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Rhizobacteria isolated from a metal-polluted area enhance plant
growth in zinc and cadmium-contaminated soil
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Abstract In this work, we evaluated the ability of rhi-

zobacteria isolated from a metal-contaminated site to pro-

duce plant growth-promoting substances, such as indole-3-

acetic acid (IAA), ammonia, hydrogen cyanide, sidero-

phores and extracellular enzymes, to solubilize phosphate

and for 1-aminocyclopropane-1-carboxylate (ACC)-deam-

inase activity, while assessing their capacity to enhance

Trifolium repens growth. The rhizobacteria that better

performed were used as bioinoculants for plants grown in

zinc- and cadmium-spiked soils. Rhizobacteria were inoc-

ulated onto white clover seedlings growing in 250 and

500 mg kg-1 of zinc and in 10 and 30 mg kg-1 of cad-

mium-spiked soils and plant traits determined. The avail-

able and exchangeable rhizosphere metal concentrations

were analyzed. Twenty rhizobacteria stimulated white

clover growth under axenic conditions. Overall, strains

Rhodococcus erythropolis EC 34, Achromobacter sp. 1AP2

and Microbacterium sp. 3ZP2 increased clover biomass in

the absence and in presence of metals; however, in soils

with 250 mg kg-1 of zinc, bacterial inoculation did not

enhance plant biomass. Biomass enhancement may be

related to the multiple bacterial promoting traits, especially

the production of high levels of IAA and siderophores and

the activity of ACC-deaminase. To the best of our

knowledge, this is the first study reporting the potential of

R. erythropolis to increase plant growth in metal-contam-

inated soils. In general, strains Microbacterium sp. 3ZP2

and Arthrobacter sp. EC 10 enhanced the available and

exchangeable metal concentrations in rhizosphere showing

their potential to improve phytoremediation efficiency.

This work clearly indicates that rhizobacteria are promising

for the development of bioinoculants useful for phyto-

remediation of polluted soils.

Keywords Heavy metals � Plant growth promotion �
Rhizobacteria � White clover

Introduction

Soil contamination with heavy metals has become one of

the most severe environmental hazards. Anthropogenic

activities such as mining, smelting, combustion of fossil

fuel and sewage sludge have polluted extensive areas

throughout the world (Tsezos 2009). High levels of metals

not only decrease soil microbial activity and crop produc-

tion, but also threaten human health since they are able to

enter the food chain, increasing the risk of transfer to food

products (Boyd 2010).

Biological remediation of polluted sites has received

much attention worldwide as a method for improving soil

quality by removing metals from soils (Marques et al.

2009). Phytoremediation is among these techniques offer-

ing significantly more benefits than conventional cleanup

technology (Pilon-Smits 2005). However, the slow growth

and low biomass of plants in metal-contaminated soils may

limit the efficiency of phytoremediation (Li and Rama-

krishna 2011; Ma et al. 2011). Moreover, the metal bio-

availability in rhizosphere soil is considered to be another

critical factor that determines the efficiency of metal

translocation and phytostabilization process (Ma et al.

2011). In recent years, several chemical amendments, such

as EDTA, have been used to enhance either phytoextraction
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or phytostabilization process (Barrutia et al. 2010). How-

ever, chelators may be toxic to plants and to soil microor-

ganisms (Evangelou et al. 2007; Ultra et al. 2005). A

promising alternative is the utilization of plant–microbe

interactions to improve the efficiency of phytoremediation,

altering the mobility and bioavailability of metals in soils

(Glick 2010; Ma et al. 2011; Rajkumar et al. 2010).

The results of several studies have demonstrated that

plant-associated microorganisms contribute to the uptake

of metals by plants and improve plant growth under metal

exposure (Andreazza et al. 2010; Dell’Amico et al. 2008;

Ma et al. 2009a; Madhaiyan et al. 2007; Sheng and Xia

2006). Thus, the interactions between plants and beneficial

rhizosphere microorganisms may be a key element of any

phytoremediation technology (Andreazza et al. 2010; Glick

2010). Among the rhizosphere microorganisms involved in

heavy metal phytoremediation, the plant growth-promoting

rhizobacteria (PGPR) deserve special attention. PGPR are a

heterogeneous group of rhizospheric bacteria able to

aggressively colonize plant roots and improve the extent or

quality of plant growth (Kloepper and Schroth 1978).

Plant growth-promoting rhizobacteria accelerate nutri-

ent availability and assimilation and suppress the delete-

rious effects of phytopathogenic microorganisms. PGPR

can stimulate plant growth by direct mechanisms which

include the biological nitrogen fixation, the production of

phytohormones (auxins, gibberellins and cytokines),

ammonia (NH3) and siderophores and the solubilization of

phosphate (Gupta et al. 2002; Vessey 2003; Zaidi and Khan

2007). Moreover, some PGPR have the enzyme 1-amino-

cyclopropane-1-carboxylate (ACC)-deaminase, which

hydrolyze ACC, the immediate precursor of ethylene in

plants, lowering ethylene level and thus its inhibitory effect

on plant growth (Glick 2005). The indirect promotion

occurs when the rhizobacteria decrease or prevent the

deleterious effects of pathogenic microorganisms (Penrose

and Glick 2003). This process is accomplished by the

production of antagonistic substances such as antibiotics;

antifungal metabolites (e.g., hydrogen cyanide—HCN);

and extracellular enzymes (Glick 2001; van Loon 2007).

Trifolium repens is one of the most important forage

legume species worldwide, and it has been used as an

indicator plant in several studies due to its high sensitivity

to organic and inorganic compounds (Aina et al. 2006;

Vasseur et al. 1998). However, most of the studies on

T. repens growing in metal-polluted areas have been

focused on the symbiotic nitrogen fixation (Broos et al.

2004; Castro et al. 2003; Chaudri et al. 2008), and little

attention has been paid to the effect of PGPR on the growth

of white clover in metal-contaminated soils. The objectives

of this study were to test the ability of several PGPR pre-

viously isolated from a heavy metal-contaminated site in

Estarreja, Northern Portugal, to produce plant growth-

promoting substances, such as indole-3-acetic acid (IAA),

NH3, HCN, siderophores and extracellular enzymes (lipa-

ses, cellulases, proteases, pectinases), to solubilize phos-

phate and ACC-deaminase activity and to assess the PGPR

potential to promote Trifolium repens growth under axenic

conditions. The rhizobacteria that better performed were

selected to evaluate their effect on the enhancement of

white clover growth promotion in plants grown in metal-

spiked soils, as possible bioinoculants to assist phyto-

remediation processes. Zinc (Zn) and cadmium (Cd) were

the chosen metals to carry out this study since Zn is present

at very high concentrations in Estarreja region and Cd is

often associated with Zn in metal-polluted soils.

Materials and methods

Bacterial strains

The bacterial strains used in this study were indigenous from

a heavy metal-contaminated site located in Northern Portu-

gal—Esteiro de Estarreja. The site has a long history ofmetal

contamination, due to the industrial activity in the sur-

rounding area. The concentrations of heavymetals in the area

reach hazardous levels. Average levels of 835 mg Pb kg-1,

66 mg Hg kg-1, 3,620 mg Zn kg-1, 26 mg Cr kg-1, 37 mg

Ni kg-1 and 16,800 mg Fe kg-1 were measured for the site

(Oliveira et al. 2001).

In a previous work, we carried out an extensive char-

acterization and identification through 16S rRNA, of the

microbial communities presented in the rhizosphere of

several thriving plants growing in this area. Partial

sequence of the 16S rRNA gene of bacterial strains was

obtained using universal primers 27F (50-GAG-
TTTGATCCTGGCTCAG-30) and 1492R (50-ACCTTGT-
TACGACTT-30). The values of 16S rRNA gene sequence

similarity between the bacterial strains and the closest

relative were generally high (97–100 %) (Pires 2010). For

the present work, we selected 32 bacterial strains based

on their high tolerance to metals (Zn and Cd) in trypticase

soy agar (TSA) medium. In general, these isolates tolerate

up to 500 mg l-1 of Cd and 1,000 mg l-1 of Zn (Pires

2010).

Evaluation of plant growth promotion abilities

Production of indole-3-acetic acid (IAA)

The production of IAA was determined according to the

method of Gordon and Weber (1951) with slight modifi-

cations. Bacteria were grown overnight in trypticase soy

broth (TSB) and then aseptically collected by centrifuga-

tion at 9,000 rpm for 10 min. The bacterial pellet was then
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incubated at 30 �C for 48 and 72 h with 3 ml of phosphate

buffer (pH 7.5) with glucose (1 %) and 2 ml of L-trypto-

phan (1 %). After incubation, 2 ml of 5 % trichloroacetic

acid and 1 ml of 0.5 M CaCl2 were added and the mixture

was centrifugated at 9,000 rpm for 10 min. The superna-

tant (500 ll) was mixed with 300 ll of salper solution

(2 ml of 0.5 M FeCl3 and 98 ml of 35 % perchloric acid).

The absorbance of pink color developed after 30 min of

incubation in the dark was read at 535 nm. The experi-

ments were repeated three times, and IAA determinations

were made in triplicate.

ACC-deaminase assay

The ACC-deaminase activity of cell-free extracts was

determined by monitoring the amount of a-ketobutyrate
generated by the enzymatic hydrolysis of ACC (Saleh and

Glick 2001). For determining ACC-deaminase activity, the

bacterial cell pellets were washed twice in 5 ml of 0.1 M

Tris–HCl, pH 7.6. Then pellets were suspended in 500 ll
of 0.1 M Tris–HCl, pH 8.5, and 50 ll of toluene was added
to the cell suspension and vortexed for 30 s. Two hundred

microliter of the toluenized cells was placed in a micro-

centrifuge tube, and 20 ll of 0.5 M ACC was added. The

suspension was vortexed and incubated at 30 �C for

30 min. Following the addition of 1 ml of 0.56 M HCl, the

mixture was vortexed and centrifuged for 10 min at

10,000 rpm at room temperature. Two hundred and fifty

milliliter of the supernatant was mixed together with

200 ll of 0.56 M HCl. Thereupon, 75 ll of the 2,4-dini-

trophenylhydrazine (DNPH) reagent (0.2 % DNPH in 2 M

HCl) was added, and the mixture was incubated at 30 �C
for 30 min. Following the addition of 500 ll of 2 M

NaOH, the absorbance of the mixture was measured by

using spectrophotometer at 540 nm. The activity of ACC-

deaminase was calculated using a calibration curve of pure

a-ketobutyrate (0–0.50 lM). The experiments were repe-

ated three times, and ACC-deaminase determinations were

made in triplicate.

Ammonia, siderophores and HCN production

For assessing the ability to produce ammonia, fresh cul-

tures were inoculated into 10 ml of peptone water and

incubated for 48 h at 30 �C. Then, 500 ll of Nessler’s

reagent (Sigma-Aldrich) was added to each tube. The

assay was repeated three times. Development of brown to

yellow color was a positive test for ammonia production

(Cappuccino and Sherman 1992). Bacterial isolates were

screened for the production of siderophores on the

chrome azurol S (CAS) agar medium, as described by

Schwyn and Neilands (1987). Development of a yellow

to orange halo around the bacterial growth after

incubation for 48 h at 30 �C was considered a positive

result for siderophore production. Four plates were made

for each strain. The production of HCN by bacterial

isolates was determined by amending TSA medium with

4.4 g l-1 of glycine. Strains were streaked on the modi-

fied plates, and a Whatman filter paper No.1 soaked in

2 % sodium carbonate prepared in 0.5 % picric acid

solution was placed on the top of each of the plates.

Plates were incubated at 30 �C for 4 days after which

development of orange to red color indicated HCN pro-

duction (Ahmad et al. 2008). Four replicates were made

for each bacterial strain.

Phosphate solubilization

The phosphate solubilizing activity of the strains was

analyzed in Institute Phosphate medium (NBRIP) amended

with 0.5 % of tricalcium phosphate. The strains were

grown at 30 �C for 10 days (Nautiyal 1999). The presence

of a clearing halo around bacterial colonies is indicative for

positive phosphate solubilization. Four replicates were

made for each bacterial strain.

Production of extracellular enzymes

Bacterial strains were grown overnight in 10 ml of TSB

at 30 �C. The culture was then centrifuged at 9,000 rpm

for 10 min. The supernatant was collected and used as

enzyme crude extract. Protease production was tested

using nutrient agar medium amended with 1 % of skim

milk. After 3 days of incubation at 30 �C, a clear zone

around the cells indicated positive proteolytic activity

(Smibert and Krieg 1994). Cellulase production was

determined in carboxymethylcellulose (CMC) agar

medium (per liter: 0.5 g KH2PO4, 0.25 g MgSO4�7H2O,

2 g CMC disodium salt, 15 g agar). After 5 days of

incubation at 30 �C, CMC plates were flooded with an

aqueous solution of Congo red (1 % w/v) for 15 min. The

Congo red solution was then poured off, and the plates

were flooded with 1 M NaCl for 15 min. A clear halo was

considered as positive for cellulase production (Gupta

et al. 2012). Pectinase production by the bacterial strains

was determined as described by Cattelan et al. (1999).

Briefly, M9 medium agar was amended with 10 g l-1

pectin, 2 g l-1 glucose plus 1.2 g l-1 yeast extract. Plates

were incubated 3 days at 30 �C plates and then flooded

with Lugol’s iodine solution for 10 min. Clear halos

around the colonies were considered as positive for

pectinase production. The production of lipases was

assessed in LB-modified agar medium supplemented with

2.0 g l-1 of CaCl2 and 10 g l-1 of Tween-20, Tween-40

and Tween-80 (Smibert and Krieg 1994). All assays were

performed in triplicate.
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Influence of PGPR on T. repens growth under axenic

conditions

This experiment was carried out to screen the PGPR ability

to promote T. repens growth under axenic conditions.

T. repens seeds were surface-sterilized by exposing them

30 s to 95 % ethanol and 1 min to 0.5 % (v/v) NaOCl.

Then, seeds were washed six times with sterilized distilled

water. Seeds were germinated in water agar plates (15 %)

for 24 h. Bacterial strains were grown in TSB broth over-

night at 30 �C, after which they were washed and resus-

pended in saline solution (0.85 % NaCl) to obtain a final

concentration of 108 CFU ml-1. White clover seedlings

with 1 day of growth were placed in flasks with Jensen’s

agar medium (per liter: 0.8 g CaCl2, 0.2 g K2HPO4, 0.2 g

MgSO4�7H2O, 0.1 g NaCl, 0.1 g FeCl3, 0.5 g KNO3, 1 ml

of micronutrient solution which composition is: per liter,

2.8 g H3BO3, 1.83 g MnSO4�4H2O, 0.1 g ZnCl2, 0.091 g

CuSO4�7H2O, 0.02 g (NH4)6 Mo7O2�7H2O) and then

inoculated with 1 ml of a suspension of each bacterial

strain. One milliliter of sterilized saline solution was added

to the control treatment. The plants were kept in a con-

trolled growth chamber (12 h photoperiod, 300 lmol

m-2 s-1 photosynthetically active radiation, 22 �C tem-

perature, 75 % relative humidity). Harvest occurred

6 weeks after the beginning of the experiment. Entire

plants were washed with distilled water and divided in

roots and shoots, after which root elongation and shoot

elongation were registered. The dry biomass of the plants

was determined after oven drying at 70 �C for 48 h.

Seedling length assay in presence of Zn and Cd

Based on the PGP traits and the ability to increase T. repens

growth under axenic conditions, four bacterial strains

(Rhodococcus erythropolis EC34; Achromobacter sp.

1AP2; Microbacterium sp. 3ZP2 and Arthrobacter sp.

EC10) were selected for exploring their potential to pro-

mote seedling elongation in the presence of metals. Selected

strains were grown in TSB medium for 24 h at 30 �C on an

orbital shaker. Cells were collected by centrifugation,

washed twice with saline solution (0.85 % NaCl) and sus-

pended in sterile saline solution to obtain the final inoculum

density of 108 CFU ml-1. Two milliliter of bacterial sus-

pensions or sterile saline solution (uninoculated control)

was added to Petri dishes with filter paper. Bacterial sus-

pensions and sterile saline solution were supplemented with

0, 250, 500 and 1,000 mg Zn l-1 and 0, 10, 30, 50 and

100 mg Cd l-1 supplied as ZnCl2 and CdCl2�2.5H2O

(Sigma), respectively. Trifolium repens var. Huia seeds

were surface-sterilized and aseptically placed on wetted

filter paper. Seedlings’ length was measured after incuba-

tion of the closed Petri dishes for 7 days at 22 �C (Belimov

et al. 2005). The vigor index was determined as follows: %

of germination 9 seedling length (Luo et al. 2011).

Pot experiments: T. repens growth under Zn and Cd

exposure

The experiments for studying the effect of the bacterial

strains Rhodococcus erythropolis EC34; Achromobacter

sp. 1AP2; Microbacterium sp. 3ZP2 and Arthrobacter sp.

EC10 on T. repens growth in the presence of different

concentrations of Zn and Cd were conducted in pots (5 cm

diameter and 6 cm high) containing non-spiked or metal-

spiked soil. The soil used in this study was an agricultural

soil from northern Portugal, and the physicochemical

properties have been described in detail by Marques et al.

(2013). The soil was milled (2 mm) and sterilized by

steaming (120 �C for 70 min on two consecutive days and

dried in an oven at 40 �C for 4 days). After sterilization,

the soil was artificially contaminated with aqueous solution

of ZnCl2 or CdCl2�2.5H2O to achieve final concentrations

of 250 and 500 mg Zn kg-1 and 10 and 30 mg Cd kg-1 dry

soil. Soil moisture content was maintained at 60 % of the

water holding capacity by adding deionized sterile water.

Spiked soils were placed for a period of 6 weeks in the

greenhouse undergoing 3 cycles of saturation with water

and air drying, favoring the distribution of the metals

throughout the entire soil mass and allowing the soil to

reach equilibrium between available and organic matter

absorbed fractions (Blaylock et al. 1997).

Treatments in the greenhouse included a control (non-

spiked soil), 250 and 500 mg Zn kg-1, 10 and 30 mg Cd

kg-1 spiked soil and five types of inoculation: no bacte-

ria—B0 (uninoculated control), B1 (EC 34), B2 (1AP2),

B3 (3ZP2) and B4 (EC 10). T. repens var. Huia seeds were

surface-sterilized and germinated in pots with 100 g of the

tested soils. Five pots were used for each treatment. Each

pot received six seeds, after germination, seedlings were

reduced to four per pot.

For inoculation of the seedlings, bacterial strains were

grown overnight in TSB medium at 30 �C. Cells in the

exponential phase were harvested by centrifugation at

9,000 rpm for 10 min, washed twice with sterile saline

solution (0.85 % NaCl) and centrifuged again. Bacterial

inoculum was prepared by resuspending pelleted cells in

sterile saline solution to get an inoculum density of ca. 108

CFU ml-1. Two days after seedling emergence, the pots

were inoculated with 2 ml of a suspension of each bacterial

strain. Two milliliter of saline solution (B0) was also added

to the control treatment pots (uninoculated). Pots were

placed in a controlled growth room (12 h photoperiod,

450 lmol m-2 s-1 photosynthetically active radiation,

18–21 �C temperature range, 60–75 % relative humidity

range) and were watered daily. After 10 weeks, plants were
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removed from the pots and the plant surface was thor-

oughly washed with tap and deionized water. Then, root

elongation and shoot height were registered. Plant dry

biomass was determined after shoots, and roots were oven-

dried at 70 �C for 72 h. The exchangeable—ethylenedia-

minetetraacetic acid (EDTA) extractable and available—

ammonium acetate (NH4-Ac) extractable—Zn and Cd

fractions were determined for the soils at the end of the

experiment. The exchangeable and available Zn and Cd

fractions were determined using flame atomic absorption

spectroscopy (FA-AAS) (Wallinga et al. 1989) in a Unicam

960 spectrophotometer (Waltham, USA).

Statistical analysis

All statistical analyses were performed using the SPSS 18.0

software package (SPSS Inc., Chicago, IL, USA). The data

were analyzed through analysis of variance (ANOVA). To

detect the statistical significance of differences (P\ 0.05)

between means, the Duncan and Dunnett’s tests were

performed.

Results and discussion

Plant growth-promoting rhizobacteria have gained world-

wide importance and acceptance for soil remediation

strategies and for agricultural purposes (Saharan and Nehra

2011). PGPR may cause beneficial effects on plant health

and growth, through a variety of mechanisms—namely

through the increase of nutrient availability and assimila-

tion from the environment, providing the plant with hor-

mones and growth factors or suppress disease-causing

microbes (Vessey 2003). In the present study, bacterial

strains isolated from a metal-contaminated site showed

PGP traits and the ability to enhance T. repens growth

under axenic conditions. Those traits allowed us to select

four rhizobacteria, R. erythropolis EC 34, Achromobacter

sp. 1AP2, Microbacterium sp. 3ZP2 and Arthrobacter sp.

EC 10, with the ability to enhance white clover growth in

Zn- and Cd-spiked soils, through the increase of root and

shoot biomass, and ability to mobilize metals in rhizo-

sphere soils, thus with potential to improve the efficiency

of phytoremediation of metal-contaminated soils.

PGP traits and white clover growth promotion

under axenic conditions

Twenty bacterial strains significantly increased T. repens

root biomass production and/or shoot and root elongation

when compared to control uninoculated plants (Fig. 1).

The root dry biomass of white clover varied from

3.70 mg (plants inoculated with strain EC 6) to 10.09 mg

(plants inoculated with strain EC 34) (Fig. 1a) and root

and shoot elongation from 4.0 cm (plants inoculated with

strain EC 19) to 14.5 cm (plants inoculated with strain

3ZP2) and from 5.8 cm (plants inoculated with strain EC

29) to a 10.3 cm (plants inoculated with strain EC32),

respectively (Fig. 1b, c). Among the twenty bacterial

strains which increased white clover growth, the genera

Arthrobacter, Rhodococcus, Microbacterium and Pseu-

domonas genera were well represented. The positive

impact of the Pseudomonas strains on plant growth has

been reported by several authors, while Arthrobacter,

Rhodococcus and Microbacterium strains are not so fre-

quently reported as plant growth-promoting rhizobacte-

ria. Dell’Amico et al. (2008) showed that the inoculation

of Brassica napus seeds with P. fluorescens ACCD strain

caused a 64 % increase of shoot fresh biomass. Similarly,

the Pseudomonas sp. Ps29C strain tested by Rajkumar

and Freitas (2008) increased the fresh weight of Indian

mustard shoots by 22 %. It has been reported that rhi-

zobacteria induces plant growth by contributing to the

host plant endogenous pool of phytohormones, such as

IAA (Khalid et al. 2004; Patten and Glick 2002). A low

level of IAA promotes primary root elongation, whereas

a high level stimulates lateral and adventitious root for-

mation (Xie et al. 1996). In this study, all strains were

able to synthesize IAA in the presence of the precursor L-

tryptophan (Fig. 2). The IAA amounts produced by

strains ranged from 2.4 to 63.5 and from 1.4 to

80.1 mg l-1, after 48 and 72 h, respectively (Fig. 2a, b).

Strains S3X (70.81 mg l-1) and EC1B (80.05 mg l-1)

belonging to Pseudomonas and Mesorhizobium genera,

respectively, produced the highest amounts of IAA. Such

high levels of IAA production have been reported before.

Farina et al. (2012) reported that 78 bacterial isolates

derived from Brassica napus rhizosphere showed IAA

levels above 100 mg l-1 and at least one strain from

Pseudomonas genus produced 345.7 mg l-1 of IAA. Ma

et al. (2009b) also showed that a Psychrobacter strain

produced 110 mg l-1 and several Bacillus strains pro-

duced more than 77 mg l-1 of IAA. In this study, several

isolates (1AP2, EC 34, 3ZP2 and EC 10) with high ability

to produce IAA promoted white clover root biomass

which suggests a relation between both parameters. There

results were corroborated by Marques et al. (2010) who

reported a positive correlation between IAA-producing

rhizobacteria and Zea mays root biomass promotion and

by Khalid et al. (2004) who showed that bacterial strains

which produced the highest amount of IAA also

increased growth of wheat. Promotion of root growth is

one of the major markers by which the beneficial effect of

PGPR is measured (Glick et al. 1995). Rapid establish-

ment of roots is advantageous for young seedlings as it

increases their ability to anchor themselves to the soil and
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to obtain water and nutrients from their environment,

thus enhancing their probabilities for survival (Patten and

Glick 2002).

1-Aminocyclopropane-1-carboxylate-deaminase activ-

ity was detected in all rhizobacteria (Fig. 3). The strain

EAR from Lysinibacillus genus recorded the highest
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Fig. 1 Influence of PGPR inoculation on root (a) dry biomass (mg)

and on root (b) and shoot (c) elongation (cm) of Trifolium repens

plants growing under axenic conditions. Results are expressed as

mean ± SE (n = 3–5). A one-way ANOVA was performed for each

plant section. The test results are shown with the test statistic as:

*significant at the level P\ 0.05; **significant at the level P\ 0.01;

***significant at the level P\ 0.001 according to the Dunnett’s test.

The F value of ANOVA for root biomass is F = 3.293 (P\ 0.001)

and for root elongation and shoot elongation are F = 5.514

(P\ 0.05) and F = 2.751 (P\ 0.05), respectively
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ACC-deaminase activity (6.87 nmoles a-ketobutyrate
g-1 h-1) followed by strain EAPC8 (5.66 nmoles a-ke-
tobutyrate g-1 h-1) from Pseudomonas genus. It was

possible to establish a positive trend between plant traits

and ACC-deaminase, since several isolates with high

ACC-deaminase activity (EC 10, EC 32, EAPC8 and EC

2) enhanced white clover growth by increasing root bio-

mass or shoot elongation. Our results are in agreement

with Shahzad et al. (2010), who showed that rhizobacteria

having ACC-deaminase were highly effective in improv-

ing root and shoot length of chickpea plants. Cattelan

et al. (1999) also reported that ACC-deaminase

rhizobacteria caused early growth in soybean. Ammonia

production is another common trait in tested rhizobacteria

(Table 1). NH3 production by bacterial isolates may

enhance plant growth, which was also seen by Marques

et al. (2010) that demonstrated a positive correlation

between bacterial ammonia production and root and shoot

elongation of Zea mays plants. Only 2 strains (ECX16 and

3C5) belonging to Arthrobacter genus showed ability to

solubilize phosphate. The ability of rhizobacteria to con-

vert insoluble phosphorous into soluble forms is an

important trait in PGPR for increasing plant yields (Chen

et al. 2006).
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Fig. 2 Production of indole acetic acid (IAA) (mg l-1) by bacterial

strains after 48 h (a) and 72 h (b) of incubation. Results are expressed
as mean ± SE (n = 6–12). A two-way ANOVA was performed to

determine the influence of the time of incubation (48 and 72 h) on

IAA production. The test results are shown with the test statistic for

each case (B bacterial isolate, T time of incubation, B 9 T bacterial

isolates 9 time of incubation interaction). ***Significant at the level

P\ 0.001. A one-way ANOVA was performed for each time of

incubation. Means for the same time of incubation with different

letters are significantly different from each other (P\ 0.05) accord-

ing to the Duncan test. For 48 and 72 h of incubation, the F values of

one-way ANOVA are F = 68.856 (P\ 0.001) and F = 59.328

(P\ 0.001), respectively. IAA was never detected in control cultures

which were thus not considered for this statistical analysis
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Siderophore production was positive in all tested strains

(Table 1). More than 55 % of the isolates showed strong or

very strong production of siderophores, while only 5.4 %

(EAL and 1ZP7) were considered weak siderophore pro-

ducers. Correlations between siderophore production and

plant traits were not significant, probably due the absence

of phytopathogenic microorganisms since the plant exper-

iment was performed in aseptic conditions. Several studies

demonstrated that siderophore-producing rhizobacteria

improve plant growth by increasing iron availability to

plants or by limiting iron for phytopathogenic organisms

(Sahu and Sindhu 2011). Marques et al. (2010) showed that

bacterial siderophore production influenced plant traits,

evidencing positive correlations with nutrients assimilation

(N and P) and Z. mays growth. Hydrogen cyanide pro-

duction is another possible way by which rhizobacteria

may suppress plant pathogens. In the present study, 92 %

of bacterial isolates were able to produce HCN. Isolates

belonging to Arthrobacter, Pseudomonas, Mesorhizobium

and Shewanella were among the best HCN-producing

strains (Table 1). PGPR may also synthesize extracellular

enzymes such as, cellulases, pectinases, proteases and

lipases. These bacterial traits will confer significant

advantage in the presence of phytopathogens, since their

cell walls will be degraded by the extracellular enzymes

and their deleterious effects suppressed. In the present

work, generally rhizobacteria were able to produce lipase

and more than 60 % of rhizobacteria produced protease,

while cellulase and pectinase activity were restricted to few

bacterial strains (Table 1). The strains EAL (Bacillus sp.)

and EC 6 (Alcaligenes sp.) showed positive results for all

tested extracellular enzymes, showing their potential to be

used on biocontrol of plant pathogens. Correlations

between these bacterial traits and plant parameters were not

significant, which may be due to the aseptic conditions of

the assay. However, these PGP traits should be taken into

consideration when considering field applications, as plant

resistance will be potentially increased if the associated

bacteria produce these compounds.

Influence of PGPR inoculation on plant growth

in presence of Zn and Cd

Based on their PGP traits and on growth promotion of

T. repens under axenic conditions, four heavy metal-tol-

erant rhizobacteria B1 (Rhodococcus erythropolis EC 34),

B2 (Achromobacter sp. 1AP2), B3 (Microbacterium sp.

3ZP2) and B4 (Arthrobacter sp. EC 10) were selected for

pot experiments. These rhizobacteria showed multiple PGP

traits, such as the production of high levels of IAA and

siderophores and ACC-deaminase activity. Strains B1 and

B3 greatly enhanced root biomass by 112 and 82 % and

root elongation by 44 and 46 %, respectively, while strains

B2 and B4 increased white clover biomass by 109 and

86 %, respectively (Fig. 1).

Some of these rhizobacteria were able to improve

seedling length of T. repens in the absence and in the

presence of different levels of Zn and Cd contamination

(Table 2); however, some significant differences were

observed between treatments with different bacterial

strains. The rhizobacteria that better performed were strains

B1 and B4 for Zn-treated seeds, which increased seedling

growth by 64 and 96 %, respectively, in the presence of

250 mg l-1 of Zn and strains B1, B2 and B4 for Cd-treated
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seeds, which increased seedling growth in the presence of

30 mg l-1 of Cd. In general, the results obtained for vigor

index corroborate the results obtained for the seedling

length in the presence of both metals. Belimov et al. (2005)

also showed that several metal-tolerant rhizobacteria were

capable of stimulating root elongation of B. juncea seed-

lings either in the presence or absence of toxic Cd

concentrations.

The detrimental effects of metals on plant growth were

also reduced by bacterial inoculation, as revealed by the

performance of the plants in Zn- and Cd-spiked soils

(Figs. 4, 5). The metal concentrations used in this study are

within the range of those considered as of concern by the

Dutch standards (targets of 2 mg Cd kg-1 and 140 mg Zn

kg-1 and intervention levels of 12 mg Cd kg-1 and 720 mg

Zn kg-1) or by the Canadian Soil Quality Guidelines (1.4

to 22 mg Cd kg-1 and 200 to 360 mg Zn kg-1) and the

common total metal content in unpolluted-soils which is

between 10 and 300 mg kg-1 for Zn and below 1 mg kg-1

for Cd (Kabata Pendias and Pendias 1992).

In general, increasing metal concentration in the soil

exerts a severe effect on root growth (El-Tayeb et al. 2006).

In the present work, increasing metal contamination did not

reduce white clover biomass and growth (Fig. 4); the study

of Manier et al. (2009) also showed that the root devel-

opment of white clover plants was not significantly affec-

ted by Zn (115–450 mg kg-1) and Cd (0.63–35 mg kg-1)

contamination in soils.
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Fig. 4 Trifolium repens shoot and root dry biomass (mg) when

exposed to different Zn (a, b) and Cd (c, d) concentrations (mg kg-1)

in the soil. The error bar represents the SE (n = 5–6). Two-way

ANOVA was performed to determine the influence of soil Zn and Cd

concentration and of bacterial treatment (B0—uninoculated; B1—EC

34; B2—1AP2; B3—3ZP2; B4—EC 10) in roots and shoots biomass.

The test results are shown with the test statistic for each case (M soil

metal concentration; B bacterial treatment; M 9 B metal 9 bacterial

treatments interaction). NS nonsignificant at the level P\ 0.05;

*significant at the level P\ 0.05; **significant at the level P\ 0.01;

***significant at the level P\ 0.001. One-way ANOVA was

performed for each metal concentration in the soil. Means for the

same metal concentration with different letters are significantly

different from each other (P\ 0.05) according to the Duncan test.

For the root tissues, the F values of one-way ANOVA are F = 6.446

(P\ 0.001), F = 1.240 (P[ 0.05) and F = 16.679 (P\ 0.001) for

0, 250 and 500 mg Zn kg-1 spiked soils, respectively, and F = 9.150

(P\ 0.001) and F = 4.607 (P\ 0.05) for 10 and 30 mg Cd kg-1

spiked soils, respectively. For the shoot tissues, the F values of one-

way ANOVA are F = 7.235 (P\ 0.001), F = 1.741 (P[ 0.05) and

F = 21.052 (P\ 0.001) for 0, 250 and 500 mg Zn kg-1 spiked soils,

respectively, and F = 10.834 (P\ 0.001) and F = 6.00 (P\ 0.01)

for 10 and 30 mg Cd kg-1 spiked soils, respectively
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In absence of metals, bacterial inoculation promoted

white clover biomass production and growth (Figs. 4, 5).

Strains B1, B2 and B3 enhanced root biomass by 64, 53

and 64 % (Fig. 4a) and shoot biomass by 74, 62 and 83 %,

respectively (Fig. 4b). Shoot height was also improved by

the inoculation with strains B1 and B2 (Fig. 5a, b). These

results were also observed in Zn- and Cd-treated plants

which showed an enhancement of root and shoot biomass

when rhizobacteria were inoculated if compared to unin-

oculated plants. Inoculation of strains B1 and B3 enhanced

root biomass by 29 and 94 % and shoot biomass by 62 and

120 %, respectively, at 500 mg Zn kg-1 (Fig. 4). Similar

results were obtained in Cd-treated plants, the rhizobacteria

that better performed were strains B2 and B3, which

promoted root biomass in both Cd concentrations. Strains

B1, B2 and B3 also improved shoot biomass by 83, 137

and 66 % in the presence of 10 mg Cd kg-1 and by 39, 58

and 56 %, respectively, in plants treated with 30 mg Cd

kg-1 (Fig. 4d). Plant height in metal-spiked soils was also

promoted by the inoculation with strain B1 in 250 mg Zn

kg-1-exposed plants and strains B1, B2 and B3 in 30 mg

Cd kg-1-treated plants (Fig. 5).

The four selected rhizobacteria produced high levels

of IAA ([31 mg l-1) and exhibited ACC-deaminase

activity (Figs. 2, 3), suggesting an involvement of these

PGP traits on plant growth promotion under metal

exposure. Belimov et al. (2005) showed a positive cor-

relation between in vitro ACC-deaminase activity of the
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Fig. 5 Trifolium repens shoot and root elongation (cm) when

exposed to different Zn (a, b) and Cd (c, d) concentrations (mg kg-1)

in the soil. The error bar represents the SE (n = 15–25). Two-way

ANOVA was performed to determine the influence of soil Zn and Cd

concentration and of bacterial treatment (B0—uninoculated; B1—EC

34; B2—1AP2; B3—3ZP2; B4—EC 10) in roots and shoots

elongation. The test results are shown with the test statistic for each

case (M soil metal concentration, B bacterial treatment;

M 9 B metal 9 bacterial treatments interaction). NS nonsignificant

at the level P\ 0.05; *significant at the level P\ 0.05; **significant

at the level P\ 0.01; ***significant at the level P\ 0.001. One-way

ANOVA was performed for each metal concentration in the soil.

Means for the same metal concentration with different letters are

significantly different from each other (P\ 0.05) according to the

Duncan test. For the root tissues, the F values of one-way ANOVA

are F = 3.016 (P\ 0.05), F = 8.920 (P\ 0.01) and F = 0.963

(P[ 0.05) for 0, 250 and 500 mg Zn kg-1 spiked soils, respectively,

and F = 1,517 (P[ 0.05) and F = 4.157 (P\ 0.05) for 10 and

30 mg Cd kg-1 spiked soils, respectively. For the shoot tissues, the

F values of one-way ANOVA are F = 10.379 (P\ 0.001),

F = 2.324 (P[ 0.05) and F = 2.057 (P[ 0.05) for 0, 250 and

500 mg Zn kg-1 spiked soils, respectively, and F = 2.294 (P[ 0.05)

and F = 7.908 (P\ 0.001) for 10 and 30 mg Cd kg-1 spiked soils,

respectively
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bacteria and their stimulating effect on root elongation of

B. juncea seedlings in the presence of Cd. In fact, ACC-

deaminase is of great importance when plants face high

levels of metals, since the presence of these elements is

normally encountered as a stress and plants respond by

synthesizing more levels of ethylene, which in turn

results in reduced plant growth.

Although a number of studies have demonstrated that

bacterial inoculation in the rhizosphere of plant species

may increase the efficiency of phytoremediation, since

plant growth and survival in metal-contaminated soils are

improved (He et al. 2009; Ma et al. 2009a; Madhaiyan

et al. 2007; Vivas et al. 2006) to the best of our knowledge,

this is the first research that reports on the potential of R.

erythropolis (B1) to increase plant growth in Zn- and Cd-

contaminated soils.

The process of metal uptake and their accumulation by

different plants depends on the concentration of the avail-

able metals in soils (Gupta and Sinha 2006). The available

and exchangeable metal concentrations in rhizosphere soils

determined at the end of the experiment are shown in

Table 3. Available and exchangeable Zn concentrations

ranged from 0.37 to 77.5 mg Zn kg-1 and from 22.32 to

456.95 mg Zn kg-1, respectively, in the different Zn soil

concentrations and between 1.45 and 6.07 mg Cd kg-1 and

from 5.73 to 24.36 mg Cd kg-1 in the different Cd con-

centrations. In most cases, the inoculation with strains B3

and B4 significantly enhanced the available and

exchangeable Zn and Cd concentrations in rhizosphere

soils. For available metal concentrations, strain B4 showed

better performance while for exchangeable concentrations,

strain B3 seems to have a more pronounced effect on metal

mobility in soils. Whiting et al. (2001) also reported that

rhizobacteria inoculation increased water-soluble Zn con-

centration in soils and consequently enhanced Zn accu-

mulation in shoots of Thlaspi caerulescens. Abou-Shanab

et al. (2003) also showed the importance of PGPR on Ni

solubilization in soils. Among the various metabolites

produced by PGPR, the siderophores play a significant role

in metal mobilization in soils, as these compounds pro-

duced by PGPR complexes with bivalent metal ions that

can be assimilated by plants (Carrillo-Castañeda et al.

2003; Whiting et al. 2001). Our results highlight the

potential of inoculating plants with siderophore-producing

rhizobacteria to further improve their phytoextraction

efficiency.

Table 3 The available and exchangeable Zn and Cd concentrations (mg kg-1) in uninoculated (B0) and inoculated soils (B1—EC 34; B2—

1AP2; B3—3ZP2; B4—EC 10) at the end of experiment

Treatment Zn (mg kg-1)

0 250 500

Available Exchangeable Available Exchangeable Available Exchangeable

B0 0.71 ± 0.12a 29.11 ± 0.47a 21.75 ± 1.28a 188.70 ± 7.86a 64.60 ± 0.97a 372.53 ± 18.48a

B1 0.53 ± 0.03a,b 29.42 ± 0.94a 20.70 ± 1.21a 167.28 ± 4.33b 65.63 ± 1.35a 364.32 ± 6.84

B2 0.50 ± 0.16a,b 22.32 ± 0.50b 20.30 ± 0.65a 183.70 ± 11.86a 75.06 ± 5.17b 332.50 ± 17.56b

B3 0.80 ± 0.05a,c 38.18 ± 1.50c 21.36 ± 0.90a 205.25 ± 4.34c 77.50 ± 2.96b 456.95 ± 2.47c

B4 0.37 ± 0.15b 30.93 ± 1.26a 23.12 ± 0.41b 208.72 ± 1.09c 68.07 ± 1.42a 340.45 ± 12.72a,b

F = 7.311** F = 92.445*** F = 3.976* F = 14.350** F = 15.701*** F = 42.602***

Cd (mg kg-1)

0 10 30

Available Exchangeable Available Exchangeable Available Exchangeable

B0 \0.02 \0.02 1.74 ± 0.06a 7.69 ± 0.31a 5.08 ± 0.16a,b 20.93 ± 0.52a

B1 \0.02 \0.02 1.45 ± 0.04b 6.40 ± 0.16b 5.02 ± 0.02a,b 20.43 ± 0.45a

B2 \0.02 \0.02 1.47 ± 0.07b 5.73 ± 0.12b 4.28 ± 0.15a 16.21 ± 1.06b

B3 \0.02 \0.02 2.12 ± 0.03c 8.62 ± 0.26c 5.60 ± 0.89b,c 24.36 ± 0.72c

B4 \0.02 \0.02 1.93 ± 0.03d 7.48 ± 0.16a 6.07 ± 0.36c 23.91 ± 0.38c

F = 93.875*** F = 84.498*** F = 7.073** F = 62.399***

Results are expressed as mean ± SD (n = 4). A one-way ANOVA was performed for each concentration. Means in the same column with

different letters are significantly different from each other (P\ 0.05) according to the Duncan test

NS nonsignificant at the level P\ 0.05; * significant at the level P\ 0.05; ** significant at the level P\ 0.01; *** significant at the level

P\ 0.001
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Conclusion

The current study concluded that in vitro screening of

rhizobacteria traits and growth promotion under axenic

conditions can be an efficient tool to select rhizobacteria to

use as bioinoculants in stress environmental situations.

Inoculation of T. repens plants with selected PGPR sig-

nificantly enhanced plant growth in the presence and

absence of Zn and Cd. The positive influence of PGPR

inoculation on plant growth in metal-contaminated soils

may be related to the multiple PGP traits of bacterial

strains. However, it is not possible to determine exactly

which bacterial mechanisms have a more pronounced

impact in a given plant–microbe association. PGPR may

positively influence plant growth in degraded environments

using more than one trait, suggesting that plant growth

stimulation is the net result of multiple mechanisms. The

present work clearly indicates that some PGPR, such as R.

erythropolis EC 34, Achromobacter sp. 1AP2 and Micro-

bacterium sp. 3ZP2 may be used as bioinoculants and

consequently constitute an attractive alternative to the

chemical amendments used to improve phytoremediation

efficiency.
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