
J. Bio. & Env. Sci. 2014 

 

 

    

RESEARCH PAPER                                                                                      OPEN ACCESSOPEN ACCESSOPEN ACCESSOPEN ACCESS 
 

Microorganism’s application strategy for bio-phytoremediation 

of heavy metal: A review   

 

Ebrahim Shirmohammadi1, Mojtaba Khaje2, Mohammadreza Shirdali3 Ghasem 

Hosein Talaei4, Hassan Shahgholi5* 

 

1Member of Scientific Board, Department of Soil Sciences, Faculty of Soil and Water Engineering, 

University of Zabol, Zabol, Iran 

2Department of Agronomy, Faculty of Agriculture Sciences, University of Zabol, Zabol, Iran 

3MSc of student of Agronomy Department, Faculty of Agriculture Sciences, University of Zabol, 

Zabol, Iran 

4Young Researchers and Elite Club, Khorramabad Branch, Islamic Azad University, Khorramabad, 

Iran 

5Young Researchers and Elite Club, Aligoodarz Branch, Islamic Azad University, Aligoodarz, Iran 

 

 Article published on September 25, 2014 

 

Key words: Heavy metal, Phytoremediation, microorganisms. 

 

Abstract 

Phytoremediation is a group of technologies that use plants to reduce, remove, de- grade, or immobilize environmental toxins, 

primarily those of anthropogenic origin, with the aim of restoring area sites to a condition useable for private or public 

applications. Phytoremediation efforts have largely focused on the use of plants to accelerate degradation of organic 

contaminants, usually in concert with root rhizosphere microorganisms, or remove hazardous heavy metals from soils or water. 

Phytoremediation of contaminated sites is a relatively inexpensive and aesthetically pleasing to the public compared to 

alternate remediation strategies involving excavation/removal or chemical in situ stabilization/conversion. Their potential role 

in phytoremediation of heavy metal (HM) contaminated soils and water is becoming evident although there is need to 

completely understand the ecological complexities of the plant-microbe-soil interactions and their better exploitation as 

consortia in remediation strategies employed for contaminated soils. The use of metal-accumulating plants to clean soil and 

water contaminated with toxic metals is the most rapidly developing component of this environmentally friendly and cost-

effective technology. The recent discovery that certain chelating agents greatly facilitate metal uptake by soil-grown plants can 

make this technology a commercial reality in the near future. 
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Introduction 

Biosphere pollution by heavy metals and nucleotides 

was accelerated dramatically during the last few 

decades due to mining, smelting, manufacturing, 

treatment of agricultural soils with agro-chemicals 

and soil sludge, etc. Problems associated with the 

contamination of soil and water such as animal 

welfare, health, fatalities and disruptions of natural 

ecosystems are well documented (He et al., 2005). 

Heavy metals such as Pb, Cr, As, Cu, Cd, and Hg, 

being added to our soils through industrial, 

agricultural and domestic effluents, persist in soils 

and can either be adsorbed in soil particles or leached 

into ground water. 

 

Human exposure to these metals through ingestion of 

contaminated food or uptake of drinking water can 

lead to their accumulation in humans, plants and 

animals. Lead, Copper, Zinc and Cadmium are also 

found naturally in soils and they can cause significant 

damage to environment and human health as a result 

of their mobility and solubilities. They can occur in 

soil and water in several forms and their speciation in 

soils is determined by sequential extraction using 

specific extract ants, which solubilize different phases 

of metals (Shuman, 1985). The physical and chemical 

characteristics of soil determine the speciation and 

mobility of heavy metals (Kabata-Pendias and 

Pendias, 1992).  

 

Closely associated with the soil environment and have 

substantial impact on mankind (Doyle and Lee, 

1986). We know very little about the enormous 

diversity of soil microbes, their properties, and 

behaviour in the soil environment. Soil 

microorganisms inhabiting the rhizosphere 

environment interact with plant roots and mediate 

nutrient availability, e.g. those forming useful 

symbiotic associations with the roots and contribute 

to plant nutrition. Implications of plants and their 

symbionts like mycorrhizal fungi, N-fixing rhizobia, 

and free living rhizosphere population of bacteria 

which promote plant growth need to be fully exploited 

and encouraged by inoculating nutrient poor 

agricultural soils with appropriate microbes (Khan, 

2002a). The aim of this study review was to evaluate 

the effects of bio-fertilizers on the uptake of heavy 

metals by plants. 

 

Biological mechanisms of phytoextraction 

The best long-term strategy for improving 

phytoextraction is to understand and exploit the 

biological processes involved in metal acquisition, 

transport and shoot accumulation. In combination 

with the continuous search for novel phytoextracting 

plants, this understanding will enable improvements 

in phytoextraction efficiency. Recent advances in 

plant biotechnology should provide the means to 

rapidly capitalize on the mechanistic understanding 

of phytoextraction. Unfortunately, we know very little 

about the biological mechanisms involved in 

phytoremediation. Roots, which account for 20–50% 

of plant biomass, extract from the soil and deliver to 

the shoots most of the elements composing plant 

tissues, with the exception of carbon. Most of the 

work on the mechanisms of root and plant cell uptake 

has focused on the study of N, P, S, Fe, Ca, K and 

possibly Cl (Marschner, 1995). These studies 

produced some understanding of the processes 

involved in the acquisition of these essential 

elements. However, little is known about the 

mechanisms of mobilization, uptake and transport of 

most environmentally hazardous heavy metals, such 

as Pb, Cd, Cu, Zn, U, Sr, and Cs. It is clear that a large 

proportion of these metals remains sorbed to solid 

soil constituents. To acquire these ‘soil-bound’ 

metals, phytoextracting plants have to mobilize them 

into the soil solution. This so-called mobilization of 

‘soil-bound’ metal can be accomplished in a number 

of ways: 

 

1. Metal-chelating molecules can be secreted into the 

rhizosphere to chelate and solubilize ‘soil-bound’ 

metal. Until now, the major successes in 

phytoextraction were achieved by applying synthetic 

chelates to the soil (see above); however, there is a 

distinct advantage in using natural rootexuded 

compounds for this purpose. Only iron-chelating 
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compounds, termed phytosiderophores, have been 

studied well in plants (see below). These 

phytosiderophores are released in response to iron 

deficiency and can, in principle, mobilize Cu, Zn and 

Mn from soil. Mugineic and deoxymugeneic acids 

from barley and corn and avenic acid from oats are 

probably the best studied plant phytosiderophores 

(Kinnersely, 1993). Metal-chelating proteins, perhaps 

related to metallothioneins (Robinson Kramer et 

al.,1994) or phytochelatins (Rauser, 1995), may also 

function as siderophores in plants, although this has 

never been demonstrated; however, the contribution 

of phytosiderophores in toxic metal acquisition by the 

roots of phytoextracting plants remains largely 

unexplored. It has been recently reported that an Ni 

hyperaccumulator, Alyssum lesbiacum, may use 

histidine, an excellent Ni chelator, to acquire and 

transport Ni (Kramer et al.,1996). 

 

2. Roots can reduce ‘soil-bound’ metal ions by specific 

plasma membrane bound metal reductases, which 

may increase metal availability. Pea plants deficient 

in Fe or Cu have an increased ability to reduce Fe3+ 

and Cu2+, which is coupled with an increased uptake 

of Cu, Mn, Fe and Mg (Welch et al., 1993). 

 

3. Plant roots can solubilize soil-bound toxic metals 

by acidifying their soil environment with protons 

extruded from the roots. A similar mechanism has 

been observed for Fe mobilization in some Fe-

deficient dicotyledonous plants (Crowley et al., 1974 ). 

 

4. Roots can employ rhizospheric organisms 

(mycorrhizal fungi or root-colonizing bacteria) to 

increase the bioavailability of metals. However, the 

significance of microorganisms in the 

phytoremediation of metals remains largely 

unknown. It is believed that plant uptake of certain 

mineral nutrients such as Fe (Crowley et al., 1974 ), 

Mn (Barber and Lee, 1974), Cd (Salt et al., 1995) and 

possibly Zn (Y Kapulnik, personal communication) 

may be facilitated by rhizospheric microorganisms. 

Mobilized metals are taken up by plant roots from the 

soil solution and exported to the shoots. Very little is 

known about toxic metal transport into roots and 

their subsequent movement within the plant; 

however, some information is available on the 

transporter systems involved in the uptake of free and 

chelated Fe (for a review, see Marschner, 1995; 

Guerinot and Yi, 1996; Briat et al., 1995). A putative 

iron transporter has recently been cloned from 

Arabidopsis (Eide et al., 1996). Ca2+ and Mg2+ ions, 

which are present at high concentrations in soil 

solution and may not require mobilization, may enter 

the root via either extracellular (apoplastic) or 

intracellular (symplastic) pathways. These metal ions 

enter plant cells by an energy-dependent, saturable 

process via specific or generic metal ion carriers or 

channels (Clarkson and Luttge, 1989). Theoretically, 

toxic metals may compete for the same 

transmembrane carriers as those used by Ca and Mg; 

however, the high concentrations of these ions in soil 

solution makes this unlikely. 

 

Most environmentally hazardous metals are too 

insoluble to move freely in the vascular system of the 

plant. Many form sulfate, carbonate or phosphate 

precipitates immobilizing these metals in apoplastic 

and symplastic compartments. Apoplastic transport 

of these metals is further limited by the high cation-

exchange capacity of cell walls, unless the metal ion is 

transported as a noncationic metal chelate. Earlier 

studies showed that in hyperaccumulating and non 

hyperaccumulating plant species, some toxic metals 

may be transported to the shoot complexed to organic 

acids, mainly citrate (Baker and Brooks, 1989). 

(Senden et al., 1995). Recent studies of Cd movement 

in B. juncea, a good Cd accumulator, showed that, in 

roots, Cd was present as a CdS4 complex, which may 

contain phytochelatins (Salt et al., 1995 ). In the 

xylem sap, Cd was coordinated predominantly with 

oxygen or nitrogen ligands, consistent with the 

involvement of organic acids (Salt et al., 1995 ). In the 

leaves, Cd preferentially accumulated in trichomes. 

 

arbuscular mycorrhizae and phytoremediation  

Despite the importance of the role that AM play in 

soil-microbe-plant interactions, relatively few studies 
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have focused on their potential in phytoremediation 

efforts. This is first due to the fact that earlier 

phytoremediation studies focused on the 

predominantly non-mycorrhizal plant families such 

as Brassicaceae and Caryophyllaceae, and second 

AM have not been considered by earlier workers as 

important component of phytoremediation practices. 

It is possible to improve the phytoremediation 

capabilities of plants by inoculating them with 

appropriate AM fungi. 

 

Significance of arbuscular mycorrhizae 

Arbuscular mycorrhizae associations are important in 

natural and managed ecosystems due to their 

nutritional and non-nutritional benefits to their 

symbiotic partners. They can alter plant productivity, 

because AMF can act as biofertilizers, bioprotectants, 

or biodegraders (Xavier and Boyetchko, 2002). AMF 

are known to improve plant growth and health by 

improving mineral nutrition, or increasing resistance 

or tolerance to biotic and abiotic stresses (Clark and 

Zeto, 2000; Turnau and Haselwandter, 2002).  

 

AMF modify the quality and abundance of 

rhizosphere microflora and alter overall rhizosphere 

microbial activity. Following host root colonization, 

the AMF induces changes in the host root exudation 

pattern, which alters the microbial equilibrium in the 

mycorrhizosphere (Pfleger and Linderman, 1994). 

These interactions can be beneficial or harmful to the 

partner microbes involved and to the plant, and 

sometimes may enhance plant growth, health, and 

productivity (Paulitz and Linderman, 1989; Lynch, 

1990). Giovannetti and Avio (2002) reviewed and 

analysed important data on the main parameters 

affecting AM fungal infectivity, efficiency, and ability 

to survive, multiply and spread, which may help in 

utilizing obligate biotrophic AMF in biotechnological 

exploitation and sustainable agriculture. There is a 

need to understand and better exploit AM symbionts 

in the different world ecosystems. Although AMF are 

ubiquitous, it is probable that natural AM 

associations are not efficient in increasing plant 

growth (Fitter, 1985). Cropping sequences as well as 

fertilization and plant pathogen management 

practices also dramatically affect the AMF propagules 

in the soil and their effects on plants (Bethlenfalvay 

and Linderman, 1992). The propagation system used 

for horticultural fruit and micro- propagated plants, 

can benefit most from AM biotechnology. 

Micropropagated plants can withstand transplant 

stress from in vitro to in vivo systems, if they are 

inoculated with appropriate AMF (Lovato et al., 1996; 

Azcon-Aguilar et al., 2002). In order to use AMF in 

sustainable agriculture, knowledge of the factors such 

as fertilizer inputs, pesticide use, soil management 

practices, etc. influencing AMF communities is 

essential (Bethlenfalvay and Linderman, 1992; Allen, 

1991; 1992). This area deserves further research and 

efforts because sound scientific knowledge is 

necessary for the improvement of AM biotechnology 

aimed at selecting infective and efficient inoculants to 

be used as biofertilizers, bioprotectants, and 

biostimulants in sustainable agriculture, horticulture, 

and forestry. The potential of arbuscular mycorrhizal 

fungi (AMF) to enhance plant growth is well 

recognized but not exploited to the fullest extent. 

They are rarely found in nurseries due to the use of 

composted soil-less media, high levels of fertilizer and 

regular application of fungicide drenches. The 

potential advantages of the inoculation of plants with 

AM fungi in horticulture, agriculture, and forestry are 

not perceived by these industries as significant. This 

is partially due to inadequate methods for large-scale 

inoculum production. Monoxenic root-organ in vitro 

culture methods for AMF inocula production have 

also been attempted by various workers (Mohammad 

and Khan, 2002; Fortin et al., 2002) but these 

techniques, although useful in studying various 

physiological, biochemical, and genetic relationships, 

have limitations in producing inocula of AM fungi for 

commercial purposes. Pot cultures in pasteurized 

soils, have been the most widely used method for 

producing AMF inocula but are time consuming, 

bulky, and often not pathogen free. To overcome 

these problems, soil-free methods such as soil-less 

growth media, aeroponics, hydroponics and axenic 

cultures of AM fungi have been used successfully to 



J. Bio. & Env. Sci. 2014 

 

293 | Shirmohammadi et al 

produce AMF-colonized root inocula (Sylvia and 

Jarstfer, 1994a; 1994b; Mohammad et al., 2000; 

Mohammad and Khan, 2002). Substrate-free 

colonized roots produced by these methods can be 

sheared and used for large-scale inoculation 

purposes. Mohammad et al.(2004) compared the 

growth responses of wheat to sheared root and pot-

culture inocula of AMF at different P levels under 

field conditions, and concluded that P fertilization can 

be substituted by AMF inoculum produced 

aeroponically to an extent of 5 kg/ha under field 

conditions. 

 

Arbuscular mycorrhiza-rhizobacteria interactions 

The increased microbial activity in the rhizosphere 

soil affects the plant. A range of stimulated 

rhizosphere microorganisms such as saprophytes, 

pathogens, parasites, symbionts, etc., carry out many 

activities which are important to plant health and 

growth. Some of these microbes affect plant root 

morphology and physiology by producing plant 

growth-regulating hormones and enzymes. Others 

alter plant nutrient availability and biochemical 

reactions undertaken by them. AM fungi have 

differential effects on the bacterial community 

structure in the mycorrhizosphere (Paulitz and 

Linderman, 1989; Marschner and Baumann, 2003). 

PGPR (plant growth promoting rhizobacteria) may 

also improve plant P-acquisition by solubilizing 

organic and inorganic P sources through phosphatase 

synthesis or by lowering pH of the soil (Rodríguez 

and Fraga, 1999). Garbaye (1994) defined MHB 

(mycorrhization helper bacteria) as “bacteria 

associated with mycorrhizal roots and mycorrhizal 

fungi which collectively promote the establishment of 

mycorrhizal symbioses”. There is growing evidence 

that diverse microbial populations in the rhizosphere 

play a significant role in sustainability issues (Barea, 

2000; Barea et al., 2002), and that the manipulation 

of AMF and certain rhizobacteria like PGPR and MHB 

is important. Vivas et al.(2003) used a dual AM 

fungus-bacterium inoculum to study the effect of 

drought stress induced in lettuce grown in controlled-

environment chambers. Their results showed that 

there was a specific microbe- microbe interaction that 

modulates the effectivity of AMF on plant physiology. 

The authors concluded that plants must be 

mycorrhizal in nutrient- poor soils and that 

mycorrhizal effects can be improved by co-inoculation 

with MHB such as Bacillus spp. Results of this study 

by Vivas and co-researchers show that co-inoculation 

of selected free-living bacteria isolated from adverse 

environments and AM fungi can improve the 

formation and function of AM symbiosis, particularly 

when the plant growth conditions are also adverse. 

Both AMF and PGPR complement each other in their 

role in N-fixation, phytohormone production, P-

solubilization, and increasing surface absorption. 

Behl et al.(2003) studied the effects of wheat 

genotype and Azobacter survival on AMF and found 

that the genotype tolerant to abiotic stresses had 

higher AMF infection and a cumulative effect of 

plant-AMF-PGPR interaction was found. Similar 

observations were made by Chaudhry and Khan 

(2002; 2003), who studied the role of symbiotic AMF 

and PGPR N-fixing bacterial symbionts in sustainable 

plant growth on nutrient- poor heavy metal 

contaminated industrial sites and found that the 

plants surviving on such sites were associated with N-

fixing rhizobacteria and had a higher arbuscular 

mycorrhizal infection, i.e. a cumulative and 

synergistic effect. The MHB cannot be ignored when 

studying mycorrhizal symbioses in their natural 

ecosystems. They are quite common and, as Garbaye 

(1994) said, they are found every time they are looked 

for, and they seem to be closely associated with the 

mycorrhizal fungi in the symbiotic organs. They are 

adapted to live in the close vicinity of the AM fungi as 

high frequencies of MHB populations are isolated 

from the mycorrhizae. Some MHB isolates also 

promoted ectomycorrhizae formation in four conifers 

(Garbaye et al., 1992), indicating that the MHB effect 

is not plant-specific. Various researchers showed that 

MHB’s are fungus selective (Garbaye, 1994). Mosse 

(1962) showed that cell-wall degrading enzyme 

producing Pseudomonas sp. enhanced the 

germination of AM fungal spores of Glomus mosseae 

and promoted the establishment of AM on clover 
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roots under aseptic conditions. These observations 

were later supported by other workers (Mayo et al., 

1986; Linderman and Paulitz, 1990). Enriched soil 

microbial communities in the mycorrhizosphere are 

often organized in biofilms and probably horizontal 

gene transfer (HGT) between co-inhabiting microbial 

species and between plant-to-microbe occurs (van 

Elsas et al., 2003). Many plant associated 

Pseudomonas rhizobacteria produce signal molecules 

for quorum sensing regulation, which were absent 

from soil-borne strains (Elasri et al., 2001). This 

indicates that quorum sensing systems exist and are 

required in the mycorrhizosphere. Microbial colonies 

on the root surfaces consist of many populations or 

strains and positive and negative inter-population 

signaling on the plant root occur (Pierson et al., 

2002), which may play an important role in the 

efficiency of the use of biofertilizers. In addition to the 

above described interactions between AM fungi and 

rhizobacteria, certain bacteria- like organisms (BLOs) 

reside in the AM fungal cytoplasm, first described by 

Mosse (1962). Khan (1971) illustrated AMF spores, 

collected from the semi-arid areas of Pakistan, 

containing one to ten small spherical ‘endospores’ 

without any subtending hyphae of their own. Ultra 

structural observations clearly revealed their presence 

in many field-collected AM fungal isolates. Minerdi et 

al.(2002) reported the presence of intracellular and 

endosymbiotic bacteria belonging to the genus 

Burkholderia (a genus known to fix N) in fungal 

hyphae of many species of Gigasporaceae. 

 

The authors used genetic approaches to investigate 

the presence of N-fixing genes and their expression in 

this endosymbiont and found nifHDK genes in the 

endosymbiont Burkholderia and their RNA 

messengers demonstrating that they possess a 

molecular basis for N-fixation. This discovery, as 

stated by Minerdi et al.(2002), indicates that a fungus 

which improves P-uptake, might also fix N through 

specialized endobacteria. Endosymbiont Bukholderia 

may have an impact on AMF-PGPR-MHB-Plant 

associations and metabolism. This finding suggests a 

new application scenario worth pursuing. Recent 

methodological developments in molecular and 

microscopical techniques together with those in 

genomes, bioinformatics, remote-sensing, 

proteomics, etc. will be of help in understanding the 

complexity of interactions existing between diverse 

plants, microbes, climates, and soil. 

 

Conclusion  

AM are ubiquitous and most plants are colonized by 

AMF in nature, i.e., mycorrhizosphere is the rule, not 

the exception. Thus if we are to understand the 

rhizosphere reactions and interactions, we must 

understand the mycorrhizosphere. Mycorrhization 

helper bacteria (MHB) might be exploited to improve 

mycorrhization, and AMF to improve nodulation and 

stimulate PGPR. More extensive field investigations 

on this multi-agent biofertilizer will make this a 

popular technology among field workers in 

agriculture, forestry and horticulture. Manipulation 

of microorganisms in the mycorrhizosphere for the 

benefit of plant growth requires research at the field 

level (Khan, 1975; 2002b). In order to exploit 

microbes as biofertilizers, biostimulants and 

bioprotectants against pathogens and heavy metals, 

ecological complexity of microbes in the 

mycorrhizosphere needs to be taken into 

consideration and optimization of 

rhizosphere/mycorrhizosphere systems need to be 

tailored. Smith (2002) stressed the need to better 

integrate information on root and soil microbe 

distribution dynamics and activities with known 

spatial and physiochemical properties of soil. This, as 

pointed out by Smith (2002), should be achieved 

through greater collaborative efforts between 

biologists, soil chemists and physicists. 
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