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The worldwide awareness of the deleterious effects of heavy metal pollution has resulted in intensive 
research aiming at understanding metal interactions in soil and their removal in an efficient way. 
Although, the knowledge and practice of the conventional physio-chemical remedial technologies for 
degraded soils are age-old, they are not in demonstration these days due to their detrimental impact on 
various ecosystems. On the other hand, phytoremediation has received much attention as a biological 
and natural way of treating the polluted lands. In addition, augmentation of essential rhizobacteria to 
reduce phytotoxicity and remediating metal polluted soils has also gained interest. This paper 
investigates the plant-microbial interactions in reclaiming the metal contaminated soil with attention to 
some significant soil biochemical characteristics during the process. 
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INTRODUCTION 
 
Soil pollution by heavy metals has become one of the 
chief topics of discussion of all environmental crises 
today. Heavy metals exist in colloidal, ionic, particulate, 
and dissolved phases. They are present in soil as free 
metal ions, soluble metal complexes, exchangeable 
metal ions, organically bound metals, precipitated or inso-
luble compounds like oxides, carbonates, and hydro-
xides, or a part of silicate materials (Leyval et al., 1997).  

Metals are natural constituents of soil. They persist in 
soils and have a very slow leaching rate; hence they tend 
to accumulate in soils. Trace amount of some heavy 
metals are required by living beings but in excess they 
are detrimental. The ecotoxicological risks of metal conta-
mination bears potential harm for plants, animals, 
humans beings, and microorganisms. Heavy metal pollu-
tion can suppress or even kill sensitive parts of plant and 
soil microbial communities and lead to a shift in their 

functional diversity and structure. Once they are 
accumulated in the food chain, their effect gets adverse 
with tropic levels due to biomagnification. On the other 
hand, heavy metals like Cu, Fe, Mn, Ni, and Zn are 
essential for plant growth and are important constituents 
of many enzymes. In addition, metals like Al, As, Cd, Cr, 
Hg, Pb, Sb, Se, among others are nonessential and toxic 
above certain threshold levels (Panda and Choudhury, 
2005).  

Soils contaminated with heavy metals are poor in 
nutrients and microbial diversity and contribute to sub-
optimal plant biomass accumulation as well as impeded 
rates of remediation (White et al., 2006). They result from 
anthropogenic activities with lack of awareness of health 
and environmental effects connected with the production, 
use, and disposal of hazardous substances into soil 
(Vidali, 2001). The sources of heavy metals in soil are 
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variable but they mostly arise from mining, smelting, 
industrial effluents, repeated applications of sewage 
sludge, municipal wastes and animal slurries, impurities 
in fertilizers, decomposition of air pollutants by burning of 
fossil fuels, and various other industrial activities (Wang 
et al., 2003).  

A number of biological properties in soil are influenced 
by heavy metals and changes in these properties may act 
as sensible indicators of soil quality, since they are more 
dynamic and often more sensitive than physical or 
chemical parameters. One of such biological properties is 
the microbial and soil enzyme activity that is frequently 
used for determining the influence of various pollutants 
on the living system.  

There has been keen interest in the development of in 
situ strategies for remediation of environmental contami-
nants over past few years. The prospects of bioremedia-
tion to restore contaminated environments are well 
known these days. Nevertheless, phytoremediation, a 
strategy that uses plants to degrade, stabilize, and/or 
remove soil contaminants, has been extensively investi-
gated. Regardless of tremendous prospects, phytoreme-
diation often encounters various challenges at extreme 
levels of contamination. However, treatment of such soil 
with organic sludge, organic fertilizer, and impactful 
microorganisms makes the conditions appropriate for 
reclamation.  
 
 
BIOREMEDIATION 
 
Bioremediation is defined as a process whereby organic 
wastes are biologically degraded under controlled 
conditions to an innocuous state, or to levels below 
concentration limits established by regulatory authorities 
(Mueller et al., 1996). This uses living organisms, espe-
cially plants and microorganisms, to reduce, eliminate, 
transform, and detoxify the benign products present in 
soils, sediments, water, and air. Phytoremediation tech-
nology, one of its many approaches, uses plants as filters 
for accumulating, immobilizing, and transforming the 
contaminants to less harmful form (Vidali, 2001). More 
specifically, it is the utilization of vascular plants, algae, 
and fungi to control, breakdown, remove wastes, or to 
encourage degradation of contaminants in the rhizo-
sphere (McCutcheon and Schnoor, 2003). Phytoreme-
diation has recently become a tangible alternative to the 
traditional methodology in restoring the polluted sites 
(Glass, 2000).  

As high contaminant levels inhibit plant and microbial 
activity, therefore an effective phytoremediation is rea-
lized where contaminants are present at low to medium 
levels. Recent research have shown stunning effects with 
the amendments of biofertilizer and biosludge to the con-
taminated lands, plants were able to grow and survive in 
extreme  higher   levels   of   heavy  metal  contamination  

 
 
 
 
(Juwarkar et al., 2008). Nanda and Abraham (2011) have 
evaluated the effect of As, Cr, Mg and Cu on some 
essential soil bacteria such as Azotobacter, 
Pseudomonas and Rhizobium. They found As to be the 
most toxic of all followed by Cr, Mg and Cu. The 
interaction between microorganisms, plant roots, and 
amendment might have a greater impact on both the 
increase of nutrient uptake and migration of metal uptake 
(Smith, 1994). As a result of plant root microbial inter-
action, the migration of contaminants to ground water are 
reduced by immobilization. Establishment of a vege-tative 
cover on contaminated sites can retain contami-nants in 
place, thus reducing their loss via erosion and percolation 
into the soil profile (Pulford and Watson, 2003). When re-
vegetation of contaminated soil is com-bined with soil 
amendments, such as organic matter, the mobility of con-
taminants in the soil can be further reduced (Mench et al., 
2000). 

The microorganisms act in synergism with the plants for 
effective phytoremediation. This synergistic relationship 
promotes the exchange of water and nutrients esta-
blished between plant roots and specialized soil fungi and 
mycorrhizae thus, enhancing the plant growth. The appli-
cation of microorganisms in phytoremediation helps to 
improve plant growth and survival rate. The microbial 
activity in the contaminated site acts as an indicator for 
the plant growth and bioremediation (Kumar et al., 2008).  
 
 
PHYTOREMEDIATION APPROACHES 
 
Often exuded enzymes are capable of detoxifying organic 
compounds without microbial assistance, through phyto-
degradation or phytotransformation (McCutcheon and 
Schnoon, 2003). The process of holding contaminated 
soil in place with vegetation, minimizing disturbance of 
contaminants bound to soil particles, and preventing their 
movement is referred to as phytostabilization. By this, 
mobility of contaminants is reduced by accumulation 
within plants, absorption onto roots, or conversion to im-
mobile species within the root zone (Vangronsveld et al., 
1995). The process where heavy metal contaminants in 
water are absorbed or precipitated onto/into plant roots is 
referred to as rhizofiltration (McCutcheon and Schnoon, 
2003). 

Plant processes promote the removal of contaminants 
from the soil and water either directly or indirectly. Direct 
processes include plant uptake into roots or shoots and 
transformation, storage, or transpiration of the contami-
nants by microbial, soil, and root interactions within the 
rhizosphere (Hutchinson et al., 2003). Plants transform 
certain contaminants through oxidation and reduction 
reactions, conjugation phase (where foreign compounds 
are conjugated together by plant sugar amino acid, thisol, 
or glutathione molecule), and deposition of conjugates 
into vacuoles  and  cell walls (Subramanian and  Shanks,  



 
 
 
 
 
2003). The availability of the contaminant for uptake and 
transformation is also dependant on age of the contami-
nant and the plant species. The process of breaking 
down of contaminants by plant metabolic activity also 
occurs outside the plant with the release of extracellular 
enzymes resulting in its transformation. Depending on the 
plant type and contaminant, direct uptake of contami-
nants can be considered either a passive and/or active 
process (Chiou, 2002).  

For effective phytoremediation, the plant should be non-
edible and can be grown abundantly on wastelands. It 
has been established that certain wild and crop plant 
species have the ability to accumulate elevated amount 
of toxic heavy metals (Blaylock and Huang, 2000). A 
variety of plant species including vegetable crops and 
grasses are known to accumulate or immobilize heavy 
metals. For instance, Thlaspi (Pennycress), Silene 
vulgaris (Bladder campion) (Ernst et al., 2000), 
Phaseolus vulgaris L. cv. Contender (Bush bean plant) 
(Barcelo et al., 1986), Larrea tridentata (Creosote bush) 
(Gardea-Torresdey et al., 1996), Sutera aka Bacopa, 
Convolvulus arvensis L. (Field bindweed) (Gardea-
Torresdey et al., 2004), Dactylis glomerata (Orchard 
grass) (Ortiz and Alcañiz, 2006), Lotus purshianus 
(Spanish lotus) (Lin and Wu, 1994), Jatropha curcas 
(Barbados nut) (Juwarkar et al., 2008; Kumar et al., 
2008), Jatropha multifida (Psysic nut) (Nanda and 
Abraham, 2011) and a few others have been found to be 
effective plants in phytoremediation. J. curcas has gained 
much importance in phytoremediation as it can withstand 
environmental stress. A novel betaine aldehyde dehydro-
genase gene (JcBD1) in J. curcas produces JcBD1 
protein that helps it to survive in environmental stress like 
drought, heat, and salt (Zhang et al., 2008). The expres-
sion of this novel gene into Escherichia coli, results in 
expression of JcBD1 enzyme that makes it resistance to 
abiotic stressors like salt. It adds value for being a petro-
leum-substitute biodiesel crop, a renewable resource that 
would serve the increasing demand of the exhausting 
fossil fuels. 

Certain plants accumulate essential and non-essential 
metals in their roots and shoots in higher concentrations 
than the levels present in soil (Raskin et al., 1994). Plants 
that can absorb high levels of contaminants by concen-
rating them in roots and shoots are called hyperaccu-
lulators. The Brassicaceae family contains a large num-
ber of hyperaccumulating species with widest range of 
metals that include 87 species from 11 genera (Baker 
and Brooks, 1989). Plants have developed mechanisms 
of chelating and sequestering metal ions by a particular 
class of metal binding legands dominating phytochelatins 
(PCs) and metallothioneins (MTs) (Cobbett and 
Goldsbrough, 2002). For long-term bioremediation, metal 
tolerant species are used for revegetation of degraded 
lands (Lan et al., 1997). In situ phytoremediation strategy 
exploits natural or genetically engineered plant species to  

Nanda and Abraham         3101 
 
 
 
accumulate toxic substances (heavy metals, radioactive 
compounds, organic pollutants, etc.) directly from the soil 
(Juhanson et al., 2007).  

Organic and inorganic fertilizers are used primarily to 
increase nutrient availability to plants; however, they can 
affect population, composition, and function of soil 
microorganisms (Marschner et al., 2003). Organic fer-
tilizers usually increase soil microbial biomass (Masto et 
al., 2006), CO2 evolution (Ajwa and Tabatabai, 1994), 
and enzyme activities (Crecchio et al., 2001). Inorganic 
fertilizer has relatively less effect on soil microbial bio-
mass and activity than the organic ones (Plaza et al., 
2004). The balanced fertilization of major elements (N, P, 
and K) for plant nutrients could be beneficial for the 
growth of plants (Chu et al., 2007). Moreover, the amend-
ment of biofertilizer, especially Azotobacter has been 
found successful in treating contaminated soil as a 
consortium with phytoremediation (Juwarkar et al., 2008; 
Kumar et al., 2008). 
 
 
BIOCHEMISTRY OF SOIL DURING 
PHYTOREMEDIATION 
 
In general, the physical and chemical parameters of soil 
are less useful in studying its properties as they change 
only when the soil undergoes a radical variation. On the 
contrary, biological parameters are sensitive to slight 
modifications as the soil quality may alter in the presence 
of any degrading agent (Yakovchenko et al., 1996). 
Regarding the selection of properties for use as 
indicators, Doran and Parkin (1996) considered a ‘mini-
mum data set’ for use in soil quality evaluation, which 
includes physical (for example, texture, rooting depth, 
infiltration rate, bulk density, water retention capacity), 
chemical (for example, pH, total C, electrical conductivity, 
nutrient level), and biological (for example, microbial 
biomass carbon and nitrogen, potentially mineralizable 
nitrogen, soil respiration) properties. Among the general 
parameters, the microbial biomass carbon is considered 
the most reliable (41% of authors), followed by dehydro-
genase activity (28%), and nitrogen mineralization capa-
city (16%) (Gil-Sotres et al., 2005). Phosphatase (28%), 
β-glucosidase (16%), and urease (11%) activities are the 
most frequently used among the specific biochemical 
parameters and appropriately represent C, N, and P 
cycles. The biochemical properties of soil have been 
widely used to evaluate soil quality, both individually and 
in combination, in simple indexes, and in more complex 
ones, which states the fact that the scientific community 
recognizes their potential value (Gil-Sotres et al., 2005). 

Microbial activity in soil is highly influenced by soil pH 
and water availability. The optimum pH ranges between 5 
and 10. Low pH is optimal for metal availability but is 
adverse to the vegetation (Hutchinson et al., 2003). Likely 
to pH,  microbial activity  is  enhanced  when  60% of  soil  
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pores are filled with water. In heavy metal cation (Cd, Cu, 
Hg, Ni, Pb and Zn) studies, solubility has been shown to 
increase with decreasing pH. When organic sludge is 
added to soil, a threshold is reached followed by a 
decrease in soil pH and increase in metal solubility 
(Sanders and Adams, 1987). The higher the sludge-metal 
concentration, the higher is the threshold pH point of 
decreasing metal solubility. High metal concentration in 
applied sludge results in increased metal solubility, hence 
increased plant uptake at higher soil pH values is noticed. 
Electrical conductivity measures soil salinity, a property 
referring to the amount of soluble salts and total soluble 
ions in soil.  

Soil enzyme activity is a key feature of plant nutrients 
and cycling processes, thus measurement of specific 
enzyme activities is found useful in determining soil 
biological activity which in turn is an index of soil fertility 
(Perucci, 1992). Soil enzymes are believed to be prima-
rily of microbial origin (Ladd, 1978) but also originate from 
plants and animals (Tabatabai, 1994). The free enzymes 
form complexes with humic colloids and are stabilized on 
clay surfaces and organic matter. The rate of hydrolysis 
of fluorescein diacetate by soil has been considered a 
suitable index of overall enzyme activity because its 
hydrolysis is carried out by active cells with a variety of 
enzymes, including lipases, pro-teases, and esterases 
(Schnurer and Rosswall, 1982). Soil bacteria and fungi 
excrete the enzyme cellulase under a variety of 
environmental conditions, such as high temperature of 30 
to 50°C and low pH of 5 to 6 (Doyle et al., 2006). Some of 
the advanced tools in studying the extracellular enzymes 
produced by soil microorganisms include genomics, 
transcriptomics, proteomics, enzyme assays, and soil 
respiration measurements (Wallenstein and Weintraub, 
2008). However, the biggest challenges in bioremediation 
are to understand how the physical, chemical and 
biological properties of soil influence microbial enzyme 
production, diffusion, substrate turn-over and the propor-
tion of the product that is made available to the microbial 
cells (Burns et al., 2013).  

Heavy metals indirectly affect soil enzymatic activities 
by altering the microbial communities that synthesize 
enzymes and their mode varies with the enzyme type 
(Moreno et al., 2003). Soil enzyme inhibition by heavy 
metals depends on the nature and concentration of the 
metals, and its extent varies from one enzyme to another 
and at certain concentration some heavy metals can also 
stimulate the activity of an enzyme. Metal ions may inhibit 
enzyme reactions by complexing the substrate, reacting 
with the protein-active groups of enzymes, enzyme-
substrate complex (Mikanova, 2006), and sulphydral 
group of enzymes (Shaw and Raval, 1961). Different 
metals show different ability to act as enzyme inhibitors. 
Some of the trace elements added to soil might form 
complexes with the organic matter in soil and are not 
completely  available for reaction with the  enzyme-active  

 
 
 
 
sites. A few also act as co-factors and activators to en-
hance the enzyme activity. The soil enzyme activity is 
influenced by certain other factors. Air-drying of field-
moist soil significantly decreases cellulase activity while it 
increases the glucosidases activity, especially β-glucosi-
dase (Eivazi and Tabatabai, 1990). Rhizosphere has a 
positive impact on soil α- and β-glucosidase and α- and 
β-galactosidase, respectively. Enzyme activities also vary 
seasonally and with different cultivation modes 
(Vepsäläinen et al., 2001). The activities are affected by 
plants, animals, and microorganisms, substrate availa-
bility, feedback, and other inhibition and physical and 
chemical characteristics of soil. The activities are also 
sensitive with decrease in water availability (Sardans and 
Peñuelas, 2005). The activity of soil enzymes and or-
ganic carbon are negatively correlated to soil depth, that 
is, with an increase in soil depth there is a decrease in 
soil enzyme activity and organic carbon (Tabatabai, 
1994).  

Agronomic practices, especially tillage and residue 
management are known to influence the soil physical and 
chemical properties, organic carbon, microbial, and en-
zyme activities (particularly four amidohydrolases for 
example urease, amidase, L-asparaginase, and L-gluta-
minase) (Deng and Tabatabai, 1996). These prac-tices 
also have similar effects on the activities of en-zymes 
involved in carbon and nitrogen cycling. No tillage re-
duces chances of soil erosion and water evaporation but 
increases levels of water infiltration and soil organic 
matter. In combination with mulching, it increases activity 
of glycosidases (Deng and Tabatabai, 1996). In addition, 
mulching induces water-holding capacity, carbohydrate 
level, and cellulase activity along with a rich population of 
cellulolytic fungi in soil. Deforestation and subsequent 
tillage results in 50% decrease in organic carbon com-
pared to an undisturbed forest soil. 

Dehydrogenase activity is used as an active soil 
biomass measurement indicator and is related to the 
overall microbial activity in soil that reflects their total 
range of oxidative activity (An and Kim, 2009). Dehydro-
genase enzyme is known to oxidize soil organic matter by 
transferring protons and electrons from sub-strates to 
acceptors (Makoi and Ndakidemi, 2008). Dehydrogenase 
assay measures the total activity of a soil sample which is 
due to active microorganisms and enzymes stabilized in 
the soil matrix (Knight and Dick, 2004). This can also be 
used as a method to describe the biological activity in 
thermophilic and mesophilic stages of composting 
(Barrena et al., 2008). Because it is difficult to extract 
intact enzymes from soil, activity rather than mass is 
measured. These processes are a part of respiration 
pathways of soil microorganisms and are influenced by 
environmental factors. Their activity not only increases in 
well-irrigated soil but also on addition of nutrients to soil 
but decreases with soil depth (Brzezińska et al., 2001). 
The  activity  is  enhanced only if the  rate of sludge addi- 



 
 
 
 
 
tion is limited (Obbard et al., 1994). Dehydro-genase is 
sensitive to heavy metal pollution; hence it is used to 
access the side effects of chemicals on microorganisms 
(Nweke et al., 2007). The activity also varies with soil 
type and season. Buyanovsky et al. (1982) found higher 
dehydrogenase activity in the rhizosphere during the dry 
seasons than in moist winters. 

Small amount of extracellular enzymes of microbial, 
plant, or animal origin are stabilized on soil colloids which 
maintain their activity for extended periods of time 
(Nannipieri et al., 1996; Burns, 1982). Burns (1982) 
described 10 categories of soil enzyme locations. They 
included ‘abiontic’ enzymes, a term coined by Skujins 
(1976) to describe enzymes of biological origin no longer 
associated to living cells. These may be excreted to soil 
solution or immobilized enzymes of microbial origin 
absorbed in clay or humic colloids. This stabilization of 
extracellular enzymes might not reflect variations in 
microbial biomass, which instead might correlate to 
internal enzyme activities for example dehydrogenase or 
to measurements of overall activity (respiration) (Simona 
et al., 2004). However, respiration per unit of biomass 
might increase depending on the type of pollutant and/or 
stress present (van Beelen and Doelman, 1997). 
Determining the specific enzyme activities (for example, 
phosphatase, urease, amylase, among others) or other 
parameters (for example, ATP content, respiration, ade-
nylate enzyme charge among others) together with 
general soil parameters helps in determining the soil 
microbial activity and for understanding its response to 
compost amendments, cultivation practices, and 
environmental factors. 

Microbial biomass represents the living component of 
the organic matter of soil, excluding plant roots and 
animals (Gil-Sotres et al., 2005). The changes in biomass 
carbon are much faster and greater than total soil organic 
carbon. Biomass carbon as percentage of soil organic 
carbon decreases with an increase in heavy metal 
concentration (Barajas-Aceves, 2005). The link between 
biomass carbon and total soil organic carbon constitutes 
a form of ‘internal control’ within soils of similar type and 
under similar management. Thus, if the ratio of biomass 
carbon and soil organic carbon changes under these 
conditions, this could indicate damage to the soil ecosys-
tems by heavy metals (Barajas-Aceves, 2005). Microbial 
biomass carbon and nitrogen mineralization capacity 
have primarily been used to estimate changes in soil 
quality prior to management and use while dehydroge-
nase activity, as a general measure of viable microbial 
activity, has also been employed in degraded soils for 
studying the degree of contamination and effective 
diagnosis for recovery (Gil-Sotres et al., 2005). The 
nitrogen mineralization capacity refers to the capability of 
soil to transform organic nitrogen compounds into ammo-
nia or nitrate under optimum moisture and temperature 
conditions  over a  given  period of time  (Gil-Sotres et al.,  
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2005). Perucci (1990) analysed the biochemical proper-
ties of soil amended with municipal reuse and reported 
that the amendment improved the microflora. In addition, 
Perucci (1992) reported a significant increase in biomass 
carbon in soil by the compost addition which varied as 
per the dosage of application. In most studies, organic 
carbon usually decreases with soil depth (Deng and 
Tabatabai, 1996). 

Diethylene-triamine-penta-acetic acid (DTPA) has been 
widely used to estimate the bioavailability of metals in soil 
and sludge due to its capacity to chelate a wide range of 
metallic elements (Halim et al., 2003). It can also be used 
to restore the degraded soil (Francis, 1999). A number of 
authors have agreed that the presence of organic matter 
increases DTPA extractability of metals. The bioavailabi-
lity of many metals depends on the quality of soil organic 
compounds than on their quantity (Ortiz and Alcañiz, 
2006). Thus, the bioavailability of metals increase when 
they are associated with labile or soluble organic com-
pounds and decrease when they are found associated 
with stable organic compounds, such as humic acids 
(Halim et al., 2003). Soil conditions like pH, redox 
potential, cation exchange capacity, and organic matter 
highly influence the metal assimilation by plant roots by 
affecting root growth and mobility of pollutants. Chemical 
amelioration using acids, lime, and organic matter alter 
soil chemical conditions and the concentration of chela-
ting and complexing agents in the soil solution and solid 
phase (Iskandar and Adriano, 1997).  

Speir et al. (1995, 1999) and Haanstra and Doelman 
(1991) have quantified the effect of heavy metals on 
various soil enzyme activities by determining the ecolo-
gical dose 50% (ED50). The concept of ED was intro-
duced by Babich et al. (1983), in the study of effect of 
heavy metals on microbial processes in the soil 
ecosystem. ED is the concentration of heavy metals at 
which the enzyme, or other biological activity, is reduced 
to 50% of the uninhibited value (Moreno et al., 2003). The 
addition of sewage sludge to soil, changes the inhibitory 
effect of heavy metals particularly Cd and Ni on enzy-
matic activities by increasing the ED values, thereby 
indicating diminished toxicity. The negative effect of 
heavy metals on the enzymatic activities might be 
masked by the positive effect of sewage sludge (Moreno 
et al., 1999). In addition, a metal fraction might be 
absorbed on the organic colloids added with the sludge. 
This prevents the heavy metals to interact directly with 
the active sites of enzymes, thus affecting their activity 
(Doelman and Haanstra, 1986). 

The sewage sludge is considered valuable fertilizer 
due to its plant nutrient content and humus-forming effect 
but its long-term application may affect the soil features 
(Zaman et al., 2004). Its frequent use leads to deteriora-
tion of soil ecosystem due to the accumulation and per-
sistence of heavy metals in soil. It is used as an organic 
amendment to soil, particularly to the soil that lacks orga- 
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nic matter (Moreno et al., 2003). Application of sewage 
sludge to soil improves the physical and chemical charac-
teristics of soil, especially organic matter content, and 
plant nutrient, particularly nitrogen and phosphorous. It 
contains numerous components required for microbial 
growth and increases the activity of soil microorganisms, 
including rhizobial growth (Kinkle et al., 1987). Corey et 
al. (1987) concluded that specific metal adsorption on 
sludge surfaces would normally be the controlling factor 
in metal phytoavailability in soil-sludge mixtures. Sludge 
with higher metal concentration causes higher metal 
uptake by plants. Application of waste water containing 
organic matter and nutrients has been found to increase 
soil microbial biomass, bacterial, fungal, and actinomy-
cetes community in field experiments (Goyal et al., 1995). 
Amendment of effluent treatment plant sludge along with 
biofertlizer has been successfully used to improve the 
coal mine spoil dump (Juwarkar and Jambhulkar, 2008). 
The effect of sludge on soil dehydrogenase, urease, and 
phosphatase activities (that is, stimulation and inhibition) 
is related to sludge origin and levels of sludge contami-
nation with organic and inorganic pollutants as well as the 
kind of enzymes under study (Kucharski et al., 2000).  

Degradation of organic matter from the organic amend-
ments used in the remediation of metal contaminated 
soils leads to changes in soil chemical properties shortly 
after their addition, which may affect the soil metal 
distribution (Clemente et al., 2006). Despite high levels of 
nitrogen, phosphorous, and potassium in soil, dairy 
sludge is found to improve the poor physical properties 
and microbial activities of contaminated soils (Kumar et 
al., 2008). Moreover, effective growth of J. curcas in 
heavy metal contaminated soil with amendments of bio-
sludge, dairy sludge, and biofertilizer has been reported 
(Juwarkar et al., 2008; Kumar et al., 2008). 
 
 
BIOAUGMENTATION 
 
The use of microorganisms in association with plants in 
clean-up approach of heavy metal contaminants from soil 
is gaining momentum. The microorganisms employed for 
the purpose may be indigenous or exogenous to the 
contaminated area. The process of importing microorga-
nisms to the contaminated site is called bioaugmentation 
which enhances the metabolic capacities of the indige-
nous microbiota in order to boost bioremediation (El 
Fantroussi and Agathos, 2005). The process is often ace-
lerated by the extracellular enzymes secreted by the 
microbial cells that cleave to the complex forms of the 
contaminants to the forms easily assimilated by their cells 
where they are metabolised (Mueller, 2006). The indige-
nous soil organisms are often the indicators of ecological 
harm caused by heavy metal contamination until the 
heavy metals are removed or immobilized (Frey et al., 
2006). In many contaminated soils, the microorganisms  

 
 
 
 
are exposed to various chemicals directly with the resul-
tant effects being additive, synergistic, or antagonistic 
(Chaperon and Sauvé, 2008). Additive effects refer to 
zero interactions between soil components and toxicity 
greater than the additive effect is described as synergistic 
and lower to it as antagonistic effects, respectively. 

A phenomenon called biosorption appears to be critical 
in bioremediation. It is defined as the uptake of organic 
and inorganic metal species, both soluble and insoluble, 
by physicochemical mechanisms, such as adsorption. In 
microbial cells, metabolic activities may also influence 
this process because of changes in pH, conductivity, 
organic and inorganic nutrients, and metabolites. Biosor-
ption provides nucleation sites for the formation of stable 
minerals by sorption to cellular surfaces or accumulation 
within the cells via membrane transport mechanisms. 
Inside the cells, metal species may be bound, precipi-
tated, localized within intracellular structures or orga-
nelles or translocated to specific structures depending on 
nature of the metal and the organism (Gadd, 1996). The 
biomineralization process by microorganisms offers an 
efficient way to sequester inorganic pollutants and heavy 
metals within relatively stable solid phases (Li et al., 
2013). The remediation mechanisms by microorganisms 
include extracellular complexation, oxidation-reduction 
reaction, precipitation and intracellular accumulation (Yao 
et al., 2012). 

Plants take up most mineral nutrients through the 
rhizosphere where microorganisms interact with plant 
products in root exudates that consists of a complex 
mixture of organic acid anions, phytosiderophores, 
sugars, vitamins, amino acids, purines, nucleosides, 
inorganic ions, gaseous molecules, enzymes, and root 
border cells (Dakora and Phillips, 2001). The rate of exu-
dation is increased by the presence of microorganisms in 
the rhizosphere (Gardner et al., 1983) and promoted by 
the uptake and assimilation of certain nutrients. Some 
root exudates act as metal chelators and increase the 
availability of metallic soil micronutrients. Metal chelators 
form complexes with soil metals, thus releasing metals 
that are bound to soil particles and increasing metal 
solubility and mobility. Immobilization of heavy metals by 
cysteine rich peptides is a major mechanism employed 
by plants for counteracting heavy metal toxicity. Phyto-
chelatins have shown to bind heavy metals with high 
affinity (Dakora and Phillips, 2002). In addition, bacterial 
and plant siderophores also act as chelating agents that 
solubilize the Fe bound to soil particles. After solubili-
zation, Fe is taken up by the living cell through specific 
membrane carriers and is metabolized.  

Plant roots can regulate the microbial activities in the 
rhizosphere, encourage beneficial symbiosis, influence 
the physical and chemical properties of soil, and inhibit 
the growth of competitive plant species. The plant growth 
promoting rhizobacteria (PGPR) are considered to pro-
mote plant growth directly or indirectly by producing plant 



 
 
 
 
 
growth promoters (auxin, gibberellin, cytokinin, indole a-
cetic acid, to mention but a few), phytohormones, sidero-
phores, chelating agents, antibiotics (Shanahan et al., 
1992), cyanide (Flaishman et al., 1996), asymbiotic N-
fixation (Boddey and Dobereiner, 1995), solubilising mi-
neral phosphate and nutrients (de Freitas et al., 1997), 
and serving a few other functions (Joseph et al., 2007; 
Kamnev and van der Lelie, 2000). Some of such 
essential PGPR include Pseudomonas, Achromobacter, 
Azotobacter, Azospirillum, Acetobacter, and Rhizobium. 
A large array of bacteria including species of Klebsiella, 
Enterobacter, Gluconacetobacter, Alcaligenes, 
Arthrobacter, Burkholderia, Bacillus and Seratia have 
also been reported to enhance plant growth (Saravanan 
et al., 2008; Glick, 1995; Okon and Labandera-Gonzalez, 
1994). Several microalgae have also been studied for 
their combined lipid production and heavy metal removal 
from leachate, a few of which are Nanochloropsis, 
Pavlova lutheri, Tetraselmis chuii and Chaetoceros 
muelleri (Richards and Mullins, 2013). Microbial cells 
remain functionally active in soil by producing and 
sensing certain chemical signals through biofilm produc-
tion by a phenomenon called quorum sensing. This 
quorum sensing, with other regulatory system, expand 
the range of environmental signals that target gene 
expression beyond population density (Daniels et al., 
2004). The use of PGPR in phytoremediation technolo-
gies is considered to play an important role as their 
amendment can aid plant growth on contaminated sites 
(Burd et al., 2000) and enhance detoxification of soil 
(Mayak et al., 2004). Nevertheless, pairing PGPR with 
arbuscular mycorrhizal (AM) fungi serves a good way in 
increasing the efficiency of phytoremediation. 

Among soil microorganisms, mycorrhizal fungi are most 
efficient in enhancing heavy metal tolerance in plants 
through symbiosis. These symbiotic fungi increase 
nutrient and water uptake, alleviate cultural and environ-
mental stress, and enhance disease resistance and plant 
health (Filion et al., 1999). Among the AM fungi, genus 
Glomus, Scutellospora, Acaulospora, and Gigaspora are 
of much importance in phytoremediation (Khan, 2001). 
Bioleaching processes involving Thiobacillus spp. and 
Aspergillus niger, biosorption of low concentration of 
metals in water by algal or bacterial cells, bio-oxidation or 
bio-reduction of metal contaminants by Bacillus subtilis 
and sulfate-reducing bacteria, and biomethylation of 
metals, such as As, Cd, Hg, and Pb have shown some 
promises in treating degraded soil (Mulligan et al., 2001). 
Like the AM fungi and phosphate solubilizing bacteria 
that function as phosphorous solubilizers, 
Gluconacetobacter diazotrophicus is a rhizobacterium 
that aid in zinc solubilization for easy uptake by plants 
(Saravanan et al., 2007). While fungi and bacteria are 
responsible for the major chemical transformation during 
organic waste decomposition and nutrient release, the 
soil fauna, especially earthworms can stimulate microbial  
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action by increasing surface area for microbial coloni-
zation and enzymatic action through physical breakdown 
of organic residues into smaller particles (Kızılkaya, 
2008).  

Mycorrhiza provoke many positive impacts on plant 
physiology, nutrient availability, and microbial 
composition that determines a successful outcome of 
phytoremediation attempt. Beyond the rhizosphere, 
mycorrhizal hyphae act as roots and form dense 
networks within the root zone of plants which increases 
the extent of rhizosphere into the bulk soil by creating a 
new interface of soil-plant interactions which is termed 
‘hyposphere’. Studies on mycorrhizae fungus have 
focused on their ability to provide the host plant with 
nutrients in nutrient deficit soil. The vesicular-arbuscular 
mycorrhizal (VAM) fungi are known to solubilize 
phosphate complexes in the soil and make it available to 
plants. In some studies they are also found to degrade 
organic pollutants. Plants with mycorrhizal associations 
appear to be protected from the phytoxic affect of heavy 
metals. Heavy metals are believed to be bound by 
carboxyl groups in hemicelluloses of the interfacial 
matrices between the host cell and the fungus. An ericoid 
mycorrhizae fungus Hymenoscyphus ericae was able to 
metabolize some phytotoxic compounds in vitro. This 
ability of the fungus provides the host plants with added 
protection against toxins and allows the plants to grow in 
areas otherwise hazardous to plants. 

An increase in metal concentration influences the soil 
microbial properties, especially respiration and enzymatic 
activity which serve good indicators for metal pollution 
(Szili-Kovács et al., 1999). In the aftermath of heavy 
metal pollutions, the role of heavy metal bounding or 
leaching increases that determines their bioavailability 
and toxicity. Several studies have shown a negative 
relationship between heavy metal concentration and 
microbial activities, such as respiration, mineralization 
(van Beelen and Doelman, 1997), nitrification (Yeates et 
al., 1994), intracellular and extracellular enzymatic 
activities (Yeates et al., 1994; Haanstra and Doelman, 
1991), and microbial community biomass and structure 
(Kelly and Tate, 1998). Earlier reports suggest that heavy 
metals inhibit the growth of specific microbial groups, 
particularly nitrifiers and nitrogen fixers; however, there 
are certain conditions in which no correlation has been 
found between microbial parameters and heavy metal 
contamination (Kelly and Tate, 1998). Apart from the 
above confrontations, applications of beneficial microbial 
isolates (natural or engineered) often show positive 
feedback in bioremediation.  
 
 
PERSPECTIVES 
 
Effective phytoremediation is always encountered by 
challenges  of  overcoming  plant and  microbial stress  in  
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fields. The control and optimization of bioremediation 
processes is a complex system of many factors, such as 
the existence of microbial population capable of degra-
dation, availability of contaminants to the microbial 
population, environmental factors (for example, soil type, 
temperature, pH, presence of oxygen, or other electron 
acceptors), and nutrients (Vidali, 2001). Moreover, the 
non-indigenous microorganisms applied for the purpose 
of bioaugmentation most often compete with the 
indigenous microbial population for nutrition and space 
which results is an antagonistic effect and either one 
population is critically hampered by the other. 
Furthermore, when pure biosorptive metal removal is not 
viable, application of a consortium of metal-resistant mi-
croorganisms can ensure enhanced metal removal 
through bioprecipitation, biosorption and continuous 
metabolic uptake of metals after physical adsorption 
(Malik, 2004). 

It is a known fact today that contaminated lands are a 
potential threat to mankind and there is a need of 
international concern to search for remedies as a 
response to combat the adverse effects and reclaim the 
soil for reuse. With the current trends in environmental 
biotechnology, there have been certain promises in using 
genetically engineered microorganisms (GEMs) in biore-
mediation but the regulatory and bioethical issues hinder 
their application (Gerhardt et al., 2009). Additionally, 
GEMs often fail to compete with normal microbiota in the 
rhizosphere, and their quantity often dwindles to levels 
that cannot effectively support bioremediation (Gilbertson 
et al., 2007). Transgenic plants and GEMs often do not 
survive due to competition and might undergo mutation 
during stress conditions which may turn hazardous. This 
consequences lead to a disturbance in the native 
biodiversity of the site. Chances cannot be ignored as 
mutated GEMs can act in antagonism to the host plants 
and hamper the desired process. In rare cases, GEMs 
migrate from the site of contamination to neighbouring 
locations and might create potential ecological risk (Pilon-
Smits, 2005). Application of GEMs also requires a good 
stage management. After introduction of GEMs to the 
desired soil sites, they form clusters at few particular 
locations rather than spreading uniformly which often 
leads to the process inefficiency. Their use mostly suffers 
non-acceptance due to public opinions and government 
policies. However, to reduce the ecological risk from non-
native (transgenic or non-transgenic) phytoremediation 
species, it is often necessary to employ a biological 
containment system (Gressel and Al-Ahmad, 2005). 
Genes are introduced to prevent propagation, or to ren-
der a species overly sensitive to abiotic stressors, such 
as temperature changes or chemicals. Ideally, multiple 
transgenes are employed to prevent gene flow between 
the indigenous and exogenenous species. To reinforce 
the containment system, mitigator genes linked to the 
primary transgene are added (Gerhardt et al., 2009). The  

 
 
 
 
phytoremediation species are conferred with non-delete-
rious traits from the mitigator genes unless a gene 
transfer occurs which may turn harmful to the related 
species. Instead, the phytoremediation species can be 
prevented from competing outside the contaminated site. 

The long treatment time for reclamation and limiting 
environmental factors frequently keeps phytoremediation 
under criticism. A great drawback in phytoremediation is 
that it encounters many stressors in the field trial than 
those encountered in laboratory and greenhouse sys-
tems. Some of them are variation in temperature, nu-
trients, precipitation, hervivory, plant pathogens, weeds, 
and adverse effects of pesticide and weedicide appli-
cations whereas, a complete controlled condition is 
maintained in ex situ methods (Gerhardt et al., 2009). In 
addition, root structure, soil texture and quality, bioavail-
ability of nutrient, among others can change over time 
and take an undesirable turn in the process. Despite, 
some limitations, phytoremediation is universally accep-
ted for being a natural way of heavy metal remediation 
from the environment. A few causes for this are its in situ 
strategy of bioaugmentation which adds more value to 
the process; mitigation of soil erosion and global 
warming; and the production of biofuels and natural gas 
from plant biomass as an alternative to fossil fuels. 
Plantation helps debase the contaminants and also 
contribute to a clean and green environment. 
 

 
REFERENCES 
 
Ajwa HA, Tabatabai MA (1994). Decomposition of different organic 

materials in soils. Biol. Fertil. Soil 18:175-182. 
An YJ, Kim M (2009). Effect of antimony on the microbial growth and 

the activities on soil enzyme. Chemosphere 74:654-659. 

Babich H, Bewley RJF, Stotzky G (1983). Application of the ‘Ecological 
Dose’ concept to the impact of heavy metals on some microbe-
mediated ecologic processes in soil. Arch. Environ. Contam. Toxicol. 

12:421-426. 
Baker AJM, Brooks RR (1989). Terrestrial higher plants which 

hyperaccumulate metallic elements. A review of their distribution, 

ecology and phytochemistry. Biorecovery 1: 81-126. 
Barajas-Aceves M (2005). Comparison of different microbial biomass 

and activity measurement methods in metal-contaminated soils. 

Biores. Technol. 96:1405-1414. 
Barcelo J, Poschenrieder C, Gunse B (1986). Water relations of 

chromium (VI)-treated bush bean plants (Phaseolus vulgaris L. cv. 

Contender) under both normal and water-stress conditions. J. Exp. 
Bot. 37:178-187. 

Barrena R, Vázquez F, Sánchez A (2008). Dehydrogenase activity as a 

method for monitoring the composting process. Bioresour. Technol. 
99:905-908. 

Blaylock JM, Huang JW (2000). Phytoextraction of metals. In: L Raskin 

and BD Ensley (Eds.), Phytoremediation of Toxic Metals: Using 
Plants to Clean up the Environment. John Wiley and Sons, NY. pp. 
53-70. 

Boddey RM, Dobereiner J (1995). Nitrogen fixation associated with 
grasses and cereals: Recent progress and perspectives for the 
future. Nutr. Cycl. Agrosys. 42: 241-250. 

Brzezińska M, Stępniewska Z, Stępniewski W (2001). Dehydrogenase 
and catalase activity of soil irrigated with municipal wastewater. Pol. 
J. Environ. Stud. 10:307-311. 

Burd GI, Dixon DG, Glick BR (2000).  Plant  growth promoting  bacteria  



 
 
 
 
 

that decrease heavy metal toxicity in plants. Can. J. Microbiol. 
46:237-245. 

Burns RG (1982). Enzyme activity in soil: location and a possible role in 

microbial ecology. Soil Biol. Biochem. 14:423-427. 
Burns RG, DeForest JL, Marxsen J, Sinsabaugh RL, Stromberger ME, 

Wallenstein MD, Weintraub MN, Zoppini A (2013). Soil enzymes in a 

changing environment: Current knowledge and future directions. Soil 
Biol. Biochem. 58:216-234. 

Buyanovsky G, Dicke M, Berwick P (1982). Soil environment and 

activity of soil microflora in the Negev desert. J. Arid Environ. 5:13-
28. 

Chaperon S, Sauvé S (2008). Toxicity interactions of cadmium, copper, 

and lead on soil urease and dehydrogenase activity in relation to 
chemical speciation. Ecotoxicol. Environ. Saf. 70:1-9. 

Chiou CT (2002). Partition and adsorption of organic contaminants in 

environmental systems. Wiley-Interscience, NJ. p. 249.  
Chu H, Lin X, Fujii T, Morimoto S, Yagi K, Hu J, Zhang J (2007). Soil 

microbial biomass, dehydrogenase activity, bacterial community 

structure in response to long-term fertilizer management. Soil Biol. 
Biochem. 39:2971-2976. 

Clemente R, Escolar A, Bernal MP (2006). Heavy metal fractionation 
and organic matter mineralisation in contaminated calcareous soil 

amended with organic materials. Biores. Technol. 97: 1894-1901. 
Cobbett C, Goldsbrough P (2002). Phytochelatins and metalothioneins: 

Roles in heavy metal detoxification and homeostatis. Annu. Rev. 

Plant Biol. 53:159-182. 
Corey RB, King LD, Lue-Hing C, Fanning DS, Street JJ, Walker JM 

(1987). Effects of sludge properties on accumulation of trace 

elements by crops. In: AL Page (Ed.), Land Application of Sludge. 
Lewis Publishers, MI. p. 168. 

Crecchio C, Curci M, Mininni R, Ricciuti P, Ruggiero P (2001). Short 

term effects of municipal solid waste compost amendments on soil 
carbon and nitrogen content, some enzyme activities and genetic 
diversity. Biol. Fertil. Soil 34: 311-318. 

Dakora FD, Phillips DA (2002). Root exudates as mediators of mineral 
acquisition in low-nutrient environments. Plant Soil 245: 35-47. 

Daniels R, Vanderleyden J, Michiels J (2004). Quorum sensing and 

swarming migration in bacteria. FEMS Microbiol. Rev. 28: 261-289. 
de Freitas JR, Banerjee MR, Germida JJ (1997). Phosphate solubilizing 

rhizobacteria enhance the growth and yield but not phosphorus 
uptake of canola (Brassica napus L.). Biol. Fertil. Soil 24: 358-364. 

Deng SP, Tabatabai MA (1996). Effect of tillage and residue 
management on enzyme activities in soils II. Glycosidases. Biol. 

Fertil. Soil 22:208-213. 
Doelman P, Haanstra L (1986). Short- and long-term effects of heavy 

metals on urease activity in soils. Biol. Fertil. Soil 2: 213-218. 

Doran JW, Parkin TB (1996). Quantitative indicators of soil quality: a 
minimum data set. In: JW Doran, AJ Jones (Eds.), Methods for 
Assessing Soil Quality Quantitative. SSSA Special Publication, 

Madison. pp. 25-38. 
Doyle J, Pavel R, Barness G, Steinberger Y (2006). Cellulase dynamics 

in a desert soil. Soil Biol. Biochem. 38:371-376. 

Eivazi F, Tabatabai MA (1990). Factors affecting glucosidase and 
galactosidase activities in soil. Soil Biol. Biochem. 22:891-897. 

El Fantroussi S, Agathos SN (2005). Is bioaugmentation a feasible 

strategy for pollutant removal and site remediation? Curr. Opin. 
Microbiol. 8:268-275. 

Ernst WHO, Nilisse HJM, Brookum WMT (2000). Combination 

toxicology of metal-enriched soils: physiological responses of Cr and 
Cd resistant ecotypes of Silene vulgaris on polymetallic soils. 

Environ. Exp. Bot. 43:55-71. 

Filion M, St-Arnaud M, Fortin JA (1999). Direct interaction between the 
arbuscular mycorrhizal fungus Glomus intraradices and different 

rhizosphere microorganisms. New Phytol. 141: 525-533. 

Flaishman MA, Eyal ZA, Zilberstein A, Voisard C, Haas D (1996). 
Suppression of Septoria tritci blotch and leaf rust of wheat by 
recombinant cyanide producing strains of Pseudomonas putida. Mol. 

Plant Microbe Interact. 9:642-645. 
Francis AJ (1999). Bioremediation of radionuclide and toxic metal 

contaminated soil and wastes. In: DM Kral, MK Viney, JL Hatfield, JJ  

Nanda and Abraham         3107 
 
 
 

Volenec, JM Bigham (Eds.), Bioremediation of Contaminated Soils. 
ASA, CSSA, SSSA, Wiscosin. pp. 1-33. 

Frey B, Stemmer M, Widmer F, Luster J, Sperisen C (2006). Microbial 

activity and community structure of a soil after heavy metal 
contamination in a model forest ecosystem. Soil Biol. Biochem. 38: 
1745-1756. 

Gadd GM (1996). Influence of microorganisms on the environmental 
fate of radionuclides. Endeavour 20:150-156. 

Gardea-Torresdey JL, Peralta-Videa JR, Montes M, de la Rosa G, 

Corral-Diaz B (2004). Bioaccumulation of cadmium, chromium and 
copper by Convolvulus arvensis L.: impact on plant growth and 

uptake of nutritional elements. Biores. Technol. 92: 229-235. 

Gardea-Torresdey JL, Polette L, Arteaga S, Tiemann KJ, Bibb J, 
Gonzalez JH (1996). Determination of the content of hazardous 
heavy metals on Larrea tridentata grown around a contaminated 

area. In: LR Erickson, DL Tillison, SC Grant, JP McDonald (Eds.), 
Proceedings of the Eleventh Annual EPA Conference on Hazardous 
Waste Research. Albuquerque, NM. pp. 1-10. 

Gardner WK, Barber DA, Parbery DG (1983). The acquisition of 
phosphorus by Lupinus albus L. III. The probabale mechanism by 

which phosphorus movement in the soil/root interface is enhanced. 
Plant Soil 70:107-124. 

Gerhardt KE, Huang XD, Glick BR, Greenberg BM (2009). 
Phytoremediation and rhizoremediation of organic soil contaminants: 
potential and challenges. Plant Sci. 176: 20-30. 

Gilbertson AW, Fitch MW, Burken JG, Wood TK (2007). Transport and 
survival of GFP-tagged root-colonizing microbes: implications for 
rhizodegradation. Eur. J. Soil Biol. 43:224-232. 

Gil-Sotres F, Trasar-Cepeda C, Leirós MC, Seoane S (2005). Different 
approaches to evaluating soil quality using biochemical properties. 
Soil Biol. Biochem. 37:877-887. 

Glass DJ (2000). Economical potential of phytoremediation. In: I Raskin, 
BD Ensley (Eds.), Phytoremediation of toxic metals: using plants to 
clean up the environment. John Wiley and Sons, NY. p. 304. 

Glick BR (1995). The enhancement of plant growth by free living 
bacteria. Can. J. Microbiol. 41:109-114. 

Goyal S, Chander K, Kapoor KK (1995). Effect of distillery wastewater 

application on soil microbiological properties and plant growth. 
Environ. Ecol. 13:89-93. 

Gressel J, Al-Ahmad H (2005). Assessing and managing biological risks 

of plants used for bioremediation, including risks of transgene flow. Z 
Naturforsch 60: 154-165. 

Haanstra L, Doelman P (1991). An ecological dose-response model 

approach to short- and long-term effects of heavy metals on 
arylsulphatase activity in soil. Biol. Fertil. Soil. 11:18-23. 

Halim M, Conte P, Piccolo A (2003). Potential availability of heavy 

metals to phytoextraction from contaminated soils induced by 
exogenous humic substances. Chemosphere 52:265-275. 

Hutchinson SL, Schwab AP, Banks MK (2003). Biodegradation of 

petroleum hydrocarbons in the rhizosphere. In: SC McCutcheon, JL 
Schnoor (Eds.) Phytoremediation: transformation and control of 
contaminants. Wiley-Interscience Inc., NJ. pp. 355-386. 

Iskandar IK, Adriano DC (1997). Remediation of soils contaminated with 
metals. Science Reviews. Aberystwyth, UK. p. 255. 

Joseph B, Patra RR, Lawrence R (2007). Characterization of plant 
growth promoting rhizobacteria associated with chickpea (Cicer 
arietinum L.). Int. J. Plant Product. 1:141-151. 

Juhanson J, Truu J, Heinaru E, Heinaru A (2007). Temporal dynamics 

of microbial community in soil during phytoremediation field 
experiment. J. Environ. Eng. Land. Manage. 15: 213-220. 

Juwarkar AA, Jambhulkar HP (2008). Phytoremediation of coal mine 

spoil dump through integrated biotechnological approach. Bioresour. 
Technol. 99:4732-4741. 

Juwarkar AA, Yadav SK, Kumar P, Singh SK (2008). Effect of biosludge 
and biofertilizer amendment on growth of Jatropha curcas in heavy 

metal contaminated soils. Environ. Monit. Assess. 145: 7-15. 
Kamnev AA, van der Lelie D (2000). Chemical and biological 

parameters as tools to evaluate and improve heavy metal 
phytoremediation. Biosci. Rep. 20: 239-258. 

Kelly JJ,  Tate RL  (1998).  Effects  of  heavy  metal  contamination  and 



 
3108        Afr. J. Biotechnol. 
 
 
 

remediation on soil microbial communities in the vicinity of a zinc 
smelter. J. Environ. Qual. 27:609-617. 

Khan AG (2001). Relationships between chromium biomagnification 

ratio, accumulation factor, and mycorrhizae in plants growing on 
tannery effluent-polluted soil. Environ. Int. 26:417-423. 
Kinkle BK, Angle JS, Keyser HH (1987). Long-term effects of metal-
rich sewage sludge application on soil populations of Bradyrhizobium 
japonicum. Appl. Environ. Microbiol. 53:315-319. 

Kızılkaya R (2008). Dehydrogenase activity in Lumbricus terrestris casts 

and surrounding soil affected by addition of different organic wastes 
and Zn. Bioresour. Technol. 99:946-953. 

Knight TR, Dick RP (2004). Differentiating microbial and stabilized β-

glucosidase activity relative to soil quality. Soil Biol. Biochem. 
36:2089-2096. 

Kucharski J, Wyszkowska J, Nowak G, Harms H. (2000). Activity of 

enzymes in soils treated with sewage sludge. Pol. J. Soil Sci. 33:29-
36. 

Kumar GP, Yadav SK, Thawale PR, Singh SK, Juwarkar AA (2008). 
Growth of Jatropha curcas on heavy metal contaminated soil 
amended with industrial waste and Azotobacter - a greenhouse 

study. Bioresour. Technol. 99: 2078-2082. 
Ladd JN (1978). Origin and range of enzymes in soil. In: RG Burns 

(Ed.), Soil Enzymes. Academic Press, London. p. 380. 
Lan CY, Shu WS, Wong MH (1997). Revegetation of lead/zink mine 

tailing at shaoguan, Guangdon Province, China: phytotoxicity of the 

tailing. In: DL Wise (Ed.), Global Environmental Biotechnology. 
Elsevier Science. pp. 119-129. 

Leyval C, Turnau K, Haselwandter K (1997). Effect of heavy metal 

pollution on mycorrhizal colonization and function: physiological, 
ecological and applied aspects. Mycorrhiza 7:139-153. 

Li M, Cheng X, Guo H (2013). Heavy metal removal by 

biomineralization of urease producing bacteria isolated from soil. Int. 
Biodeter. Biodegr. 76:81-85. 

Lin SL, Wu L (1994). Effects of copper concentration on mineral nutrient 

uptake and copper accumulation in protein of copper-tolerant and 
non-tolerant Lotus purshianus L. Ecotoxicol. Environ. Saf. 29:214-

228. 

Makoi JHJR, Ndakidemi PA (2008). Selected soil enzymes: examples of 
their potential roles in the ecosystem. Afr. J. Biotechnol. 7: 181-191. 

Malik A (2004). Metal bioremediation through growing cells. Environ. Int. 

30: 261-278. 
Marschner P, Kandeler E, Marschner B (2003). Structure and function 

of the soil microbial community in a long-term fertilizer experiment. 

Soil Biol. Biochem. 35:453-461. 
Masto RE, Chhonkar PK, Singh D, Patra AK (2006). Changes in soil 

biological and biochemical characteristics in a long-term field trial on 

a sub-tropical inceptisol. Soil Biol. Biochem. 38:1577-1582. 
Mayak S, Tirosh S, Glick BR (2004). Plant growth promoting bacteria 

that confer resistance to water stress in tomatoes and peppers. Plant 

Sci. 166:525-530. 
McCutcheon SC, Schnoor JL (2003). Phytoremediation: transformation 

and control of contaminants. Wiley-Interscience Inc., Hoboken, NJ. p. 

939. 
Mench M, Vangronsveld H, Clisters N, Lepp W, Edwards R (2000). In 

situ metal immobilization and phytostabilization of contaminated soils. 

In: N Terry, G Banuelos (Eds.), Phytoremediation of Contaminated 
Soil and Water. Lewis Publishers, FL. pp. 323-358. 

Mikanova O (2006). Effects of heavy metals on some soil biological 

parameters. J. Geochem. Explor. 88:220-223. 
Moreno JL, García C, Hernández T (2003). Toxic effect of cadmium and 

nickel on soil enzymes and the influence of adding sewage sludge. 

Eur. J. Soil Sci. 54:377-386. 
Moreno JL, Hernández T, Garcia C (1999). Effects of a cadmium 

contaminated sewage sludge compost on dynamics of organic matter 

and microbial activity in an arid soil. Biol. Fertil. Soil 28: 230-237. 
Mueller JG, Cerniglia CE, Pritchard PH (1996). Bioremediation of 

environments contaminated by polycyclic aromatic hydrocarbons. In: 

RL Crawfold, DL. Crawfold (Eds.), Bioremediation: principles and 
applications. Cambridge University Press, UK. pp. 125-194. 

Mueller   RJ   (2006).  Biological   degradation  of  synthetic  polyesters -  

 
 
 
 

Enzymes as potential catalysts in polyester recycling. Proc. Biochem. 
41: 2124-2128. 

Mulligan CN, Yong RN, Gibbs BF (2001). Remediation technologies for 

metal-contaminated soils and groundwater: an evaluation. Eng. Geol. 
60:193-207. 

Nanda S, Abraham J (2011). Impact of heavy metals on the rhizosphere 
microflora of Jatropha multifida and their effective remediation. Afr. J. 

Biotechnol. 10:11948-11955. 
Nannipieri P, Sequi P, Fusi P (1996). Humus and enzyme activity. In : 

A. Piccolo (Ed.), Humic Substances in Terrestrial Ecosystems. 
Elsevier Science, NY. pp. 293-328. 

Nweke CO, Ntinugwa C, Obah IF, Ike SC, Eme GE, Opara EC, Okolo 
JC, Nwanyanwu, CE (2007). In vitro effects of metals and pesticides  
on dehydrogenase activity in microbial community of cowpea (Vigna 
unguiculata) rhizoplane. Afr. J. Biotechnol. 6:290-295. 

Obbard JP, Sauerback D, Jones KC (1994). Dehydrogenase activity of 
the microbial biomass in soils from a field experiment amended with 
heavy metal contaminated sewage sludge. Sci. Tot. Environ. 

142:157-162. 
Okon Y Labandera-Gonzalez CA (1994). Agronomic applications of 

Azospirillum. In: MH Ryder, PM Stephens, GD Bowen (Eds.), 

Improving Plant Productivity with Rhizosphere Bacteria. CSIRO, 

Australia. p. 274. 
Ortiz O, Alcañiz JM (2006). Bioaccumulation of heavy metals in Dactylis 

glomerata L. growing in a calcareous soil amended with sewage 

sludge. Bioresour. Technol. 97:545-552. 
Panda SK, Choudhury S (2005). Chromium stress in plants. Braz. J. 

Plant Physiol. 17:95-102. 

Perucci P (1990). Effect of the addition of municipal solid waste 
compost on microbial biomass and enzyme activity in soil. Biol. Fertil. 
Soil. 10:221-226. 

Perucci P (1992). Enzyme activity and microbial biomass in a field soil 
amended with municipal refuse. Biol. Fertil. Soil. 14: 54-60. 

Pilon-Smits E (2005). Phytoremediation. Annu. Rev. Plant Biol. 56:15-

39. 
Plaza C, Hernandez D, Garcia-Gil JC, Polo A (2004). Microbial activity 

in pig slurry-amended soils under semiarid conditions. Soil Biol. 

Biochem. 36:1577-1585. 
Pulford ID, Watson C (2003). Phytoremediation of heavy metal 

contaminated land by trees - a review. Environ. Int. 29:529-540. 

Raskin I, Nanda Kumar PBA, Dushenkov S, Salt DE (1994). 
Bioconcentration of heavy metals by plants. Curr. Opin. Biotechnol. 
5:285-290. 

Richards RG, Mullins BJ (2013). Using microalgae for combined lipid 
production and heavy metal removal from leachate. Ecol. Model. 
24:59-67. 

Sanders JR, Adams TM (1987). The effects of pH and soil type on 
concentration of zinc, copper and nickel extracted by calcium chloride 
from sewage sludge-treated soils. Environ. Pollut. A43:219-228. 

Saravanan VS, Madhaiyan M, Osborne J, Thangaraju M, Sa TM (2008). 
Ecological occurrence of Gluconacetobacter diazotrophicus and 
nitrogen-fixing Acetobacteraceae members: their possible role in 

plant growth promotion. Microb. Ecol. 55:130-140. 
Saravanan VS, Madhaiyan M, Thangaraju M (2007). Solubilization of 

zinc compounds by the diazotrophic plant growth promoting 
bacterium Gluconacetobacter diazotrophicus. Chemosphere 

66:1794-1798. 
Sardans J, Peñuelas J (2005). Drought decreases soil enzyme activity 

in Mediterranean Quercus ilex L. forest. Soil Biol. Biochem. 37:455-

461. 
Schnurer J, Rosswall T (1982). Fluorescein diacetate hydrolysis as a 

measure of total microbial biomass in soil and litter. Appl. Environ. 
Microbiol. 43:1256-1261. 

Shanahan P, ÓSullivan DJ, Simpson P, Glennon JD, ÓGara F (1992). 

Isolation of 2,4-Diacetylphlorogucinol from a fluorescent 
Pseudomonad and investigation of physiological parameters 
influencing its production. Appl. Environ. Microbiol. 58:353-358. 

Shaw WHR, Raval DN (1961). The inhibition of urease by metal ions at 
pH 8.9. J. Am. Chem. Soc. 83:3184-3187. 

Simona C, Angela RF,  Amalia  VDS (2004). Suitability  of soil  microbial  



 
 
 
 
 

parameters as indicators of heavy metal pollution. Water Air Soil 
Pollut. 158: 21-35. 

Skujins J (1976). Extracellular enzymes in soil. CRC Crit. Rev. 

Microbiol. 4:383-421. 
Smith SR (1994). Effect of soil pH on availability to crop of metals in 

sewage sludge treated soils. I. Nickel, copper and zinc uptake and 

toxicity to ryegrass. Environ. Pollut. 85:321-327. 
Speir TW, Kettles HA, Parshotam A, Searle PL, Vlaar LNC (1995). A 

simple kinetic approach to drive the ecological dose value, ED50, for 

the assessment of Cr(IV) toxicity to soil biological properties. Soil 
Biol. Biochem. 27:801-810. 

Speir TW, Kettles HA, Parshotam A, Searle PL, Vlaar LNC (1999).  

Simple kinetic approach to determine the toxicity of As[V] to soil 
biological properties. Soil Biol. Biochem. 31:705-713. 

Subramanian M, Shanks JV (2003). Role of plants in the transformation 

of explosives. In: SC McCutcheon, JL Schnoor (Eds.), 
Phytoremediation: Transformation and control of contaminants. 
Wiley-Interscience Inc., NJ. pp. 389-408. 

Szili-Kovács T, Anton A, Gulyás F (1999). Effect of Cd, Ni and Cu on 
some microbial properties of a calcareous chernozem soil. In: J. 
Kubát (Ed.), Proc. 2nd Symp on the “Pathways and Consequences of 
the Dissemination of Pollutants in the Biosphere” Prague. pp. 88-102. 

Tabatabai MA (1994). Soil enzymes. In: RW Weaver, JS Angle, PS 
Bottomley (Eds.), Methods of soil analysis. Part 2: Microbiological 
and biochemical properties. SSSA, Wisconsin. pp. 775-833.  

van Beelen P, Doelman P (1997). Significance and application of 
microbial toxicity tests in assessing ecotoxicological risks of 
contaminants in soil and sediment. Chemosphere 34:455-499.  

Vangronsveld J, Assche FV, Clijsters H (1995). Reclamation of a bare 
industrial area contaminated by non-ferrous metals: in situ metal 

immobilization and revegetation. Environ. Pollut. 87:51-59. 

Vepsäläinen M, Kukkonen S, Vestberg M, Sirviö H, Niemi RM (2001). 
Application of soil enzyme activity test kit in a field experiment. Soil 
Biol. Biochem. 33:1665-1672. 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 

 
 
 
 
 
 

Nanda and Abraham         3109 
 
 
 
Vidali M (2001). Bioremediation. An overview. Pure Appl. Chem. 

73:1163-1172.  
Wallenstein MD, Weintraub MN (2008). Emerging tools for measuring 

and modeling the in situ activity of soil extracellular enzymes. Soil 

Biol. Biochem. 40:2098-2106. 
Wang H, Kimberley MO, Schlegelmilch M (2003). Biosolids derived 

nitrogen mineralization and transformation in forest soils. J. Environ. 
Qual. 32:1851-1856. 

White PM, Wolf DC, Thoma GJ, Reynolds CM (2006). Phytoremediation 

of alkylated polycyclic aromatic hydrocarbons in an oil-contaminated 
soil. Water Air Soil Pollut. 169:207-220. 

Yakovchenko VI, Sikora LJ, Kaufman DD (1996). A biologically based 

indicator of soil quality. Biol. Fertil. Soil 21: 245-251. 
Yao Z, Li J, Xie H, Yu C (2012). Review on remediation technologies of 

soil contaminated by heavy metals. Proc. Environ. Sci. 16:722-729. 

Yeates GW, Orchard VA, Speir TW, Hunt JL, Hermans MCC (1994). 
Impact of pasture contamination by copper, chromium, arsenic timber 
preservative on soil biological activity. Biol. Fertil. Soil 18: 200-208. 

Zaman M, Matsushima M, Chang SX, Inubushi K, Nguyen L, Goto S, 
Kaneko F, Yoneyama T (2004). Nitrogen mineralization, N2O 
production and soil microbiological properties as affected by long-
term applications of sewage sludge composts. Biol. Fertil. Soil 

40:101-109. 
Zhang FL, Niu B, Wang YC, Chen F, Wang SH, Xu Y, Jiang LD, Gao S, 

Wu J, Tang L, Jia YJ (2008). A novel betaine aldehyde 
dehydrogenase gene from Jatropha curcas, encoding an enzyme 

implicated in adaptation to environmental stress. Plant Sci. 174:510-
518. 

 
 
 


