bosea sp., Starkeya novella and 

Methylobacterium sp. were clustered into this group (Table 2), as well as 

the two reference strains for the genus Azorhizobium, BR 5401T and 

ORS571T. 
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Figure S1 - Dendrogram based on bacterial phenotypic characteristics of strains 

isolated from nodules of S. aterrimum and C. spectabilis plants growing on As-

contaminated soil. Reference and type strains are Azorhizobium (BR 5401T and ORS 

571T), Bradyrhizobium (BR 2001 and BR 2811), Mesorhizobium (BR 3804), Rhizobium 

(CIAT 899T), and Burkholderia (LMG 1222T). 

Within group A, two small groups were formed, one represented 

by strains belonging to the Bradyrhizobiaceae family (Bradyrhizobium sp. 

and Bosea sp. strains), and the second group composed of strains 

belonging to the Bradyrhizobiaceae family (Bradyrhizobium sp.), in 

addition to strains from the Methylobacteriaceae family 

(Methylobacterium sp.) and the Xanthobacteraceae family (Starkeya 

novella and the representative species A. caulinodans - ORS571T, and A. 

doebereinereae - BR 5401T). The strains belonging to the 

Bradyrhizobiaceae family in group A showed fast growth and little EPS 

production (Table S1). 
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The nucleotide sequence of 16S rDNA of the species Bosea sp., 

isolated in our study, showed 100% similarity with the sequence of the 

Bosea sp. S41RM2 species deposited in GenBank, with the access 

number GU731243.1. The origin of that species is also an As-

contaminated soil (Sultana et al., 2012). 
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Table 2 - Original host species, most similar sequence 16S rDNA available in NCBI and qualitative plant growth promoting 

traits of the strains isolated from As-contaminated mining soil. 

      Phenotypical tests 

Host species Strains bp* of 16S rDNA Identity Most similar sequence (accession number)# Phylum/class OA** IAA** ACC** SID** Ca3(PO4)2 Sol*** 

Crotalaria spectabilis UFLA 05-01 688 100% Bradyrhizobium sp. (FR872439.1) α-Proteobacteria - - - ++++ I***** 

Crotalaria spectabilis UFLA 05-02 557 100% Bradyrhizobium sp. (FR872439.1) α-Proteobacteria - - + ++++ GNFH§
 

Crotalaria spectabilis UFLA 05-03 505 100% Bradyrhizobium sp. (FR872439.1) α-Proteobacteria - - - ++++ I 

Crotalaria spectabilis UFLA 05-04 516 100% Bradyrhizobium sp.(R) (FR872439.1) α-Proteobacteria - - - ++++ I 

Crotalaria spectabilis UFLA 05-06 953 99% Burkholderia sp. JPY321 (FN543702.1) β-Proteobacteria - - + ++++ L**** 

Crotalaria spectabilis UFLA 05-07 773 100% Inquilinus sp. MG-2011-30-BD (FR872493.1) α-Proteobacteria - - + ++++ L 

Crotalaria spectabilis UFLA 05-08 992 99% Labrys monachus (NR_025581.1) α-Proteobacteria + + + ++++ L 

Crotalaria spectabilis UFLA 05-09 653 100% Bradyrhizobium sp. (FR872439.1) α-Proteobacteria - + + ++++ I 

Crotalaria spectabilis UFLA 05-10 888 100% Bradyrhizobium sp.(R) (AB601666.1) α-Proteobacteria - + ++ - GNFH 

Stizolobium aterrimum UFLA 05-11 1096 100% Bradyrhizobium elkanii (HQ231447.1) α-Proteobacteria - + + - GNFH 

Stizolobium aterrimum UFLA 05-12 512 100% Bradyrhizobium sp. UFLA 03-143 (JX284230.1) α-Proteobacteria ++ ++++ + - L 

Stizolobium aterrimum UFLA 05-13 835 99% Bradyrhizobium sp. UFLA 03-174 (JX284219.1) α-Proteobacteria - - + - L 

Crotalaria spectabilis UFLA 05-14 414 98% Bradyrhizobium sp. (DQ202330.1) α-Proteobacteria - - - ++++ GNFH 

Stizolobium aterrimum UFLA 05-15 553 99% Bacillus sp. DB170 (HM566884.1) Firmicutes - - - ++++ I 
Crotalaria spectabilis UFLA 05-16 952 100% Rhizobium tropici CIAT 899 (NR_102511) α-Proteobacteria + + ++++ ++++ I 

Stizolobium aterrimum UFLA 05-17 378 100% Bradyrhizobium sp. UFLA 03-182 (JX284238.1) α-Proteobacteria - + + ++++ I 

Stizolobium aterrimum UFLA 05-18 642 100% Bradyrhizobium sp. UFLA 03-140 (JX284229.1) α-Proteobacteria - - + - L 

Stizolobium aterrimum UFLA 05-19 295 100% Bradyrhizobium elkanii IAR12 (JQ809927.1) α-Proteobacteria ++ ++++ + ++++ L 

Stizolobium aterrimum UFLA 05-20 1097 99% 
Bradyrhizobium sp. CCBAU 23005 

(GU433446.1) 
α-Proteobacteria ++ ++++ + ++++ I 

Stizolobium aterrimum UFLA 05-21 1068 99% Methylobacterium sp. AMS19(R) (AB600008.1) α-Proteobacteria - ++++ + ++++ I 

Stizolobium aterrimum UFLA 05-22 794 100% Bosea sp. S41RM2 (GU731243.1) α-Proteobacteria - - +++ - GNFH 

Stizolobium aterrimum UFLA 05-23 578 98% Starkeya novella DMS 506 (CP002026.1) α-Proteobacteria - + - - GNFH 

Stizolobium aterrimum UFLA 05-24 307 100% Bradyrhizobium sp. LmjM3 (JX514883.2) α-Proteobacteria ++ ++++ + ++++ I 

    Percentage of positive strains 26% 52% 73% 69% 73% 

Type or Reference rhizobia strains 

CIAT 899T – Rhizobium tropici + +++ +++ ++++ L 

BR 3804 – Mesorhizobium plurifarium ++ ++ +++ + GNFH 

ORS 571T – Azorhizobium caulinodans - +++ ++++++ ++++ L 

BR 5401T – Azorhizobium doebereinerae - ++ ++++ - GNFH 

BR 11340 – Burkholderia cepacia +++ ++ + + GNFH 

*bp – base pairs of 16S rDNA sequence. #Identification based on 16S rDNA sequences using forward primer 27F or reverse primer 1392R(R). 
**Classification conferred according to the color intensity. OA: organic acid production; IAA: indole-3-acetic acid production; ACC: 1-

aminocyclopropane-1-carboxylate deaminase activity; SID: siderophores production. ***Based on the Ca3(PO4)2 solubilisation index, the 

strains were classified as Low (L) with solubilisation index < 2.00, Intermediate (I) 2.00 ≤ SI < 4.00 or High (H) SI ≥ 4.00. §Grown but did not 

form a halo (GNFH) by the 15th day. 
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Group B consisted of strains with very different cultural 

characteristics (Figure S1; Table S1). Into this group, there are strains that 

acidify or alkalinize the pH of the 79 medium, as well as strains that don’t 

change the pH, leaving it neutral. The growth rate and EPS production 

characteristics are also very different into this group, since strains with 

fast, intermediate and slow growth, and with little, moderate and 

abundant EPS production are clustering together (Table S1). Most strains 

in group B belong to the Bradyrhizobiaceae family, these strains showed 

slow growth rates, and a moderate or abundant EPS production. Besides 

the Bradyrhizobiaceae family, group B includes representatives of 

Rhizobiaceae, Phyllobacteriaceae, Xanthobacteraceae, Rhodospirillaceae 

and Burkholderiaceae families as well. Even a strain representative for the 

Bacillaceae family, phylum Firmicutes was isolated (Figure S1; Table 2). 

The following type or reference strains were also clustered in group B: 

Bradyrhizobium sp. (BR 2001 and BR 2811), Mesorhizobium plurifarium 

(BR 3804), Rhizobium tropici (CIAT 899T) and Burkholderia cepacia 

(LMG 1222T). 

The 16S rDNA partial sequencing showed representatives for two 

phyla, Firmicutes and Proteobacteria (Table 2). The phylum 
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Proteobacteria showed representatives of two groups, α and β-

Proteobacteria. Most of the strains belong to the α-Proteobacteria genera 

such as Bradyrhizobium, Rhizobium, Bosea, Inquilinus, Labrys, Starkeya 

and Methylobacterium. 

3.2 Strain authentication and symbiotic efficiency 

In the greenhouse experiment, nodulation was not observed for the 

control treatments (without inoculation and supplied with 5.25 mg L-1 or 

52.5 mg L-1 of mineral N), confirming the absence of contamination, in 

both experiments for C. spectabilis and S. aterrimum plants. 

Taking this into account, it’s possible to check the authentication 

of symbiosis and the symbiotic efficiency of the isolated strains. C. 

spectabilis plants established symbiosis with all strains tested, including 

the inoculant strain BR 2811 (Table 3). Without exception all the strains 

were efficient to fix N2 symbiotically with C. spectabilis, showing NAS 

and RE% higher or similar to the control treatment supplied with high 

mineral N concentration (52.5 mg L-1). Concerning the SDW production, 

only UFLA 05-01 (Bradyrhizobium sp.) strain showed a lower SDW in 

comparison with the high mineral N concentration treatment, but it is still 

higher when compared with the low mineral N concentration and the BR 
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2811 strain treatments. The efficiency of all the strains was higher even in 

comparison with the strain BR 2811 approved by MAPA as C. spectabilis 

plant inoculant. The strains UFLA 05-03 (Bradyrhizobium sp.) and UFLA 

05-09 (Bradyrhizobium sp.) were able to provide more N to the plants 

even more than in case the high mineral N concentration (52.5 mg L-1) 

was supplied. Moreover these two above-mentioned strains and UFLA 

05-14 (Bradyrhizobium sp.) and UFLA 05-07 (Inquilinus sp.) also 

showed a higher RE% than the control treatment supplied with high 

mineral N concentration (52.5 mg L-1) (Table 3). Interestingly this latter 

strain and also UFLA 05-08 (Labrys monachus) are atypical genera 

normally found nodulating legume plants. Although these strains were 

able to efficiently nodulate and fix N2 in symbiosis with C. spectabilis a 

further study for checking specific genes for those processes need to be 

performed. 
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Table 3. Authentication and symbiotic efficiency of native bacteria isolated 

from nodules of legume species growing on As-contaminated soil. 

Bacteria and 

control 

treatments 

NN 

NDW SDW NAS RE 

---------g pot-1--------- mg pot-1 % 

 Crotalaria spectabilis 

UFLA 05-01 304±28b 0.19±0.03a 3.9±0.6c 97.5±0.04c 65.6±8.5b 

UFLA 05-02 312±42b 0.17±0.01a 5.2±0.4b 148.7±4.5b 80.2±1.1b 

UFLA 05-03 309±49b 0.24±0.04a 8.8±0.03a 242.5±12.1a 123.6±3.3a 

UFLA 05-04 262±30b 0.16±0.03a 6.9±1.0b 150.5±12.37b 79.2±7.9b 

UFLA 05-05 422±87a 0.19±0.04a 7.8±0.1a 180.0±10.9b 94.6±7.4b 

UFLA 05-06 215±13b 0.05±0.01b 5.4±1.2b 132.6±24.7b 70.1±14.2b 

UFLA 05-07 308±59b 0.14±0.003a 6.9±0.7b 174.9±10.0b 106.2±9.9a 

UFLA 05-08 330±58b 0.07±0.03b 6.2±0.1b 163.5±7.4b 85.6±1.9b 

UFLA 05-09 418±17a 0.21±0.003a 9.1±0.6a 226.6±5.7a 138.8±17.5a 

UFLA 05-10 481±26a 0.17±0.08a 6.1±0.3b 151.0±10.5b 92.7±13.5b 

UFLA 05-14 303±39b 0.22±0.05a 8.5±0.5a 189.3±7.4b 116.6±17.5a 

UFLA 05-16 362±31a 0.23±0.01a 6.7±1.7b 143.0±26.3b 93.0±31.8b 

BR 2811 299±36b 0.03±0.01b 1.3±0.01d 13.6±2.5d 8.0±0.7c 

5.25 mg N L-1 0c 0c 1.6±0.4d 20.8±5.8d 12.0±2.0c 

52.5 mg N L-1 0c 0c 5.3±0.2b 169.0±22.5b 100.0b 

 Stizolobium aterrimum 

UFLA 05-11 348±42a 0.30±0.03c 3.2±0.2c 102.2±8.5c 105.5±3.6c 

UFLA 05-12 317±45a 0.34±0.04c 3.6±0.3c 131.2±11.4c 128.7±2.9c 

UFLA 05-13 93±15b 0.50±0.02a 6.3±0.4b 271.9±36.8a 311.2±21.1b 

UFLA 05-15 0d 0d 4.4±0.5c 61.0±7.2d 60.6±4.6d 

UFLA 05-17 30±4c 0.44±0.1b 7.2±0.8b 266.5±29.3b 275.3±49.8b 

UFLA 05-18 35±5c 0.52±0.04a 7.8±0.3a 305.9±17.3b 356.3±25.7a 

UFLA 05-19 35±1c 0.60±0.03a 9.0±0.3a 343.6±15.7a 347.3±28.9a 

UFLA 05-20 45±5c 0.52±0.1a 8.2±0.9a 284.3±22.8b 338.5±22.8a 

UFLA 05-21 0d 0d 4.8±0.7c 62.7±6.8d 55.9±7.8d 

UFLA 05-22 0d 0d 4.3±0.5c 58.7±9.3d 52.5±7.9d 

UFLA 05-23 0d 0d 4.9±0.2c 69.1±3.2d 65.2±6.6d 

UFLA 05-24 42±8c 0.50±0.05a 7.9±0.4a 289.9±8.2b 296.1±34.7b 

BR 2811 91±10b 0.41±0.01b 4.7±0.2c 64.5±5.0d 59.0±1.6d 

5.25 mg N L-1 0d 0d 5.1±0.3c 66.1±5.1d 57.5±3.1d 

52.5 mg N L-1 0d 0d 7.6±0.4a 101.4±10.6c 100,0c 

NN – number of nodules, NDW – nodule dry weight, SDW – shoot dry weight, NAS – 

nitrogen accumulation in shoot, RE – relative efficiency. Values followed by the same 

letter on the column comparing strains do not differ by Scott-Knott test, p<0,05. 

 

Concerning the strains isolated from nodules of S. aterrimum, 8 

strains of 12 were able to establish symbiosis, inducing the nodule 
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formation on the roots of this plant species (Table 3). The strains UFLA 

05-11 (B. elkanii), UFLA 05-12 (Bradyrhizobium sp.), UFLA 05-13 

(Bradyrhizobium sp.), UFLA 05-17 (Bradyrhizobium sp.), UFLA 05-18 

(Bradyrhizobium sp.), UFLA 05-19 (B. elkanii), UFLA 05-20 

(Bradyrhizobium sp.) and UFLA 05-24 (Bradyrhizobium sp.) induced 

nodule formation in S. aterrimum plants, in addition to the control strain 

BR 2811. UFLA 05-11 (B. elkanii) and UFLA 05-12 (Bradyrhizobium 

sp.) strains showed higher NN, even in comparison with the control strain 

BR 2811, but this feature was not able to increase their RE%. Differently 

than the other strains, which have shown low NN but high NDW, UFLA 

05-13 (Bradyrhizobium sp.), UFLA 05-17 (Bradyrhizobium sp.), UFLA 

05-18 (Bradyrhizobium sp.), UFLA 05-19 (B. elkanii), UFLA 05-20 

(Bradyrhizobium sp.) and UFLA 05-24 (Bradyrhizobium sp.), were more 

efficient in the N2-fixing process and showed higher RE%. Interestingly, 

those strains were more efficient than the control strain BR 2811, 

approved as inoculant to C. spectabilis. Among the six strains that 

showed higher RE% than the high mineral N treatment, four - UFLA 05-

18 (Bradyrhizobium sp.), UFLA 05-19 (B. elkanii), UFLA 05-20 

(Bradyrhizobium sp.) and UFLA 05-24 (Bradyrhizobium sp.) – showed 
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SDW production statistically similar to the control treatment supplied 

with high mineral N concentration (52.5 mg L-1). Although the SDW 

production by the other 2 strains UFLA 05-13 (Bradyrhizobium sp.) and 

UFLA 05-17 (Bradyrhizobium sp.) had been lower than the control 

treatment supplied with high mineral N concentration, those strains have 

shown higher RE% than the control treatment supplied with high mineral 

N concentration (52.5 mg L-1). The atypical genera did not induced 

nodule formation on S. aterrimum roots in the authentication test (Table 

3). 

3.3 Phenotypic characterization 

3.3.1 Arsenic minimal inhibitory concentration (MIC) 

The As-MIC screening showed 8 tolerant strains (Figure 1). The 

strains UFLA 05-21 (Methylobacterium sp.) and UFLA 05-23 (Starkeya 

novella), isolated from nodules of S. aterrimum, were tolerant up to 150 

and 200 mmol As L-1, respectively. Among the strains isolated from 

nodules of C. spectabilis, only UFLA 05-16 (Rhizobium tropici) was 

tolerant until the highest As concentration tested. Other strains isolated 

from S. aterrimum and C. spectabilis showed to be sensitive to As, as 
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they did not grow in any As concentration studied. Among the type and 

reference strains, A. caulinodans ORS571T, Mesorhizobium plurifarium 

BR 3804, Rhizobium tropici CIAT 899T and Burkholderia cepacia LMG 

1222T were tolerant to As, since they grew until the highest As 

concentration tested. The strain A. doebereinereae BR 5401T was also As-

tolerant, but it just grew up to 100 mmol As L-1. On the other hand 

Bradyrhizobium sp. BR 2001 and BR 2811 strains were As-sensitive, 

since they did not grow in any As concentration studied (Figure 1). 

 

Figure 1 – Dendrogram based on the bacterial phenotypic characteristics of strains 

isolated from nodules of S. aterrimum and C. spectabilis plants growing on As-

contaminated soil. Reference and type strains Azorhizobium (BR 5401T and ORS 571T), 

Bradyrhizobium (BR 2001 and BR 2811), Mesorhizobium (BR 3804), Rhizobium (CIAT 

899T), and Burkholderia (LMG 1222T). Relation between cultural groups and bacterial 

As tolerance. 
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3.3.2 Pattern of β-lactams antibiotics resistance 

The pattern of β-lactams antibiotics resistance has shown that 

most of the As-tolerant strains have a similar resistance spectrum to 

AMO/AMP/CEFT/OXA and the As-sensitive strains have a similar 

resistance spectrum to VAN/OXA/AMO/AMP (Figure 2). The As-

tolerant strains UFLA 05-21 (Methylobacterium sp.), BR 5401T (A. 

doebereinereae) and ORS571T (A. caulinodans) showed the same pattern 

of β-lactams antibiotics resistance to AMO, AMP, CEFT, OXA and 

VAN, and sensitivity to CFD. The strains UFLA 05-16 (R. tropici) and 

CIAT 899T (R. tropici) showed the same pattern of β-lactams antibiotic 

resistance to: AMO, AMP, CFD, CEFT and OXA, and sensitivity to 

VAN. The strain BR 3804 (M. plurifarium) showed a similar pattern, 

being resistant to the same β-lactams: AMO, AMP, CFD, CEFT and 

OXA, but it was sensitive to CFD, and VAN as well. The strain LMG 

1222T (B. cepacia) was resistant to all β-lactams studied: AMO, AMP, 

CFD, CEFT, OXA and VAN. On the other hand, the strain UFLA 05-23 

(S. novella) was only resistant to CFD, showing sensitivity to all the other 

β-lactams studied. 
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Figure 2 – Pattern of β-lactam antibiotics resistance of arsenic tolerant strains by disk 

diffusion method. AMO: Amoxicillin, AMP: Ampicillin, CFD: Cefadroxil, CEFT: 

Ceftriaxone, OXA: Oxacillin, and VAN: Vancomycin. 

3.3.3 Plant growth promoting traits 

All strains were screened for their potential plant growth 

promoting traits (Table 2) and multi-resistance to Zn and Cd to check 

their multi-element resistance potential (Table 4). In general, the amount 

of bacteria with traits to promote plant growth by producing organic acids 

(OA), IAA, ACC deaminase, siderophores and solubilizing P is 

remarkably high (Table 2). The total percentage of positive strains for OA 

production is 26%, IAA 52%, ACC deaminase 73%, SID 69% and 

solubilizing P 73%. Concerning their multi-element resistance, without 
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exception, all bacteria isolated from As-contaminated soil are Zn- and Cd-

resistant at both low and high [Zn] and [Cd] (Table 4). 
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Table 4 – Cadmiun and zinc tolerance in 284 medium of strains isolated from nodules of legume species growing in As-

contaminated mining soil. 
  Cadmiun  Zinc  

Strains Closest related strain by NCBI 0.4 mM 0.8 mM 0.6 mM 1.0 mM 

UFLA 05-01 Bradyrhizobium sp. +Scarce +Scarce +Scarce +Scarce 

UFLA 05-02 Bradyrhizobium sp. +Scarce +Scarce +Scarce +Scarce 

UFLA 05-03 Bradyrhizobium sp. +Scarce +Scarce +Scarce +Scarce 

UFLA 05-04 Bradyrhizobium sp. +Scarce +Scarce +Scarce +Scarce 

UFLA 05-06 Burkholderia sp. JPY321 +Scarce +Scarce +Scarce +Scarce 

UFLA 05-07 Inquilinus sp. MG-2011-30-BD +++Moderate +++Moderate +++Moderate +++Moderate 

UFLA 05-08 Labrys monachus ++++Abundant ++++Abundant ++++Abundant ++++Abundant 

UFLA 05-09 Bradyrhizobium sp. +Scarce +Scarce +Scarce +Scarce 

UFLA 05-10 Bradyrhizobium sp. +Scarce +Scarce +Scarce +Scarce 

UFLA 05-11 Bradyrhizobium elkanii ++Low +Scarce ++Low +Scarce 

UFLA 05-12 Bradyrhizobium sp. UFLA 03-143 ++Low +Scarce +Scarce +Scarce 

UFLA 05-13 Bradyrhizobium sp. UFLA 03-174 ++Low +Scarce ++Low +Scarce 

UFLA 05-14 Bradyrhizobium sp. +Scarce +Scarce +Scarce +Scarce 

UFLA 05-15 Bacillus sp. DB170 ++Low +Scarce ++Low ++Low 

UFLA 05-16 Rhizobium tropici CIAT 899 +++Moderate +++Moderate +++Moderate +++Moderate 

UFLA 05-17 Bradyrhizobium sp. UFLA 03-182 ++Low +Scarce +Scarce +Scarce 

UFLA 05-18 Bradyrhizobium sp. UFLA 03-140 +++Moderate +++Moderate ++Low +Scarce 

UFLA 05-19 Bradyrhizobium elkanii IAR12 ++Low +Scarce ++Low ++Low 

UFLA 05-20 Bradyrhizobium sp. CCBAU 23005 +Scarce +Scarce +Scarce +Scarce 

UFLA 05-21 Methylobacterium sp. AMS19 +Scarce +Scarce +Scarce +Scarce 

UFLA 05-22 Bosea sp. S41RM2 +Scarce +Scarce +Scarce +Scarce 

UFLA 05-23 Starkeya novella DMS 506 ++Low +Scarce +Scarce +Scarce 

UFLA 05-24 Bradyrhizobium sp. LmjM3 +Scarce +Scarce ++Low ++Low 

Type or Reference rhizobia strains 

CIAT 899T – Rhizobium tropici ++Low +Scarce ++Low +Scarce 

BR 3804 – Mesorhizobium plurifarium ++Low +Scarce ++Low +Scarce 

ORS 571T – Azorhizobium caulinodans ++Low +Scarce ++Low +Scarce 

BR 5401T – Azorhizobium doebereinerae ++Low +Scarce ++Low +Scarce 

BR 11340 – Burkholderia sp. +Scarce +Scarce +Scarce +Scarce 

+Scarce, ++Low, +++Moderate and ++++Abundant - Rate growth plus polysaccharide production under in vitro contamination. 
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4 Discussion 

To obtain an efficient and successful phytoremediation process on 

metal(oids) contaminated soils, the interaction with plant-associated 

microorganisms is highly relevant. These plant-associated 

microorganisms perform several essential biological processes, such as 

biological N2-fixation, improving and promoting plant growth (Weyens et 

al., 2013). 

Phytoremediation of metal(oids) contaminated soils has been 

proposed as a sustainable and low cost phytotechnology (Vangronsveld 

and Cunningham, 1998). Until recently, scientific research on that subject 

mainly focused on the search for metal(oids) hyperaccumulator plants. 

Indeed, many metal(oids)-hyperaccumulator plants have been described, 

belonging to about 45 plant families, representing herbaceous plants, 

shrubs and trees (Kramer et al., 2000; Ma et al., 2001; McGrath and Zhao, 

2003; Pulford and Watson, 2003; Sagiroglu et al., 2006; Srivastava et al., 

2006; Meers et al., 2007; Wieshammer et al., 2007; Li et al., 2009; 

Bissonnette et al., 2010; Carvalho et al., 2013). However, the potential of 

most of them for field applications is limited due to slow growth rates, 

low biomass production, and their occurrence in habitats with specific 
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features, in addition to the limited knowledge of their agronomic 

characteristics, as in the case of pteridophyte species As-

hyperaccumulators (Ma et al., 2001; Srivastava et al., 2006). 

The selection of appropriate plants as well as of their associated 

microorganisms is a crucial step in phytoremediation projects (Matsuda et 

al., 2002a-b; Carrasco et al., 2005; Pajuelo et al., 2008; Weyens et al., 

2009b; Weyens et al., 2013). 

In this study bacterial strains were isolated from nodules of C. 

spectabilis and S. aterrimum plants growing on As-contaminated soil, in a 

gold mine area, and the isolated strains were characterized phenotypically 

(Figure S1; Table S1) and genotypically (Table 2),. In previous assays, 

using the same soil, both plant species C. spectabilis (Lopes et al. – data 

unpublished) and S. aterrimum (Rangel et al., 2014), showed potential for 

As phytostabilization. 

Several researchers have isolated N2-fixing bacteria from soils 

contaminated with different metal(oids) (Carrasco et al., 2005; Jackson et 

al., 2005; Oliveira et al., 2009; Becerra-Castro et al., 2011; Croes et al., 

2013; Weyens et al., 2013). Carrasco et al. (2005) isolated 96 rhizobia 

strains from nodules of five legume plant species, which grew on a soil 



74 

 

 

contaminated with As, Cd, Co, Cr, Cu, Ni, Pb and Zn. The authors 

showed the high tolerance of Sinorhizobium meliloti to As, at genetic 

level. This rhizobium strain contains the ArsB protein, which is involved 

in As tolerance in other Proteobacteria strains. Drewniak et al. (2008) 

have isolated a rhizobium strain, identified as Sinorhizobium sp. M14, 

extremely As tolerant, from As-contaminated soil in a gold mining area. 

This strain grew on up to 250 mmol L-1 arsenate, and 20 mmol L-1 

arsenite. The authors have proposed two mechanisms for adaptation to As 

used by the strain. The first mechanism would be the reduction of 

arsenate to arsenite, using the Ars system, and the second mechanism 

would be activated at the same time, to oxidize arsenite on the respiratory 

system, producing energy required for its growth. Recently, the pSinA 

plasmid of Sinorhizobium sp. M14 was genetically and functionally 

characterized by Drewniak et al (2013). This strain has its tolerance to As 

compromised without the pSinA plasmid, and it is not able to grow on 

minimal medium containing arsenite as energy source. In addition, to 

demonstrate the functionality of the pSinA plasmid, the horizontal 

transfer capability and the stability of the plasmid were also presented. 

The horizontal transfer of the plasmid on metal(oids) contaminated soils 
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is relevant, since the plasmid contains genes that confer tolerance to 

metal(oid)s and can be received by other taxonomically distant groups, 

assisting in increasing metal(oid) tolerance within the bacterial 

community, consequently increasing the functionality of this community. 

In this study, 12 strains were studied in vitro for their tolerance to 

As (Figure 1). The As tolerance of the strains, could be related to their 

growth rate (Table S1, Figure S1). The strains UFLA 05-16 (Rhizobium 

tropici) and UFLA 05-23 (Starkeya novella), and reference or type strains 

ORS571T (A. caulinodans), BR 3804 (Mesorhizobium plurifarium), CIAT 

899T (Rhizobium tropici) and LMG 1222T (Burkholderia cepacia) 

tolerated up to 200 mmol As L-1, the strain UFLA 05-21 

(Methylobacterium sp.) up to 150 mmol As L-1, and the type strain BR 

5401T (A. doebereinereae) tolerated up to 100 mmol As L-1. These results 

illustrate the high tolerance to arsenate of those strains. All strains that 

tolerated the maximum As concentration (200 mmol L-1) are members of 

α-Proteobacteria class, the same class of the strain Sinorhizobium sp. M14 

isolated by Drewniak et al. (2008), which tolerated up to 250 mmol L-1, 

and is equipped with the pSinA plasmid, encoding for As tolerance 

(Drewniak et al., 2013). 



76 

 

 

Our results show that the α-Proteobacteria group contains a high 

diversity of As-tolerant bacteria, belonging to several rhizobia genera 

(Azorhizobium, Mesorhizobium, Rhizobium, Burkholderia and Starkeya). 

That fact makes the BNF use for phytoremediation purposes more 

promising, since it increases the number of host legume species for those 

rhizobia genera that can be tested in the field.  

In 1982, Mobley and Rosen showed that As tolerance is 

genetically conferred, and the genes are located on a plasmid. The 

tolerance mechanism is an energy dependent efflux system, linked to the 

cellular membrane (Ji and Silver, 1992; Nies and Silver, 1995; Rosen et 

al., 1999; Wang et al., 2000; Messens and Silver, 2006). Plasmids that 

confer tolerance to metal(oid)s, may also confer resistance to β-lactams 

antibiotics (Millar et al., 1987; Baker-Austin et al., 2006). Different 

resistance mechanisms to β-lactams antibiotics have been well-

characterized such as reduction of membrane permeability to metal(oid)s 

and antibiotics, drug and metal(oids) inactivation and modification, and 

rapid efflux of the metal(oid)s and antibiotics (Silver, S., 1996; Ruiz, N., 

2003; Mukhopadhyay & Rosen, 2002; Wright, G. D., 2005; Nies, D.H., 

2003; Levy, S. B., 2002). In this study, most of the As-tolerant strains 
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also showed a pattern of multiple resistance to β-lactam antibiotics 

(Figure 2). The production of β-lactamase, an enzyme capable of 

modifing and inactivating the β-lactams antibiotics, is part of the 

resistance mechanism to β-lactams antibiotics (Williams, 1999). In Gram-

negative bacteria, β-lactamases are produced consitutively, even when the 

antibiotic is not present (Marchou et al., 1987), and in contrast to Gram-

positive bacteria, Gram-negative bacteria retain this enzyme within the 

periplasmic space, which results in a more efficient resistance 

mechanism. This fact explains why As-sensitive strains also showed a 

pattern of multiple resistance to β-lactams antibiotics (Figure 2), since 

most of them are Gram-negative. Most of all As-sensitive bacteria are 

representants of the Bradyrhizobium genus, which is known for producing 

and using outer membrane proteins as an uptake system for siderophores-

metal complexes (Plessner et al., 1993). Thus, taken together, these 

observations might suggest that the β-lactams antibiotics resistance and 

As tolerance are related only by membrane permeability for metal(oid)s 

and antibiotics. Both metal(oid)s and antibiotics may be taken up by the 

same outer membrane proteins (porins), which are responsible for 

increasing or decreasing membrane permeability (Silver, S., 1996; Mata 
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et al., 2000; Aendekerk et al., 2002; Nies, D.H., 2003; Wright, G. D., 

2005). However, the resistance to As is only conferred by arsenate 

reductases and related enzymes (Mukhopadhyay & Rosen, 2002). 

Plant growth-promoting rhizobacteria (PGPR) can directly exert 

different beneficial effects on the growth of their host plant. PGPR may 

synthesize and provide their host plant with compounds such as fixed 

nitrogen or phytohormones, such as indole-3-acetic acid (IAA), they may 

facilitate nutrients uptake such as P and Fe, or even may synthesize 

enzymes such as 1-aminocyclopropane-1-carboxylate (ACC) deaminase 

which lowers plant ethylene levels and may afftect plant growth (Glick et 

al., 2007). 

The total percentage of P solubilizing bacterial strains was high 

(73%). The Nautiyal (1999) methodology is based on extracellular 

oxidation of glucose via quinoprotein glucose dehydrogenase, which 

produces gluconic acid and mobilizes insoluble phosphates very 

efficiently. Moreover, other mechanisms apart from the production and 

excretion of gluconic acid, such as production of chelating substances, the 

release of protons originated by NH4+ assimilation and the production of 
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inorganic acids, have also been proposed to explain phosphate 

solubilization by bacteria (Illmer and Schinner, 1995). 

Plants growing on TE contaminated soils might become severely 

depleted in the amount of available iron. Fortunately, plants can produce 

siderophores that bind to iron and allow them to take up iron. Moreover 

plants can also take up complexes of iron and bacterial siderophores. 

Plants are dependent on bacterial siderophore production because even 

though they can produce siderophores themselves, the affinity of plant 

siderophores is much lower than that of bacterial siderophores. So in a TE 

contaminated soil, a plant is unable to accumulate a sufficient amount of 

iron unless bacterial siderophores are present (Glick, 2003). A high 

number of bacterial strains (69%) produced siderophores. This high 

number of siderophores producing bacteria was not a surprise since the 

bacteria were isolated from legume-nodules and most of the isolated 

bacteria are rhizobia and perform biological N2 fixation (BNF). This 

biological process is highly Fe demanding (Tang et al., 1990; Brear et al., 

2013) for synthesizing the nitrogenase enzyme complex, as well as 

cytochromes, ferredoxin, and hydrogenase. Moreover, iron is highly 

important for nodule formation. Nodules of iron adequate plants contain 



80 

 

 

more than double the amount of leghemoglobin than iron deficient plants 

(Tang et al., 1990). These authors have shown that the leghemoglobin 

production by Lupinus angustifolius inoculated with Bradyrhizobium 

lupini WU425 is depressed under iron deficiency. Even if BNF and 

symbiosis between leguminous plants and rhizobia is highly iron 

demanding, there are some Bradyrhizobium strains which do not produce 

siderophores UFLA 05-10, UFLA 05-11, UFLA 05-12, UFLA 05-13 and 

UFLA 05-18 (Table 2). This can partly be explained by the fact that 

rhizobia strains that do not produce siderophores, do synthesize outer 

membrane (OM) receptors instead. These OM specific receptors are able 

to bind siderophores-metal complexes, allowing the uptake of ion chelates 

(Small et al., 2009). In rhizobia, Fe3+-siderophore complexes are 

recognized by different OM receptors depending on the siderophores. 

Such siderophores are referred to as xenosiderophores, since they are used 

by one organism and synthesized and secreted by other organisms. An 

example was given by Plessner et al. (1993) who has shown that 

Bradyrhizobium japonicum USDA 110 and 61A152 strains are able to use 

ferrichrome and rhodotorulic acid, siderophores of fungal origin, as iron 

source. 
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Organic acids (OA) production by bacteria is another way to 

promote plant growth, especially in TE-contaminated soils, where the 

plant growth is normally decreased. By producing OA, bacteria can 

improve uptake of essential mineral nutrients, which are normally 

limiting in mining soils. However, by improving the availability of 

essential mineral nutrients, OA production may also increase availability 

of toxic TE for the plant by means of the same mechanisms. 

The low number (26%) of OA producing bacterial strains isolated 

from the As-contaminated soil is remarkable (Table 2). Interestingly, 

most of the strains which did not produce OA were able to solubilize 

Ca3(PO4)2. Probably the Ca3(PO4)2 solubilization by those bacteria is not 

due to OA release. We hypothesize that those bacteria, which do not 

produce OA in As-contaminated soil, have this feature to avoid As 

solubilization since OA release during bacterial cells lysis may cause 

arsenopyrite (FeAsS) dissolution, even if little efficient (Drewniak et al., 

2014). This feature requires more detailed studies on mineral-microbes 

interactions for better understanding. 

Plants growing on contaminated mining soils often show growth 

inhibition compromised by nutrient depletion as well as by TE exposure. 
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Since those conditions threat their ability to survive, the bacterial 

potential to promote plant growth might be of high importance. The 

function and potential of the auxin IAA, which can be produced by plant-

associated bacteria, is well known. IAA is involved in increasing root 

growth and root length, as well as in proliferation and elongation of root 

hairs (Taghavi et al., 2009). So, a more extended root system induced by 

bacterial IAA production might decrease the threat caused by nutrient 

depletion through the bigger soil volume that can be explored by the roots 

(Weyens et al., 2011). Several studies have shown that rhizosphere 

bacteria, phyllosphere bacteria and endophytes can improve 

phytoremediation efficiency by different mechanisms, including IAA 

production (Valls & de Lorenzo, 2002; Lebeau et al., 2008; Kidd et al., 

2009; Mastretta et al., 2009; Rajkumar et al., 2009; Taghavi et al., 2009; 

van der Lelie et al., 2009; Weyens et al., 2009a-b-c; 2010; 2011; 2013b; 

Becerra-Castro et al., 2011; 2012; Croes et al., 2013). Considering our 

results about IAA production, in vitro 52% of the isolated bacterial strains 

are able to produce this hormone. Given the high number of native 

bacteria isolated from mining soils that are able to produce this hormone, 
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we hypothesize that this mechanism must be important for plant growth 

and development on these contaminated soils. 

Besides directly inducing plant growth, IAA can also induce the 

transcription of ACC synthase, which is the enzyme that catalyzes the 

formation of 1-aminocyclopropane-1-carboxilic acid (ACC) (Glick, 

2003). ACC is the immediate precursor of ethylene, which is also a plant 

growth regulating hormone, but only when present in very low amounts. 

At high levels, ethylene is a threat to plant growth and development since 

it causes growth inhibition and early senescence. So it seems important 

that plant-associated bacteria are able to cleave ACC by ACC deaminase. 

In that case, bacteria act as a sink for plant ACC, controlling the amount 

of ethylene released in the plant, and by consequence their growth and 

development (Stearns & Glick, 2003; Glick et al., 2007; Glick & Stearns, 

2011). The high number (73%) of strains positive for ACC deaminase 

isolated from As-contaminated soils is remarkable. Our observations 

agree with Croes et al. (2013) and Truyens et al. (2014), which suggest 

that the TE contamination pressures bacteria selecting the TE tolerant, 

phosphorus solubilizing, nitrogen fixing and ACC deaminase and IAA 

producing genotypes. 
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Beside the remarkable potential of the native rhizobia isolated 

from As-contaminated soils, also the results we obtained for the different 

type or reference rhizobia strains are noteworthy (Table 2). Taking a look 

to their behaviour, we observed different strains from different rhizobia 

genera with positive results for most of all plant-growth promoting tests. 

These results make us enthusiastic to continue rhizobia research in the 

framework of phytoremediation. This intrinsic plant-growth promoting 

ability of rhizobia increases the number of legume plants that can be 

tested for phytoremediation purposes in different soil contamination 

conditions (e.g. mining, smelting etc.). 

In addition to their capacity to promote plant growth on TE-

contaminated soils, it is really interesting if these bacteria possess multi-

element resistance since almost all mining soils may have a multi-element 

pollution. The bacteria we have studied in this work came directly from 

mining soils, meaning they were exposed for many generations to a toxic 

environment and were forced to adapt to survive under this selective 

pressure. 

All bacterial strains, without exception, isolated from As-

contaminated soil are Zn- and Cd-resistant at both low and high [Zn] and 
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[Cd] (Table 4). Among those bacteria, we highlight the Zn- and Cd-

resistance of Rhizobium tropici strain UFLA 05-16, which is highly As-

resistant (Figure 1). Besides Labrys monachus strain UFLA 05-08 and 

Inquilinus sp. UFLA 05-07, which also significantly showed highly Zn- 

and Cd-resistance. 

It is commonly known that microbial populations can notably be 

affected by toxic metal(oid)s, which threat microbial activity (Carneiro et 

al., 2008; Giller et al., 2009; Santos et al., 2013). However microbial 

resistance to toxic metal(oid)s is widespread and ranges from low 

percentages in pristine environments to higher percentages in heavily 

polluted environments (Trannin et al., 2001; Silver & Phung, 2009; Croes 

et al., 2013). 

5 Conclusion 

The group of α-Proteobacteria harbours high bacterial diversity 

tolerant to As; 

The symbiosis between UFLA 05-16 (R. tropici) and S. aterrimum 

plants has potential to be used on As-contaminated soils for 

phytoremediation purposes; 
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The intrinsic plant-growth promoting ability plus multi-element 

resistance of rhizobia increase the horizons for exploiting the symbiosis 

with different legume-plants on different conditions of contamination. 
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PAPER 2 - RHIZOBIA STRAINS ISOLATED FROM ZINC 

MINING SOIL ARE TOLERANT TO TRACE 

ELEMENTS AND SHOW VARIOUS POTENTIAL 
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Wesley M. RangelA,B,C, Sofie ThijsC, Jolien JanssenC, Silvia M. Oliveira 

LongattiB, Daiane S. BonaldiB, Paula R. RibeiroB, Inge JambonC, Nele 

EeversC, Nele WeyensC, Jaco VangronsveldC, Fatima M. S. MoreiraB 

ABiology department, Federal University of Lavras (UFLA), Lavras, 

Minas Gerais, Brazil 

BSoil science department, UFLA 

CCentre for Environmental Sciences, Hasselt University, Agoralaan 

building D, 3590 Diepenbeek, Belgium 

Abstract 

Plants on contaminated mining soils often show a reduced growth due to 

nutrient depletion as well as trace elements (TE) toxicity. Since those 

conditions threat plant’s survival, plant growth promoting rhizobacteria 

(PGPR) such as rhizobia, might be of crucial importance for plant 

colonization on TE contaminated soils. Native rhizobia from mining soils 

are promising candidates for bioaugmented phytoremediation of those 

soils as they are adapted to the specific conditions. In this work, rhizobia 

from Zn- and Cd-contaminated mining soils were in vitro screened for 

their plant growth promoting features (organic acids, indole-3-acetic-acid 

and siderophore production, 1-aminocyclopropane-1-carboxylate 

deaminase activity, and Ca3(PO4)2 solubilization) and Zn- and Cd-

resistance. In addition, some type and reference rhizobia strains were 

studied as well. The in vitro screening indicated that rhizobia and other 

native genera have great potential for phytoremediation purposes, by 

establishing, besides biological N2 fixation, other plant growth promoting 

traits. Leucaena leucocephala- Mesorhizobium sp. (UFLA 01-765) 

showed multi-element tolerance and an efficient symbiosis on 
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contaminated soil, which is a promising set to be used for 

phytostabilization concern. 

Keywords: Mining soils, rhizobia, plant-growth promoting, legume 

plants 

1 Introduction 

Mining activity has a millennial origin and helps to understand 

human history, as boundary stones of their eras, as stone age (Paleolithic), 

polished stone age (Neolithic), and metals age (Copper, Bronze and Iron). 

Nowadays the global economic development is strongly supported 

by different mining activities, which are closely linked to social 

development, generating assets and wealth. On the other hand, mining 

exploitation, especially metal mining, produces huge environmental 

impacts (Baker et al., 1994; Salomons, 1995; Vangronsveld et al., 1996; 

Dias-Júnior et al., 1998). Those areas often are devoid of natural means of 

biotic regeneration, requiring the aid of human intervention for the 

revegetation of the soils (Vangronsveld et al., 2009). A really promising 

technology for in situ land reclamation is phytoremediation (Baker et al., 

1994), which is showing satisfactory results for either organic or 

inorganic contamination (Cunningham et al., 1997; Vangronsveld et al., 

2009; Weyens et al., 2011; Weyens et al., 2013). Phytoremediation 
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success is linked to microbiota, which benefit plant growth by performing 

essential biological processes in the rhizosphere or inside the plants 

(Croes et al., 2013; Weyens et al., 2013). Among those processes, 

biological N2 fixation (BNF), which is performed by a limited group of 

prokaryotes able to convert N2 into to NH4, is very significant. An 

important prokaryote group able to perform BNF is represented by 

rhizobia, which establish mutualistic symbiosis with leguminous plants. 

Nodulated leguminous plants incorporate C and N into soil, which is 

besides increasing nutrient uptake capacity, also improving their tolerance 

to environmental stresses (Franco and Faria, 1997; Franco et al., 2000; 

Franco and Balieiro, 2000; Melloni et al., 2006; Moreira et al. 2010 a,b; 

Carvalho and Moreira, 2010; Moreira et al., 2015). Therefore, the main 

objectives of this study were to isolate and select rhizobia from nodules of 

leguminous plants growing on contaminated mining soils, with plant 

growth promoting traits, and to unravel the potential of these rhizobia for 

phytoremediation purposes. 

2 Materials and Methods 

2.1 Capturing N2-fixing nodulating bacteria by the indirect method 

using a trap plant 



107 

 

 

N2 fixing and nodulating soil bacterial strains were isolated from a 

Zn mining area, contaminated with Zn and Cd, by the indirect method 

using a trap plant [Leucaena leucocephala (Lam.) de Wit.]. L. 

leucocephala was chosen as a trap plant because it is widespread at this 

Zn mining area. Soil chemical and physical parameters (0-20 cm) from 

the Zn-mining area contaminated with Cd and Zn are presented in Table 

1. A set of five mixed samples was used, it means that five samples were 

taken, of which each was composed of five sub-samples. Phosphorus and 

potassium were determined by Mehlich 1 extraction (HCl 0.05 mol L-1 + 

H2SO4 0.0125 mol L-1), and calcium, magnesium and aluminium by KCl 

extraction (1 mol L-1). Potential acidity (H + Al) was estimated by SMP 

extraction and organic matter was determined by oxidation using 

Na2Cr2O7 + H2SO4 (10N) (EMBRAPA, 2011). According to 5th 

Approach (Guidelines for lime and fertilizers use in Minas Gerais), soil 

active acidity was chemically classified as medium acid, phosphorus 

availability considering clay content and Prem value was categorized as 

very low, soil fertility (based on organic matter and cation exchange 

capacity) was also classified as very low for P and for potassium as well, 

low for calcium, medium for magnesium, low for aluminium and for 
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hydrogen+aluminium as well (Ribeiro et al., 1999). Soil physical 

parameters were determined by the pipette method according to Day 

(1965), and according to the classification of the normative guideline 

number 2 from Brazilian Ministry of Agriculture, Livestock and Supply 

(MAPA) October 9th 2008, the soil texture was loam. 
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Table 1 – Physico-chemical parameters (0-20 cm) of the Zn- and Cd-contaminated mining soil. 

Chemical parameters(1) 

pH H2O P-rem P(2) K(2) Ca2+(3) Mg2+(3) Al3+(4) H+Al(4) OM(5) Cd Zn Cd Zn 

Mehlich(6) USEPA(7) 

 mg L-1 _mg dm-3_ ______cmolc dm-3______ dag kg-1 ____mg kg-1____ 

5.9 5.9 3.5 14.8 0.9 0.7 0.4 2.2 0.0 0.53 144 1.6 530 

             

Soil physical size group and texture 

Sand Silt Clay Soil texture 

______________g kg-1______________  

14.5 29.5 56 Loam 
(1)Chemical parameters: pH – H2O pH (ratio 1:2,5); P-rem (remaining phosphorus); (2)P (phosphorus), (2)K (potassium) - Mehlich 1 

extractor (HCl 0,05 mol L-1 + H2SO4 0,0125 mol L-1); (3)Ca (calcium), (3)Mg (magnesium), (4)Al (aluminium) – KCl extractor 1 mol L-1; (4)H 

+ Al (hydrogen + aluminium) – SMP extractor; (5)OM (Organic matter) – oxidation using Na2Cr2O7 + H2SO4 10N (EMBRAPA, 2011); 

Cadmium and Zinc available(6) and semitotal(7) content. 
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Pre-germinated seeds were inoculated with 1 mL of diluted soil 

suspension (10-1) in 0.85% NaCl solution. Plants were grown for 70 days 

in a greenhouse and were supplied with modified Hoagland solution 

(Hoagland & Arnon, 1950) with low mineral nitrogen content (5.25 mg N 

L-1). 

All cultivable rhizobia strains from nodules of L. leucocephala 

were isolated on 79 solid medium (Fred & Waksman, 1928), which is 

known as YMA (Vincent, 1970). Strains were isolated and 

morphologically characterized according to Moreira et al. (1993), and 

Jesus et al. (2005). 

2.2 Genotypic characterization 

Strains were identified by partial sequencing of the 16S rRNA 

gene (Table 2). The extraction kit protocol ZR Fungal/Bacterial DNA 

(Zymo Research Corp) was used for genomic DNA extraction from the 

cell cultures. 

PCR was performed using 50 ng of extracted DNA, 45 µL PCR 

reaction mixture containing 0.2 mM dNTP, 2.5 mM MgCl2, 0.2 µM 27F 

primer (5’-AGAGTTTGATCCTGGCTCAG-3’), 0.2 µM 1492R primer 



111 

 

 

(5’-GGTTACCTTGTTACGACTT-3’) (Lane, 1991), 1 U Taq DNA 

polymerase (Fermentas), 10x KCl buffer, and ultrapure sterile water. The 

amplification reaction was performed using a Eppendorf Mastercycler® 

under the following conditions: an initial denaturation step at 94°C for 5 

min, 40 denaturation cycles at 94°C for 40 s, an annealing step at 55°C 

for 40 s, an extension step at 72°C for 1.5 min, and a final extension at 

72°C for 7 min. The obtained PCR products were purified and sequenced 

by Macrogen (South Korea). 

The bionumerics 6.5 program (Applied Maths, Sint-Martens-

Latem, Belgium) was used to check the quality of the sequences after 

which they were submitted to BLAST (Basic Local Alignment Search 

Tool) by comparing them with the GenBank sequences (NCBI – National 

Center for Biotechnology Information). 

2.3 Phenotypic characterization 

Plant growth promoting (PGP) traits such as production of organic 

acids (OA) and indole-3-acetic-acid (IAA), ACC deaminase activity 

(ACC), siderophore production (SID), and Ca3(PO4)2 solubilization 

(Table 2) were used for screening all purified bacterial strains. Moreover 



112 

 

 

their Cd and Zn tolerance were verified as well (Table 3) (Weyens et al., 

2013; Croes et al., 2013). 

Solid medium was used to evaluate phosphate solubilization 

ability. According to Nautiyal (1999), 25 µl aliquots of inoculum were 

inoculated in holes with 0.5 cm diameter. Strains able to produce a clear 

zone around the hole were considered positive. Siderophore production 

was evaluated using the Schwyn and Neilands (1987) universal 

colorimetrical method, qualitatively measured by using blue chromium-

azurol S (CAS) reagent. 50 µl inoculum were inoculated in 800 µl of 

selective 284 medium with a carbon mix (CMIX) and three different Fe 

concentrations: 0 (Fe-deficient), 0.25 (Fe-optimal) and 3 mM (Fe-over 

supply). Bacterial organic acid production was evaluated according to the 

Cunningham and Kuiack (1992) colorimetric method by adding alzarine 

red S pH indicator. 20 µl inoculum were inoculated in 800 µl of sucrose 

tryptone (ST) medium. Bacterial IAA production ability was tested using 

the Salkowski assay (adapted from Patten and Glick, 2002). ACC 

deaminase activity was evaluated according to a slightly modified 

protocol according to Belimov et al. (2005). 
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For testing trace element tolerance, all strains were plated on 

selective 284 medium (Weyens et al., 2013a) containing a carbon mix 

(CMIX) composed by (per litre of medium) 0.54 g of fructose, 0.66 g of 

gluconate, 0.52 g of glucose, 0.7 g of lactate and 0.81 g of succinate) and 

0, 0.4 and 0.8 mM CdSO4 or 0, 0.6 and 1.0 mM ZnSO4. An aliquot of 20 

µl was used and six repetitions were performed per plate. Tolerance was 

visually rated checking growth and polysaccharide (mucus) production on 

the plate. In this case, the same exopolysaccharide production pattern 

applied for rhizobia cultural characterization was used (i.e. scarce, low, 

moderate and abundant). 

2.4 N2-fixing nodulating bacteria and their potential to induce nodule 

formation on roots of their leguminous host plant (authentication) 

The authentication test, i.e. the ability to establish symbiosis with 

the trap host plant, and the symbiotic efficiency of the 19 nitrogen-fixing 

bacteria strains isolated from Leucaena leucocephala nodules were 

verified performing a greenhouse experiment (Table 4). 

Seeds were scarified using H2SO4 pro analysis for 30 min, and 

placed on sterile Petri dishes containing moistened cotton incubated at 

28°C until radicle emergence. Strains were grown in 79 liquid medium 
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shaking (125 rpm, 28°C) for 72 h. Each seed was inoculated with 1 mL of 

the bacterial inoculum containing about 108 cells at the moment of 

planting. One plant was grown in sterile plastic tubes for 65 days. Sand 

and vermiculite (1:1 ratio) were used as substrate and a four-fold dilution 

of modified Hoagland nutrient solution (Hoagland & Arnon, 1950). This 

Hoagland was composed by 0.4 mL of 236.16 g L-1 CaN2O6∙4H2O; 0.1 

mL of 115.03 g L-1 NH4H2PO4; 0.6 mL of 101.11 g L-1 KNO3; 2.0 mL of 

246.9 g L-1 MgSO4 7H2O; 3.0 mL of 87.13 g L-1 K2SO4; 10 mL of 12.6 g 

L-1 CaH4P2O8 H2O; 200 mL of 1.72 g L-1 CaSO4 2H2O; 1 mL of 10 g L-1 

FeCl3, and 1 mL of micronutrients (2.86 mg L-1 H3BO3; 2.03 mg L-1 

MnSO4 4H2O; 0.22 mg L-1 ZnSO4 7H2O; 0.08 mg L-1 CuSO4 5H2O, and 

0.09 mg L-1 Na2MoO4 H2O) stock solutions, which were added to 4 L of 

water. Inoculated plants and non-inoculated control plants received a low 

nitrogen concentration (5.25 mg∙L-1) in the nutrient solution, which is 

considered a starting dose for, and not an inhibitor of, the process of 

biological N2 fixation. In addition, a control treatment supplemented with 

a high mineral nitrogen concentration (52.5 mg L-1) was provided as well. 

Besides the negative control treatments without inoculation (low and high 

N content), a positive control treatment inoculated with BR 822 strain 
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(Sinorhizobium fredii), which has been approved as inoculant for L. 

leucocephala by the Brazilian Ministry of Agriculture, was also added. 

The assay was completely randomized and performed using 4 replicates. 

Plants were harvested after 65 days. The following parameters were 

determined: nodule number and dry weight (NN and NDW), shoot dry 

weight (SDW), and relative efficiency (RE%), which is also known as the 

symbiotic efficiency. The RE% of each inoculated treatment was 

calculated in relation to the shoot dry matter production by the control 

treatment supplied with high mineral nitrogen content, using the formula 

RE = [(inoculated SDW / high N SDW) x 100] where RE means relative, 

inoculated SDW means shoot dry weight of the inoculated treatments, 

and high N SDW means shoot dry weight of the control treatment 

supplied with high mineral nitrogen content. The data were analyzed by 

ANOVA using the statistical program SISVAR (Ferreira, 2011). The NN 

and NDW were transformed using the formula (x+0.5)0.5. The averages of 

the treatments were grouped by the Scott-Knott test at 5% significance. 

2.5 Performance of L. leucocephala in symbiosis with Cd- and Zn-

tolerant strains, selected by in vitro screening, in a Zn-smelter 

contaminated soil (greenhouse assay) 
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2.5.1 Soil sampling and pots preparation 

In order to evaluate the symbiosis of in vitro screened rhizobia 

with L. leucocephala on a contaminated soil free of native rhizobia able to 

establish symbiosis with L. leucocephala, a contaminated soil (0-20 cm 

top layer) from a former agricultural field at 500 m northeast of a Zn-

smelter in Lommel (Belgium), was sampled (June 2014). The soil has a 

sand texture according to the USDA triangle (Meers et al., 2010), a 

pH(H2O) of about 6.56 and pH(KCl) of about 5.87, and C (in % humus) of 

1.58%. Pseudo-total metal concentrations were estimated by aqua regia 

digestion and are in the range of 6.9 mg Cd kg-1 soil, 429 mg Zn kg-1 soil 

and 217 mg Pb kg-1 soil (Ruttens et al., 2008). Plant available metal 

fractions were estimated by determining the fractions exchangeable by 

0.01 M CaCl2; they are in the range of 0.43 mg Cd kg-1 soil, 21.2 mg Zn 

kg-1 soil and 0.30 mg Pb kg-1 soil (Meers et al., 2010; Van Slycken et al., 

2013). 

Before preparing the pots, the soil was homogenized and sieved 

with 4 mm sieve opening. The soil was placed in 1 kg pots. Sterilized 

distilled water was used for irrigation up to about 60% of the field 

capacity. 
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2.5.2 Confirming that the Zn-smelter contaminated soil is free of 

native rhizobia able to establish symbiosis with L. leucocephala – 

experiment 1 

In order to verify that the Lommel soil is free of native rhizobia to 

avoid their competition with our in vitro screened rhizobia able to 

establish symbiosis with L. leucocephala, a most probable number (MPN) 

experiment was performed. The contaminated soil inoculum, from a 

former agricultural field at 500 m northeast of a Zn-smelter in Lommel, 

Belgium, was diluted (10-1 to 10-6) using sterile sand and 0.5 kg pots were 

filled with the soil dilution mixture. A positive control for nodulation was 

provided by inoculating Mesorhizobium plurifarium (BR 3804 strain). 

Furthermore, two treatments both of them without inoculation, a negative 

control for nodulation supplied with low mineral nitrogen concentration, 

and a positive control for nitrogen utilization supplied with high mineral 

nitrogen concentration were included as well. 

2.5.3 Exploiting L. leucocephala-rhizobia symbiosis on a 

contaminated soil free of native rhizobia able to establish symbiosis 

with L. leucocephala – experiment 2 
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Mesorhizobium sp. (UFLA 01-765 strain) and Rhizobium 

huautlense (UFLA 01-775 strain) were isolated from a Zn mining area in 

the southeast of Brazil, using L. leucocephala as a trap plant. These 

rhizobia strains were previously screened in vitro and selected based on 

their plant-growth promoting abilities (production of organic acids, 

indole-3-acetic-acid, siderophores and 1-aminocyclopropane-1-

carboxylate deaminase, and Ca3(PO4)2 solubilization), and Zn- and Cd-

resistance. The UFLA 01-765 strain has shown positive results for all 

above-mentioned plant-growth promoting traits, whereas UFLA 01-775 

strain did not produce OA and IAA in vitro (Table 2). 

Seeds of L. leucocephala were surface sterilized using 70% 

ethanol for 30 s, and 2% sodium hypochlorite for 3 min, after which the 

seeds were scarified using warm water (100°C) for 3 min. Surface-

sterilized seeds were germinated on Petri dishes containing moistened 

sterile cotton in a growth chamber at 28°C for 4 days, or until the radicle 

emerged. 

Besides the UFLA 01-765 and UFLA 01-775 strains, the BR 3804 

strain (Mesorhizobium plurifarium) was also included in the experiment 

as a positive control for nodulation. To prepare the bacterial inoculum, the 
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strains were grown in 79 liquid medium (Fred & Waksman, 1928) under 

120 rpm shaking at 28°C for 72 h. Each seed was inoculated with 1 mL of 

inoculum containing about 107 cells. Two germinated seeds were planted 

per pot. 

A completely randomised design (CRD) with a 4 (inoculation 

treatments) x 2 (nitrogen content) factorial arrangement and 16 replicates 

was used, including three inoculated treatments (UFLA 01-765, UFLA 

01-775 and BR 3804) and one control without bacterial inoculation, and 

two nitrogen levels (low (15 mg N dm-3) “starter” N and high N (150 mg 

N dm-3)). NH4NO3 was used as the nitrogen source, and the application of 

the high N content was divided over two times, the first application was 

done at the time of planting and the second 15 days after planting. 

Plants were grown in a greenhouse for 90 days (June until 

September 2014). During this experimental period, the numbers of fully 

expanded leaves were counted at 30, 60 and 90 days after planting. 

Before harvest the height of the plants was measured. 

During harvest, shoots were sampled for determining the activities 

of antioxidant enzymes, plants were cut at ground level, and the shoots 
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and roots were separated. Nodules were detached from roots, counted and 

their dry weight was determined. 

2.5.4 Activity of enzymes involved in anti-oxidative defence 

To determine the activity of stress-related enzymes, shoot samples 

(8 replicates for each condition) were harvested and immediately snap-

frozen in liquid nitrogen before storage at -80 °C. The frozen shoot 

tissues were macerated and homogenized with an ice-cooled mortar and 

pestle using ice-cooled 0.1M Tris-HCl buffer (pH 7.8) containing 1 mM 

EDTA, 1mM dithiothreitol and 4% insoluble polyvinylpyrrolidone (1 ml 

buffer per 100 mg fresh weight). This homogenate was centrifuged for 10 

min at 20,000 g and 4 °C. Glutathione reductase (GR, EC 1.8.1.7) and 

guaiacol peroxidase (GPOD, EC 1.11.1.7) activities, as markers for 

oxidative stress (Vangronsveld and Clijsters, 1994), were determined 

spectrophotometrically in the supernatant at 25 °C. GR was determined at 

340 nm and GPOD at 436 nm both according to Bergmeyer et al. (1974). 

2.5.5 Zn, Cd and Pb concentrations in soil and in plant samples 

Zn, Cd and Pb concentrations were determined in soil, roots and 

shoots using 0.150 g samples of ground dry material, digested according 
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to the microwave-assisted 3051A protocol of the US Environmental 

Protection Agency (USEPA 1998). 

During harvest, fresh shoot and root samples (at least 8 replicates 

for each condition) were washed with tap water to remove adherent soil 

particles. In order to remove trace elements present on the root surface, 

the roots were kept in 0.1 M HCl solution for 1 min (Tu & Ma, 2003). 

After that, roots were vigorously rinsed with distilled water to remove the 

HCl. Root and shoot samples were oven-dried (72 h at 65 °C) and 

subsequently powdered to a fine powder, and wet digested in Pyrex tubes 

in a heating block. The digestion consisted of 3 cycles in 1 ml HNO3 

(65%) and 1 cycle in 1 ml HCl (37%) at 120 °C for 4h. Samples were 

then dissolved in HCl (37%) and diluted to a final volume of 5 ml (2% 

HCl). After harvesting the plants, soil was sampled from the pots to 

determine the pseudo-total Zn, Cd and Pb concentrations, which were 

estimated by aqua regia digestion. Metal concentrations were determined 

using ICP-OES. 

Metal remediation capacity of L. leucocephala was determined as 

the remediation factor (RF%), which represents the percentage of metal 

accumulation in plant dry mass regarding to the soil metal content and its 
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volume (Vyslouzilova et al., 2003; Saraswat and Rai, 2011). It was 

calculated by: 

 

 

with  HMplant: the content of metals in the plant (mg kg-1 DM)  

DMplant: the total plant dry mass (g),  

HMsoil: the total metal content (mg kg-1) in soil  

Wsoil: the weight (g) of the soil. 

2.5.6 Statistical analysis 

The results were statistically analysed by an analysis of variance 

(ANOVA), and a Tukey statistical test at 5% probability was applied 

using the statistical program SISVAR 5.7 version (Ferreira, 2011). Before 

performing the statistical analysis, the variables nodule number (NN) and 

nodule dry matter (NDM) were transformed by (x + 0,5)0,5 formula. 

3 Results and discussion 
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All purified bacterial strains were able to induce nodule formation 

authenticated on L. leucocephala, and were genetically identified by 

partial sequencing of the 16S rDNA gene (Table 2). 

3.1 Genotypic characterization 

All 19 cultivable bacterial strains isolated from L. leucocephala 

nodules were genetically identified by 16S rDNA gene sequencing and 

blasting (Table 2). Most of the strains (17) belong to the group of α-

Proteobacteria like Mesorhizobium sp. (15), Rhizobium sp. (1) and 

Rhizobium huautlense (1). Two Variovorax paradoxus, belonging to the 

β-Proteobacteria, strains were isolated. To our best knowledge, up to now 

neither the ability of V. paradoxus to induce nodule formation nor to 

perform N2 fixation in symbiosis with leguminous plants have been 

reported. So we report for the first time the ability of V. paradoxus to 

induce nodule formation and also its ability to perform N2 fixation in 

symbiosis with L. leucocephala (see more details on authentication test 

and symbiotic efficiency assay at the “N2-fixing nodulating bacteria and 

their potential to induce nodule formation on roots of their leguminous 

host plant” section). 
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Table 2 - Original host legume species, most similar sequence (accession number) available in NCBI and qualitative plant 

growth promoting traits of the strains isolated from Zn- and Cd-contaminated mining soil. 

Host species Strains 

bp* of 

16S 

rDNA 

Identity Most similar sequence (accession number)# Phylum/class 

Phenotypical tests 

OA** IAA** ACC** SID** Ca3(PO4)2 Sol*** 

Leucaena leucocephala UFLA 01-761 550 95% Mesorhizobium sp. (HF931067.1) α-Proteobacteria ++ + + ++++ L 

Leucaena leucocephala UFLA 01-762 959 100% Mesorhizobium sp. (EU130444.1) α-Proteobacteria + - + ++++ I 

Leucaena leucocephala UFLA 01-763 925 99% Variovorax paradoxus (HQ219937.1) β-Proteobacteria - - + +++ I 

Leucaena leucocephala UFLA 01-764 910 99% Variovorax paradoxus (HQ219937.1) β-Proteobacteria - - + +++ I 

Leucaena leucocephala UFLA 01-765 747 99% Mesorhizobium sp. (HF931067.1) α-Proteobacteria + + + ++ I 

Leucaena leucocephala UFLA 01-766 725 99% Mesorhizobium sp. (HF931067.1) α-Proteobacteria +++ - + - L 

Leucaena leucocephala UFLA 01-767 1101 100% Mesorhizobium sp. (EU130444.1) α-Proteobacteria +++ + + ++ L 

Leucaena leucocephala UFLA 01-768 446 98% Mesorhizobium sp. (HF931067.1) α-Proteobacteria ++ ++++ ++++++ ++++ L 

Leucaena leucocephala UFLA 01-769 1045 100% Rhizobium sp. (HQ589024.1) α-Proteobacteria ++ ++++ +++ ++++ L 

Leucaena leucocephala UFLA 01-770 666 100% Mesorhizobium sp. (HF931067.1) α-Proteobacteria ++ ++++ + ++++ L 

Leucaena leucocephala UFLA 01-771 908 100% Mesorhizobium sp. (EU130444.1) α-Proteobacteria +++ - + - L 

Leucaena leucocephala UFLA 01-772 738 99% Mesorhizobium sp. (HF931067.1) α-Proteobacteria +++ - + - L 

Leucaena leucocephala UFLA 01-773 792 99% Mesorhizobium sp. (HF931067.1) α-Proteobacteria +++ + + - I 

Leucaena leucocephala UFLA 01-774 1048 99% Mesorhizobium sp. (EU130444.1) α-Proteobacteria ++ - + - GNFH§ 

Leucaena leucocephala UFLA 01-775 596 98% Rhizobium huautlense (JQ670240.2) α-Proteobacteria - - + + GNFH 

Leucaena leucocephala UFLA 01-776 415 95% Mesorhizobium sp. (HF931067.1) α-Proteobacteria + - + ++ I 

Leucaena leucocephala UFLA 01-777 1094 99% Mesorhizobium sp. (EU130444.1) α-Proteobacteria + + + ++++ L 

Leucaena leucocephala UFLA 01-778 1094 99% Mesorhizobium sp. (EU130444.1) α-Proteobacteria ++ + + ++++ L 

Leucaena leucocephala UFLA 01-779 742 99% Mesorhizobium sp. (HF931067.1) α-Proteobacteria ++ + +++ ++++ L 

    Percentage of positive strains 52% 52% 85% 71% 89% 

Type or Reference rhizobia strains 

CIAT 899T – Rhizobium tropici + +++ +++ ++++ L 

BR 3804 – Mesorhizobium plurifarium ++ ++ +++ + GNFH 

ORS 571T – Azorhizobium caulinodans - +++ ++++++ ++++ L 

BR 5401T – Azorhizobium doebereinerae - ++ ++++ - GNFH 

BR 11340 – Burkholderia cepacia +++ ++ + + GNFH 

*bp – base pairs of 16S rDNA sequence. #Identification based on 16S rDNA sequences using forward primer 27F. **Classification conferred 

according to the color intensity. OA: organic acid production; IAA: indole-3-acetic acid production; ACC: 1-aminocyclopropane-1-

carboxylate deaminase activity. ***Based on the Ca3(PO4)2 solubilisation index, the strains were classified as Low (L) with solubilisation 

index < 2.00, Intermediate (I) 2.00 ≤ SI < 4.00 or High (H) SI ≥ 4.00. §Grown but did not form a halo (GNFH) by the 15th day. 
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3.2 Phenotypic characterization 

It is clear that the 869 medium (Mergeay et al., 1985) also known 

as TY medium is not the best one for growing rhizobia. Rhizobia grow 

slowly and sometimes even do not grow, as we have noticed in this assay. 

In our first trial, using TY medium to activate our strains before the 

phenotypic tests, the number of positive strains for some tests was 

reduced to around 54% in comparison with the number of positive strains 

we got using the yeast mannitol medium, also known as 79 medium. 

All strains isolated from the Zn- and Cd-contaminated soil were 

screened for their potential to assist their host plant for phytoremediation 

purposes by verifying their plant growth promoting traits and their TE 

tolerance. 

In general, the number of strains equipped with plant-growth 

promoting traits is remarkably high (Table 2). The total percentages of 

positive strains for all plant growth-promoting features are higher than 

50%: OA (84%), IAA (52%), ACC deaminase (100%), SID (73%) and 

solubilizing P (89%). Phosphorus solubilization was estimated by a halo 

produced by the bacteria (Nautiyal, 1999). However, there are a few 

strains (11%), which did not form a visible solubilization halo, but their 
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growth was observed due to the production of polysaccharides on the 

medium, after 15 days incubation. The Nautiyal (1999) protocol considers 

the extracellular oxidation of glucose via quinoprotein glucose 

dehydrogenase, which produces gluconic acid and mobilizes insoluble 

phosphates very efficiently. However, other mechanisms apart from 

gluconic acid production and excretion, such as production of chelating 

substances, release of protons originated by NH4+ assimilation and 

production of inorganic acids, have also been proposed to explain 

phosphate solubilization by bacteria (Illmer and Schinner, 1995). 

Therefore, those strains need to be studied more in detail to unravel the 

mechanisms they utilize to mobilize insoluble-P. 

Croes et al. (2013) have shown that the selective pressure 

occurring on a Cd, Zn and Pb-contaminated field in Belgium is in favor of 

a bacterial community able to solubilize phosphorus, fix nitrogen and 

produce ACC deaminase and IAA. 

Plant growth-promoting rhizobacteria (PGPR) may synthesize and 

provide their host plant with compounds such as fixed nitrogen or 

phytohormones, as indole-3-acetic acid (IAA). Moreover, P and Fe 

uptake may be facilitated, and enzymes such as 1-aminocyclopropane-1-
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carboxylate (ACC) deaminase, which lowers plant ethylene levels, 

controlling plant growth, may be synthesized (Glick et al., 2007). 

Iron might be found in very low concentration in plants growing 

on TE contaminated soils, due to iron deficiency on those soils. Plants are 

able to deal with this threat by producing siderophores, which bind iron, 

making plants capable to take up iron. Moreover plants may also take up 

bacterial Fe-siderophore complexes. Since these bacterial siderophores 

are more efficient for binding iron than plant siderophores, plants depend 

on bacterial siderophores for their Fe uptake. Thus, unless bacterial 

siderophores are present in a TE contaminated soil, a plant is unable to 

accumulate a sufficient amount of iron (Glick, 2003). 

Biological N2 fixation is a highly Fe demanding process (Tang et 

al., 1990; Brear et al., 2013) since Fe is present in the nitrogenase enzyme 

complex, cytochromes, ferredoxins, and hydrogenases. High numbers of 

siderophores producing bacteria (73% of the total) were isolated from the 

Zn- and Cd-contaminated soil. About 90% of them are rhizobia. Tang et 

al. (1990) have shown a strict relation between Fe deficiency and 

depressed leghemoglobin production by Lupinus angustifolius inoculated 

with Bradyrhizobium lupini WU425, confirming Fe essentiality for 
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nodule formation. Nodules of plants well provided with optimal Fe-

concentrations show higher leghemoglobin concentration than iron 

deficient plants (Tang et al., 1990). However there are a few rhizobia 

strains that do not produce siderophores: UFLA 01-766, UFLA 01-771, 

UFLA 01-772, UFLA 01-773, and UFLA 01-774 (Mesorhizobium 

strains) (Table 2). Some rhizobia strains do not produce siderophores, 

however they may synthesize outer membrane (OM) receptors instead. 

OM specific receptors bind siderophores-metal complexes, enabling ions 

chelates uptake (Small et al., 2009). Rhizobia may recognize Fe3+-

xenosiderophore complexes by different OM receptors depending on the 

siderophores. As an example, Bradyrhizobium japonicum USDA 110 and 

61A152 strains were able to use ferrichrome and rhodotorulic acid as iron 

source, even given the fact that these siderophores are produced by fungi 

(Plessner et al., 1993). 

Plant growth may also be improved by organic acids (OA) 

produced by bacteria. The high percentage (84%) of OA producing strains 

isolated from the Zn- and Cd-contaminated soil is remarkable. By 

producing OA under these conditions, bacteria can enhance their uptake 

of essential mineral nutrients, which are normally limiting in mining soils. 
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However, besides improving the availability of essential mineral 

nutrients, OA production may also increase TE availability for the plant 

by means of the same mechanisms. 

About 52% of the strains isolated from the Zn- and Cd-

contaminated soil were able to produce IAA, which is another important 

bacterial process involved in plant growth promotion on contaminated 

mining soils. IAA production can enhance root growth and root length, as 

well as proliferation and elongation of root hairs (Taghavi et al., 2009). In 

this way, plants can better deal with nutrient depletion through the bigger 

soil volume that can be explored by the more extended root system 

(Weyens et al., 2011). IAA production and other mechanisms performed 

by rhizospheric, phyllospheric and endophytic bacteria can improve 

phytoremediation efficiency (Valls & de Lorenzo, 2002; Lebeau et al., 

2008; Kidd et al., 2009; Mastretta et al., 2009; Rajkumar et al., 2009; 

Taghavi et al., 2009; van der Lelie et al., 2009; Weyens et al., 2009a-b-c; 

2010; 2011; 2013b; Becerra-Castro et al., 2011; 2012; Croes et al., 2013). 

IAA can also induce ACC synthase transcription. This enzyme catalyzes 

the formation of 1-aminocyclopropane-1-carboxilic acid (ACC), and 

consequently controls ethylene production, since ACC is its immediate 
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precursor. Ethylene present in a low concentration may improve plant 

growth, but at higher levels, ethylene inhibits growth and can even induce 

senescence. Therefore, it is important that plant-associated bacteria are 

able to regulate ACC and ethylene levels by producing ACC deaminase 

(Stearns & Glick, 2003; Glick et al., 2007; Glick & Stearns, 2011). The 

high number (100%) of strains isolated from the Zn- and Cd-

contaminated mining soil that tested positive for ACC deaminase activity 

(Table 2) is remarkable. Croes et al. (2013) and Truyens et al. (2014) also 

found that TE contamination pressures the bacterial comunity selecting 

genotypes, which test positive for plant growth promoting traits such as 

TE tolerance, phosphorus solubilization, nitrogen fixation and ACC 

deaminase and IAA production. 

Considering the rhizobial behavior in general, we isolated 

different strains from different rhizobia genera with high amounts of 

positive results for most of all plant-growth promoting features (Table 2). 

This rhizobia behavior makes us enthusiastic to continue rhizobia 

research in the framework of phytoremediation. This intrinsic plant-

growth promoting ability of rhizobia increases the number of legume 
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plants that can be considered for phytoremediation purposes in different 

conditions of soil contamination (e.g. mining, smelting etc.). 

Since bacteria need to survive on TE-contaminated soils before 

they might be able to perform any of the above-mentioned ecosystem 

services (e.g. biological nitrogen fixation, phosphate solubilization, metal 

precipitation etc.), the rhizobacteria isolated from the Zn- and Cd-

contaminated mining soil were in vitro evaluated for their Zn- and Cd-

resistance. Moreover, it is important to know the multi-element 

resistance, since the bacterial strains we have investigated in this work 

came directly from mining soils (meaning they were exposed for many 

generations to a toxic environment and were forced to get shifts to survive 

under this selective pressure) and almost all mining soils may have a 

multi-element pollution. 
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Table 3 – Cadmiun and zinc tolerance in 284 medium of rhizobia isolated from Zn-mining soil using Leucaena leucocephala as 

trap plant. 

  Cadmiun  Zinc  

Strains Closest related strain by NCBI 0.4 mM 0.8 mM 0.6 mM 1.0 mM 

UFLA 01-761 Mesorhizobium sp. +++Moderate ++Low +++Moderate ++Low 

UFLA 01-762 Mesorhizobium sp. ++Low +Scarce ++Low +Scarce 

UFLA 01-763 Variovorax paradoxus +++Moderate ++Low ++++Abundant ++++Abundant 

UFLA 01-764 Variovorax paradoxus +++Moderate ++Low ++++Abundant ++++Abundant 

UFLA 01-765 Mesorhizobium sp. +++Moderate ++Low +++Moderate ++Low 

UFLA 01-766 Mesorhizobium sp. +++Moderate ++Low +++Moderate ++Low 

UFLA 01-767 Mesorhizobium sp. +++Moderate ++Low +++Moderate ++Low 

UFLA 01-768 Mesorhizobium sp. ++Low +Scarce ++Low +Scarce 

UFLA 01-769 Rhizobium sp. ++++Abundant ++Low ++++Abundant ++Low 

UFLA 01-770 Mesorhizobium sp. ++Low +Scarce ++Low +Scarce 

UFLA 01-771 Mesorhizobium sp. ++Low +Scarce ++Low +Scarce 

UFLA 01-772 Mesorhizobium sp. ++Low +Scarce ++Low +Scarce 

UFLA 01-773 Mesorhizobium sp. ++Low +Scarce ++Low +Scarce 

UFLA 01-774 Mesorhizobiumsp. ++Low +Scarce ++Low +Scarce 

UFLA 01-775 Rhizobium huautlense ++Low -No growth ++Low -No growth 

UFLA 01-776 Mesorhizobium sp. ++Low +Scarce ++Low +Scarce 

UFLA 01-777 Mesorhizobium sp. ++Low +Scarce ++Low +Scarce 

UFLA 01-778 Mesorhizobium sp. ++Low +Scarce ++Low +Scarce 

UFLA 01-779 Mesorhizobium sp. ++Low +Scarce ++Low +Scarce 

      

Type or Reference rhizobia strains 

CIAT 899T – Rhizobium tropici ++Low +Scarce ++Low +Scarce 

BR 3804 – Mesorhizobium plurifarium ++Low +Scarce ++Low +Scarce 

ORS 571T – Azorhizobium caulinodans ++Low +Scarce ++Low +Scarce 

BR 5401T – Azorhizobium doebereinerae ++Low +Scarce ++Low +Scarce 

BR 11340 – Burkholderia sp. +Scarce +Scarce +Scarce +Scarce 

+Scarce, ++Low, +++Moderate and ++++Abundant - Rate growth plus polysaccharide production under in vitro contamination. 
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The numbers of Zn- and Cd-resistant rhizobia strains are high 

(Table 3). However, differences concerning their growth were observed. 

Almost all rhizobial strains were resistant at high Zn and Cd 

concentrations, with the exception of only Rhizobium huautlense strain 

UFLA 01-775. Interestingly, almost all strains showed the same growth 

pattern under both toxic stresses (Zn and Cd), with the exception of 

Variovorax paradoxus strains UFLA 01-763 and UFLA 01-764, which 

showed an abundant growth and polysaccharide production on plate at 

both low and high Cd exposure. 

Toxic concentrations of metal(oid)s and their different chemical 

forms and organometals notably threat microbial populations, affecting 

the microbial activity (Carneiro et al., 2008; Giller et al., 2009; Santos et 

al., 2013). However microbial resistance to metal(oid)s is widespread and 

ranges from low percentages in pristine environments to higher 

percentages in heavily polluted environments (Trannin et al., 2001a; 

Silver & Phung, 2009; Croes et al., 2013). As we hypothesized, rhizobia 

isolated from Zn- and Cd-contaminated soil are highly Zn- and Cd-

resistant, 100% strains resisted at low and 95% at high Zn- and Cd-
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concentrations. The only exception is Rhizobium huautlense strain UFLA 

01-775, which is not resistant to high [Zn] and [Cd]. 

3.3 N2-fixing nodulating bacteria and their potential to induce nodule 

formation on roots of their leguminous host plant 

Concerning the authentication of the symbiosis and symbiotic 

efficiency of the strains isolated from Leucaena leucocephala nodules 

(Zn- and Cd-contaminated soil), no nodules were observed on the root 

system of non-inoculated control plants (supplied with 5.25 mg L-1 or 

52.5 mg L-1 of mineral N) (Table 4). This confirms the absence of 

contamination and means that the experiment was performed under 

axenic conditions. 
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Table 4 – Authentication and symbiotic efficiency of rhizobacteria isolated from 

nodules of Leucaena leucocephala used as a trap plant to access native rhizobia on 

Zn, Cd-contaminated soil. 

Strains Closest related strain by NCBI NN 
NDW SDW Relative 

efficiency ----------g/pot--------- 

UFLA 01-761 Mesorhizobium sp. 37.00 a 0.04 a 0.52 a 89.4 a 

UFLA 01-762 Mesorhizobium sp. 17.75 b 0.03 b 0.44 b 76.1 b 

UFLA 01-763 Variovorax paradoxus 29.00 a 0.04 a 0.54 a 93.1 a 

UFLA 01-764 Variovorax paradoxus 23.50b 0.05 a 0.58 a 100.6 a 

UFLA 01-765 Mesorhizobium sp. 21.25 b 0.04 a 0.66 a 111.9 a 

UFLA 01-766 Mesorhizobium sp. 32.75 a 0.04 a 0.47 b 81.5 b 

UFLA 01-767 Mesorhizobium sp. 26.25 a 0.04 a 0.48 b 83.8 a 

UFLA 01-768 Mesorhizobium sp. 28.25 a 0.04 a 0.50 a 87.5 a 

UFLA 01-769 Rhizobium sp. 26.00 a 0.04 a 0.46 b 77.7 b 

UFLA 01-770 Mesorhizobium sp. 39.50 a 0.04 a 0.56 a 96.1 a 

UFLA 01-771 Mesorhizobium sp. 33.25 a 0.03 b 0.44 b 75.3 b 

UFLA 01-772 Mesorhizobium sp. 33.25 a 0.04 a 0.51 a 88.7 a 

UFLA 01-773 Mesorhizobium sp. 19.25 b 0.007 d 0.39 c 67.2 b 

UFLA 01-774 Mesorhizobiumsp. 19.00 b 0.005 d 0.37 c 63.6 b 

UFLA 01-775 Rhizobium huautlense 33.50 a 0.05 a 0.55 a 92.8 a 

UFLA 01-776 Mesorhizobium sp. 22.75 b 0.02 c 0.37 c 63.7 b 

UFLA 01-777 Mesorhizobium sp. 3.00 c 0.03 b 0.46 b 78.8 b 

UFLA 01-778 Mesorhizobium sp. 28.75 a 0.01 c 0.46 b 72.9 b 

UFLA 01-779 Mesorhizobium sp. 28.50 a 0.03 b 0.44 b 75.7 b 

BR 827 – Sinorhizobium fredii 19.25 b 0.02 c 0.42 b 63.4 b 

5.25 mg N L-1  0.00 c 0.00 d 0.26 d 46.2 b 

52.5 mg N L-1  0.00 c 0.00 d 0.60 a 100.0 a 

CV (%)  18.26 0.72 13.49 22.69 

Values followed by the same letter on the column comparing strains do not differ 

by Scott-Knott test, p<0,05. 

All bacterial strains, isolated from L. leucocephala as well as the 

inoculant control Sinorhizobium fredii strain BR 827 approved by MAPA 

nodulated the root system (Table 4). In total, eight strains are efficiently 

fixing N2 in symbiosis with L. leucocephala, showing SDW and RE% 

values that are statistically similar to the control treatment supplied with 

high mineral N concentration (52.5 mg L-1). Among those strains, five 

were Mesorhizobium spp. (Strains UFLA 01-761, UFLA 01-765, UFLA 
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01-768, UFLA 01-770, UFLA 01-772), two were Variovorax paradoxus 

(UFLA 01-763 and UFLA 01-764), and one was a Rhizobium huautlense 

(UFLA 01-775 strain). All those strains showed higher N fixation 

efficiency even comparing with S. fredii strain BR 827 approved by 

MAPA as L. leucocephala plant inoculant. 

As mentioned above, there exist no earlier reports on the ability of 

V. paradoxus to nodulate and perform N2 fixation in symbiosis with 

leguminous plants. However, the high capacity of V. paradoxus to 

promote primary root elongation of spring wheat seedlings was already 

reported by Maimaiti et al. (2007). These authors have demonstrated that 

V. paradoxus promotes plant growth by producing ACC-deaminase and 

oxidizing H2. The diversity in metabolic abilities of V. paradoxus is 

remarkable high (Davis et al., 1969; Willems et al., 1991; Maimaiti et al., 

2007). 

As mentioned above, rhizobia and legume-rhizobia symbiosis can 

directly enhance phytoremediation success through biological nitrogen 

fixation and other plant growth promoting traits. These metal-resistant, 

plant growth promoting bacteria can play an essential role in 

phytoremediation of contaminated mining soils. Once the most 
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appropriate legume-rhizobia symbiosis will be identified, they can be 

exploited. Moreover, most rhizobia are not pathogenic, which is another 

crucial point for exploiting the potential of those bacteria to improve plant 

growth in the framework of phytoremediation purposes. In future 

inoculation experiments, selected rhizobia will be tested on contaminated 

soil. 

3.4 Performance of L. leucocephala in symbiosis with Cd- and Zn-

tolerant strains selected by in vitro screening on a Zn-smelting 

contaminated soil 

3.4.1 The Zn-smelter contaminated soil is free of native rhizobia able 

to establish symbiosis with L. leucocephala 

No nodules were observed on the roots of L. leucocephala plants, 

which were inoculated with soil inoculum from Lommel site. Only 

control plants for nodulation feature, which were inoculated with BR 

3804 strain showed nodules on their roots. This confirms that there are no 

rhizobia able to induce nodule formation on roots and to establish 

symbiosis with L. leucocephala in the Lommel soil (Figure 1). By 

consequence, the rhizobia strains that were inoculated in experiment 2 
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(see further) did not have to compete with native rhizobia for inducing 

nodule formation and establishing symbiosis with L. leucocephala 

growing on contaminated soil. 

 

Figure 1. Most probable number (MPN) of rhizobia able to induce nodule formation on roots 

and to establish symbiosis with Leucaena leucocephala on Lommel soil. 

 

3.4.2 Exploiting L. leucocephala-rhizobia symbiosis on a 

contaminated soil free of native rhizobia able to establish symbiosis 

with L. leucocephala 
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The numbers of fully expanded leaves on L. leucocephala at 30, 

60 and 90 days after planting are shown in Figure 2. 

 

Figure 2. Increasing of the number of fully expanded leaves during the experimental period. 

p<0.05. 

Rhizobia and legume-rhizobia symbiosis have the potential to 

enhance phytoremediation success through biological N2 fixation and 

other plant growth promoting traits. The effects depend on bacterial 

species and their origin, on legume species and on metal(oids) as well 

(Trannin et al., 2001b; Matsuda et al., 2002a-b; Chaudhary et al., 2004; 
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Melloni et al., 2006; Ferreira et al., 2012; 2013; Rangel et al., 2014). 

Leguminous plants growing on soils contaminated with excessive trace 

elements concentrations usually show chlorosis, tissue damage, root 

browning and growth inhibition, further also affecting photosynthesis and 

symbiosis (Wani et al., 2007; 2008). 

Mesorhizobium sp. (UFLA 01-765) was able to induce nodule 

formation on roots, establish symbiosis and efficiently fix N2, thereby 

promoting L. leucocephala growth on Zn- and Cd-contaminated soil. This 

symbiotic rhizobial strain increased the number of fully expanded leaves, 

plant height, and shoot N accumulation (Figure 2, 3A and 5C 

respectively). Interestingly it also decreased the activities of several 

enzymes involved in antioxidative defence (Figure 10). Figure 3C shows 

the remarkable low shoot dry weight loss by L. leucocephala after 90 

days experiment. In average, L. leucocephala lost 50 mg of shoot per pot 

under high N content (150 mg N dm-3) and 10 mg of shoot per pot under 

low N content (15 mg N dm-3) during the 90 days experiment. This 

highlights the importance of inoculating L. leucocephala with rhizobia 

instead of supplying plants with N mineral fertilizers for 

phytoremediation purposes. High N mineral content increases plant 
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growth and development very fast, by consequence increasing the loss of 

shoot-associated metals. Figure 4C-D highlight the contrast between 

plants inoculated under high N content (150 mg N dm-3) and low N 

content (15 mg N dm-3) showing that plants receiving N from an 

established symbiosis with rhizobia use N more efficiently, maintaining 

an intense green colour for a longer period than other plants (Figure 4C - 

UFLA 01-765). 
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Figure 3. Mesorhizobium sp. (UFLA 01-765) isolated from Zn-mining soil contaminated 

with Zn and Cd is able to promote Leucaena leucocephala growth on Zn-smelting soil 

contaminated with Zn, Pb and Cd. A- Height. B- Dry biomass production (dry shoot and 

root weight). C- Dry shoot biomass lost after 90 days pot-experiment. Bars with the same 

upper or lower case letters do not differ by Scott-Knott test, p<0.05. 
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Figure 4. Mesorhizobium sp. (UFLA 01-765) isolated from Zn-mining soil contaminated with 

Zn and Cd is able to promote Leucaena leucocephala growth on Zn-smelting soil 

contaminated with Zn, Pb and Cd. A- Plant growth after 30 days; B- Plant growth after 60 

days; C- Plant growth after 90 days; D- High N (150 mg N dm-3) supplied plants at 90th day; 

E- Low N (15 mg N dm-3) supplied plants at 90th day. 

 

Biological nitrogen fixation is one of the most important processes 

in nature and it is performed by only a limited group of prokaryotic 

organisms. Rhizobia are a unique subset of this group, which can fix N2 

in symbiosis with legume plants. Therefore, the symbiosis between both 

legume plant and rhizobia tolerant to trace elements is really important for 
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supplying plants with N when they are growing on contaminated soils. 

Since excessive amounts of trace elements are known to be toxic to most 

organisms and challenge their survival on contaminated soils, it is crucial 

that this N fixation and symbiosis can still be performed under trace 

elements stress. A picture of a nodule induced by Mesorhizobium sp. on 

L. leucocephala roots is presented in figure 5D. The intense red color 

inside the nodule is due to leghaemoglobin, which attests its activity. This 

illustrated that the UFLA 01-765 strain is able to efficiently fix N2, even 

on contaminated soil, which was confirmed by shoot N accumulation 

presented in figure 5C. UFLA 01-765 strain increased the N accumulation 

of L. leucocephala with about 257% (2.5 times) in comparison to control 

plants that did not receive any rhizobia inoculum and were supplied with 

low N level. When control plants received high N levels, N accumulation 

increased about 218%. 

Afer inoculation with UFLA 01-765 strain, means of 30 nodules 

on high N and 15 nodules on low N level were observed. Although plants 

on low N (starter N) have formed less root nodules, they were bigger than 

nodules from plants on high N, as it can be seen by nodule dry weight 

(figure 5B). The high N-mineral supply for soils with 150 mg N dm-3 
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content, increased N-uptake by plants, by consequence decreasing the 

efficiency of BNF processes. Plants under high N content received the 

same amount of N at planting than plants under low N treatement. 

However, after 15 days, plants under high N treatment received an 

additional N application. So both, high and low N plants, started nodule 

formation under the same conditions. However, after 15 days, when the 

high N plants received an additional N application, these plants were 

exposed to a high N-mineral availability in soil (mostly as NO3
-), 

disrupting nodulation processes, and by consequence BNF processes as 

well. It is widely accepted that high soil NO3
- inhibits root infection, 

nodule development and nitrogenase activity (Atkins et al., 1984; 

Imsande, 1986; Eaglesham, 1989; Purcell and Sinclair, 1990; Abdel-

Wahab et al., 1996; Sanginga et al., 1996; Sodek and Silva, 1996; 

Arreseigor et al., 1997). Sodek and Silva (1996) showed that NO3
- 

inhibits both the establishment of nodules and their growth and 

development. Our results are in agreement with this observation. Since 

plants under low N content showed less nodules, but a similar nodule dry 

weight in comparison with plants under high N content. Many hypothesis 

have been proposed for answering the question on how NO3
- affects 
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nodule growth, i.e. carbohydrate privation in nodules, feedback inhibition 

by glutamine or asparagine products of nitrate metabolism, and a 

decreased O2 diffusion into nodules which put a limit on respiration of 

bacteroids (Schuller et al., 1988; Streeter, 1988; Vessey et al., 1988; 

Vessey and Waterer, 1992; Neo and Layzell, 1997; Bacanambo and 

Harper, 1996; Gordon et al., 2002). Kanayama and Yamamoto (1990) 

proposed that the formation of nitrosylleghemoglobin caused by NO 

binding, a product from NO3
-, to the leghemoglobin disrupts O2 binding 

activity. 
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Figure 5. Mesorhizobium sp. (UFLA 01-765) isolated from Zn-mining soil contaminated with 

Zn and Cd is able to efficiently fix N2 in symbiosis with Leucaena leucocephala on Zn-

smelting soil contaminated with Zn, Pb and Cd. A- Number of nodules. B- Nodules dry 

weight. C- N accumulation in shoot after 90 days experiment. D- L. leucocephala nodule 

induced by UFLA 01-765 under low N content (15 mg N dm-3) highlighting its red color 

conferred by leghaemoglobin, which attests N2 fixing active into nodule by this rhizobia 

strain. Bars with the same upper or lower case letters do not differ by Scott-Knott test, 

p<0.05. 
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Although the Rhizobium huautlense UFLA 01-775 strain induced 

nodule formation and showed a high N2 fixing efficiency with L. 

leucocephala during the authentication and symbiotic efficiency assay 

(Table 4), no nodules were induced by on L. leucocephala roots gorwing 

in the Zn-, Pb- and Cd-contaminated soil from Lommel (Figure 5A). The 

lack of nodulation in this experimental set-up might be due to the in vitro 

sensitivity that the UFLA 01-775 strain showed to high Zn and Cd 

concentrations (Table 3). 



149 

 

 

 

Figure 6. Soil pH-H2O and available metal content after plant harvesting at 90 days and pH 

and metal content of the control soil without plant, rhizobia and NH4NO3. A- Soil pH-H2O 

after plant harvesting. B- Cd available, C- Pb available and D- Zn available after plant 

harvesting. Bars with the same upper or lower case letters do not differ by Scott-Knott test, 

p<0.05. 

Figure 6 presents soil pH-H2O and available metal content after 90 

days, at the moment of plant harvesting. Soil pH was equally reduced by 

applying both high (150 mg N dm-3) and low “starter” N level as NH4NO3 

source, in comparison with the pH of the control soil, which did not 

receive any NH4NO3 content. Figure 6 shows that the available Cd, Pb 
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and Zn contents in the soil are mainly related to soil pH. The decrease in 

soil pH could be induced by acidification caused by NH4NO3 application. 

Each two NH4
+ molecules produce four H+ by the reaction ‘2NH4

+ + 3O2
- 

 2NO2
- + 2H2O + 4H+’. Moreover, H+ extrusion by plants may also 

occur since assimilation of NH4
+ stimulates H+-ATPases to pump protons 

(maily H+) out of cells, decreasing (extracellular) soil pH (Hedrich and 

Schoeder, 1989). Moreover cations exchange (Cd, Zn and Pb) by NH4
+ is 

another way to deacrease pH. This last mechanism can be confirmed by 

soil available Cd, Zn and Pb content after harvesting plants. The addition 

of high amounts of NH4NO3 (150 mg N dm-3) to soil increased the 

available metals contents (Figure 6B-C-D). On the other hand, in case of 

low NH4NO3 content (15 mg N dm-3), the amount of NH4
+ in soil was not 

enough for exchanging cations. Moreover NO3
- uptake occurs against an 

electrochemical gradient, which requires energy spending (Williams and 

Miller, 2001), and the optimal pH for NO3
- uptaking is below 6 due the 

higher H+ availability for cotransport (Epstein and Bloom, 2004). 

Through cotransport, both NO3
- and H+ are absorbed by the same 

transporter, and by consequence an increase of pH can be expected. 
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Apart from these above-mentioned processes affecting soil 

acidification, organic acids production by bacteria may also acidify soil. 

Organic acids production is a mechanism of reducing metal toxicity and 

increasing metal uptake by plants, since metals chelated by organic acids 

are less toxic as when they are in the non-chelated form. 

Interestingly, on low N, all rhizobia strains increased soil pH, in 

comparison with the non-inoculated treatment. Mesorhizobium sp. UFLA 

01-765 strain increased pH about 0.3 units, and caused a remarkable 

decrease in available Cd and Zn (Figure 6A-B and 6D). This potential of 

Mesorhizobium sp. UFLA 01-765 strain to reduce soil available Cd and 

Zn content might be explained by OA production (Glick, 2003; Bais et 

al., 2006, Rajkumar et al., 2013). Chelated metals might be taken up by 

plants, which can be confirmed by the RF of Mesorhizbobium sp. UFLA 

01-765 (Figure 8). 

The metal accumulation was influenced by the N level showing 

maximum values in plants grown on high N (150 mg N dm-3) due to 

acidification caused by NH4NO3 supply, as already explained above. In 

general, Zn concentration was higher than Pb and Cd, and the 

accumulation of all metals was higher in roots than in shoots (Figure 7). 
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This behavior of L. leucocephala was already reported by Saraswat and 

Rai (2011) and Ferreira et al. (2012). 

 

 

Figure 7. Zn, Cd and Pb accumulation by Leucaena leucocephala on a smelting Zn-, Pb- and 

Cd-contaminated soil after 90 days pot-experiment. Bars with the same upper or lower case 

letters do not differ by Scott-Knott test, p<0.05. 

In general, metal accumulation in the shoots on low N did not 

differ among treatments (Figure 7), whereas control plants without 

rhizobia and plants inoculated with Mesorhizobium sp. UFLA 01-765 

strain on high N accumulated higher metal in shoots. 

Considering the remediation factor (RF) in case of low N, after 

inoculation with Mesorhizobium sp. UFLA 01-765 strain, significantly 

higher remediation factors could be achieved for all metals (Figure 8). 

Besides promoting plant growth through biological N2 fixation in 
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symbiosis with L. leucocephala, Mesorhizobium sp. UFLA 01-765 strain 

may also colonize the rhizosphere where it is performing other plant-

growth promoting traits as well, e.g. OA production, which can improve 

metal uptake by L. leucocephala (Figure 8). Interestingly, at the same 

time inoculation with the UFLA 01-765 strain under low N application 

induced decreases in both guaiacol peroxidase (GPOD) and glutathione 

reductase (GR) activities (Figure 9) and showed a better growth (Figures 

3A-B and 4) and N accumulation (Figure 5C). As mentioned by 

Rajkumar et al. (2013), OA chelating metals are a way to increase 

antioxidative defense mechanisms by plants, decreasing the oxidative 

damage caused by metals. 

 

Figure 8. Zn, Cd and Pb remediation factor (RF) by Leucaena leucocephala on a smelting 

Zn-, Pb- and Cd-contaminated soil after 90 days pot-experiment. Bars with the same upper 

or lower case letters do not differ by Scott-Knott test, p<0.05. 

The reductions in the activities of antioxidative enzymes suggests 

that homo-phytochelatins, which are peptides homologous to 

phytochelatins but contain β-alanine instead of glycine (γ-Glu-Cys)n-β-
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Ala (n=2-7), may take part in the antioxidative defense (Grill et al., 1986; 

Clemente et al., 2012). 

Saraswat and Rai (2011) have shown the potential of L. 

leucocephala for a substantial sequestration of Zn and Cd from brass 

industry contaminated soils, besides their beneficial soil microbial and 

chemical characteristics including N content. In our study, L. 

leucocephala showed higher RF for Cd than Zn. 

 

Figure 9. Shoot enzymatic activity of Leucaena leucocephala inoculated with rhizobia, and 

control without rhizobia, after 90 days pot-experiment on a Zn-, Pb- and Cd-contaminated 

soil. A- Guaiacol peroxidase (GPOD) activity. B- Glutathione reductase (GR) activity. Bars 

with the same upper or lower case letters do not differ by Scott-Knott test, p<0.05. 

Our observations concerning the tolerance of the symbiosis 

between legume species and rhizobia on multi-contaminated soils are in 
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agreement with Mahieu et al. (2011), Saraswat and Rai (2011), and 

Ferreira et al. (2012). Legume species in symbiosis with native rhizobia 

on metal contaminated soils may facilitate the colonisation by other plant 

species on mine soils (Frérot et al., 2006), which generally contain low 

organic matter contents. The metal tolerant and functional symbiosis can 

promote the development of a vegetation cover and stabilize metal-

enriched soils. 

4 Conclusions 

In this study the high potential of PGP native rhizobia from metal 

contaminated mining soils in function of phytoremediation purposes was 

demonstrated by means of their N2 fixation and other plant growth 

promoting traits. Our results are in agreement with our hypothesis that 

contaminated mining soils harbour rhizobia that are well adapted to these 

harsh conditions, and those native rhizobia have potential to be used for 

phytoremediation of those contaminated sites. Moreover a tolerant and 

functional symbiosis, as L. leucocephala with Mesorhizobium sp. UFLA 

01-765, may promote the development of a vegetation cover and stabilize 

metal-enriched soils. 
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Abstract 

We report here the draft genome of Mesorhizobium sp. UFLA 01-

765 strain, a Gram-negative bacterium of the Phyllobacteriaceae, isolated 

from a Zn-mining soil in Minas Gerais, Brazil. This strain is a promising 

plant-growth promoter, able to stablish symbiosis and efficiently fix N2 

with Leucaena leucocephala on multi-contaminated soil. Analysis of its 

7.4-Mb draft genome will bring insights in land bioremediation 

applications in recovery of marginal land. 

Introduction 

Nowadays the global economic development is mainly supported 

by different mining activities, which is strongly linked to social 
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development, generating assets and wealth. On the other hand, mining 

exploitation, especially metal mining, causes huge environmental 

impacts. Native rhizobia from mining soils are promising candidates for 

land recover of those soils as they are probably more tolerant to these 

conditions. 

An efficient N2 fixing and plant-growth promoting strain was 

isolated from a Zn-mining soil in Minas Gerais, Brazil. This strain was 

identified as Mesorhizobium sp. UFLA 01-765 by partial 16S rDNA gene 

sequencing, the closest related partial 16S rDNA gene sequence (99%) in 

NCBI was from strain HF931067 (Genbank) (1). 

Genomic DNA was isolated using a DNeasy blood and tissue kit 

(Qiagen, Venlo, Netherlands), treated with RNase I and purified by 

phenol:chloroform extraction. An IonTorrent PGM (Life Technologies 

Inc., Carlsbad, CA) used for sequencing after extracting DNA from 

stationary phase cells using standard techniques. DNA was digested and 

sequencing adaptors ligated using an Ion Xpress Plus Fragment Library 

Kit (Life Technologies Inc., Burlington, ON) according to the 

manufacturer’s instructions. Adaptor-ligated DNA was size selected to a 

target length of 480 bp on a 2% E-Gel SizeSelect agarose gel, and 

Agencourt MAPure XP beads (Beckman Coulter, Mississauga, ON) were 

used for purification steps. An Ion Library Quantitation Kit was used to 

calculate the library dilution factor prior to amplification and enrichment 

with an Ion PGM Template OT2 400 kit on an Ion OneTouch 2 system. 

An Ion Sphere Quality Control Kit was used to quantify the percentage of 
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enriched Ion Sphere Particles prior to sequencing with an Ion PGM 400 

Sequencing Kit. 

In total, 1.2 million reads (mean length 291 bases) generated 351 

Mb of data (> 305 M Q20 bases) in Torrent Suite 4.2.1. These were 

assembled using SPAdes 3.1.0 (2, 3) (uniform coverage mode; kmers 21, 

33, 55, 77, 99) into 185 contigs greater than 500 bp, giving a consensus 

length of 7,464,539 bp (largest contig 366,840 bp; N50 = 123,481 bp). 

Open reading frame prediction and gene annotation were carried out 

using RAST (4). This strain has a GC content of 56.17% and 7423 coding 

genes arranged into 409 subsystems, 8 rRNAs (16s and 23s) 

and17tRNAs. 

In symbiosis with Leucaena leucocephala on Cd-, Pb- and Zn-

contaminated soil UFLA 01-765 strain promoted plant growth, increasing 

nitrogen accumulation and decreasing glutathione reductase (EC 1.8.1.7) 

and guaiacol peroxidase (EC 1.11.1.7) activities. Analysis of the draft 

genome confirmed the presence of genes coding for multi-resistance 

including metal-dependent hydrolases of the beta-lactamases superfamily 

I, Type I secretion outer membrane protein, DNA-binding heavy metal 

response regulator and cobalt-zinc-cadmium resistance protein CzcD. The 

cluster for metal-dependent hydrolases of the beta-lactamases superfamily 

I is similar to Mesorhizobium sp BNC1 and Sinorhizobium meliloti 1021, 

and cluster for DNA-binding heavy metal response regulator is similar to 

Sinorhizobium meliloti 1021. Several genes involved in the main 

mechanisms of plant-growth promotion (auxin biosynthesis, 1-

aminocyclopropane-1-carboxylate deaminase activity, siderophore 



180 

 

 

production, phosphorus solubilisation and N2 fixation) were found in the 

genome of this strain. The activity of these genes was confirmed by 

phenotypic assay. Moreover UFLA 01-765 produced IAA, ACC 

deaminase, siderophore, solubilized Ca3(PO4)2, and utilized glycerol, 

glucose, fructose and sucrose as carbon sources, besides fixing N2 in 

symbiosis with L. leucocephala on a multi contaminated soil. 

The properties of the inorganic carbon (Ci)-uptake by 

carboxysome in proteobacteria are poorly understood. But it is well 

known that carboxysomes are specialized protein microcompartments 

within which some autotrophic bacteria concentrate CO2 around their D-

ribulose 1,5-bisphosphate carboxylase/oxygenase (RubisCO), the primary 

carboxylating enzyme. This CO2-concentrating mechanism (CCM) 

operate simultaneously with carbon dioxide and carbonate uptake 

transporters which accumulate carbonate in the cellular cytoplasm (5). 

Some rhizobia genera have been studied for autotrophic growth such as 

Bradyrhizobium japonicum USDA110, Sinorhizobium meliloti 1021, and 

the photosynthetic Bradyrhizobium sp. ORS278, and the presence of the 

RuBisCO gene at the genome was confirmed (5-6). Interestingly, up to 

now, Mesorhizobium genus has not any representant on the list still. 

Hence Mesorhizobium loti UFLA 01-765 strain is the first report for a 

chemoautotrophic growth within the genus. Its genome holds genes for 

the Calvin Benson Bassham (CBB) cycle, and genes upregulated under 

chemoautotrophic growth, such as RuBisCO and phosphoribulokinase.  

In conclusion, Mesorhizobium sp. UFLA 01-765 is a promising 

strain as an inoculant for L. leucocephala to stimulate revegetation of Zn- 



181 

 

 

and Cd-contaminated sites, and it is a candidate as a type strain for the 

genus on studies about the CCM in chemoautotrophic rhizobia. 

Nucleotide sequence accession number 

This Whole Genome Shotgun project has been deposited at 

DDBJ/EMRL/GenBank under the accession XXXXXXXXXXXX. The 

version described in this paper is version XXXXXXXXXXXX. 
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