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The continuous increase in the production of metals and their subsequent release into the environment has lead 
to increased concentration of these elements in agricultural soils. Because microbes are involved in almost 
every chemical transformations taking place in the soil, considerable attention has been given to assessing 
their responses to metal contaminants. Short-term and long-term exposures to toxic metals have been shown to 
reduce microbial diversity, biomass and activities in the soil. Several studies show that microbial parameters 
like basal respiration, metabolic quotient, and enzymatic activities, including those of oxidoreductases  and 
those involved in the cycle of C, N, P and other elements, exhibit sensitivity to soil metal concentrations. These 
have been therefore, regarded as good indices for assessing the impact of metal contaminants to the soil. Metal 
contamination has also been extensively shown to decrease species diversity and cause shifts in microbial 
community structure. Biochemical and molecular techniques that are currently being employed to detect these 
changes are continuously challenged by several limiting factors, although showing some degree of sensitivity 
and efficiency. Variations and inconsistencies in the responses of bioindicators to metal stress in the soil can 
also be explained by differences in bioavailability of the metal to the microorganisms. This, in turn, is 
influenced by soil characteristics such as CEC, pH, soil particles and other factors. Therefore, aside from 
selecting the appropriate techniques to better understand microbial responses to metals, it is also important to 
understand the prevalent environmental conditions that interplay to bring about observed changes in any given 
soil parameter.
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Introduction

The capacity of an agricultural area to sustain its 
productivity relies heavily on the quality of the soil. The 
soil is a complex medium of minerals, organic solids, 
aqueous and gaseous components and plays host to a 
dynamic array of chemical and biological processes 
essential to the cycle of elements on earth (Alloway, 
1995; Oliveira and Pampulha, 2006). By its nature 
alone, the soil is readily susceptible to influences 
from physico-chemical factors, biological factors and 
extraneous factors, such as pollutants. The continuous 

increase in the production of metals and their subsequent 
release into the environment has lead to increased 
concentration of these elements in the soil. Great concern 
about the presence of these contaminants in the soil is 
due to their manifold toxicity, which is not only seen in 
their influence on physico-chemical conditions, but also 
on the loss of soil microbial diversity and functions 
leading to reduced soil quality, not to undermine the 
toxicity posed to plants, animals and humans. 

The main metal elements that are known to be toxic 
pollutants are: cadmium (Cd), chromium (Cr), copper 
(Cu), mercury (Hg), nickel (Ni), lead (Pb), and zinc 
(Zn). In addition, the metalloid arsenic (As), has also 
gained notoriety due to its high occurrence in the 
environment and toxicity to humans. These elements 
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normally occur at very low concentrations in the soil 
and plants, and some have known biological roles thus, 
are also referred to as micronutrients (Lacatusu et al., 
2008). Examples are Co, Cr, Cu, Mn, Mo and Zn, which 
are essential in small but critical concentrations for 
normal healthy growth of organisms but are toxic at 
high concentrations (Alloway, 1995). Metals such as 
silver (Ag), aluminum (Al), arsenic (As), cadmium 
(Cd), gold (Au), lead (Pb) and mercury (Hg), do not 
have any biological functions and are potentially toxic 
even in low concentrations (Bruins et al., 2000). When 
present in higher, potentially toxic concentrations, these 
elements are often given the term heavy metals.

 

Metal and Metalloid Contamination of 
Agricultural Soils

Sources of metals in the soil may be from natural 
processes, such as weathering of parent rocks and 
pedogenesis, making them ubiquitous in soil parent 
material. However, anthropogenic activities have greatly 
increased their concentration in the soil and environment 
(and in many cases) beyond allowable threshold limits. 
The major anthropogenic source of contamination in 
the soil are related to industrialization and agricultural 
activities, which includes mining and smelting, waste 
disposal, waste incineration, traffic emission, urban 
effluents, fertilizer and long-term wastewater application 
in agricultural lands (Qishlaqi et al., 2008). These 
elements do not decay with time. Furthermore, only 
very low concentrations of these are lost from leaching 
and plant uptake, allowing them to accumulate slowly 
in the soil profile over long periods of time (Nicholson, 
et al., 2003). This can have long term effects on the 
quality of agricultural soils, in addition to their toxicity 
to plants, microbial processes in the soil, animals that 
inhabit or graze on the land and humans whose diet 
depends on agricultural products. The common metals 
and metalloids that affect agricultural soils are discussed 
in the following section.

The magnitude of the effect of metals and metalloid 
toxicity can be seen in the arsenic pollution of the 
groundwater in Bangladesh, where over 35 million 
people have been affected. It was estimated that as high 
as 10 kg ha-1 yr-1 is cycled through irrigated water and 
deposited on the soil surface, where about 83 mg As kg-1 
accumulates (Islam et al., 2006). Arsenite is broadly 

toxic, binding to sulfhydryl groups, impairing the 
function of proteins. Metallo-organic forms of As may 
be much more bioavailable than inorganic forms; 
however, organic-bound arsenic is excreted by most 
species and does not appear to be highly toxic. 

Cadmium is a rare metal with no known biological 
function. In the soil, the level is normally low to very 
low at 0.1-0.5 mg kg-1 (Baker and Tracy, 2008). In 
agricultural soils, the concentration rarely goes beyond 
10 µg L-1 in solutions. However, environmental pollution 
by this metal has increased in the recent decades due to 
industrial use. Common sources of soil contamination 
are from mining and smelting of Pb and Zn, phosphatic 
fertilizers, metallurgic industries, waste disposal (e.g. 
incineration of plastic containers and batteries), sewage 
sludge application to land, and burning of fossil fuel 
(Alloway, 1995). Toxicity of Cd has been linked to its 
strong affinity for cysteine residues and phosphate 
groups, which could lead to protein denaturation. It is 
also believed to generate reactive oxygen species and 
DNA strand breaks (Benavides et al., 2005).

Copper is an essential trace element that is also 
applied as a fungicide, algaecide, molluscicide and for 
control of crustaceans. In living organisms, it is required 
for the functioning of at least 30 redox enzymes and 
dioxygen carriers, involved in biological processes. 

The range of Cu concentration in soil was reported to 
be 2 to 100 mg kg-1 with selected average of 20 mg kg-1 
(Alloway, 1995). Soils have become contaminated with 
Cu by deposition of dust from local sources such as 
foundries and smelters, as well as from direct application 
of fungicides and sewage sludge. Total Cu concentration 
in the solution of surface soils is normally only 0.01 to 
0.6 µM because of high affinity for sorption by organic 
and inorganic colloids (Shorrocks and Alloway, 1985). 
Copper toxicity has been associated to its redox 
properties. Extremely reactive hydroxyl radicals can be 
detrimental to cellular molecules by causing oxidation 
of proteins and lipids (Yoshida et al., 1993). Copper can 
also lead to sulfhydryl (e.g. cystein and glutathione) 
depletion in a reaction that further leads to H2O2 
generation. Alternatively, Cu can also competitively or 
nonspecifically bind to Zn or other metal binding sites 
in proteins, lipids and nucleic acids (Magnani and 
Solioz, 2007). This toxic effect has been utilized in 
agriculture for control of bacterial and fungal diseases. 

The major sources of lead in soil are mining and 
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smelting activities, manures, sewage sludge usage in 
agriculture and contamination from vehicle exhaust. 
Both organic and inorganic forms of Pb pose serious 
health risks to all forms of life (Ewers and Schlipköter, 
1990). Pb inhibits the activities of sulfhydryl (-SH) 
containing enzymes, as well as block their -COOH 
groups. 

Mercury has no known biological function and is 
considered as one of the most toxic elements to man and 
higher animals. The most important sources of agricul-
tural soil contamination have been the use of organic 
mercurials as seed coat dressing to prevent fungal 
diseases in seeds and in foliar sprays (Patra and Sharma, 
2000). Plant roots tend to provide a barrier against the 
accumulation of Hg in plants, such that its availability 
to plants is relatively low. Mercury exists in three 
valence states in sediments and water: elemental Hg 
(Hg0), Hg+, and Hg2+ (Kersten, 1988). The Hg0 is the 
most available form for most organisms because of its 
solubility in lipid rich tissues and primary mode of 
toxic action in living organisms is thought to be the 
interference of enzyme function and protein synthesis 
by binding to sulfhydryl or thiol groups.

Zinc, like Cu, is an essential trace element, forming 
structural component of many metalloenzymes and acts 
as catalyst for regulating the activity of specific Zn 
dependent enzymes involved in metabolism of nucleic 
acids, proteins, carbohydrates and fatty acids and even 
photosynthesis (Adhikari and Ayyappan, 2004). Soil 
contamination by Zn originates from metalliferous 
mining activities, agricultural use of sewage sludge and 
composted materials and the use of agrochemicals such 
as fertilizers and pesticides. 

 

Effects of Metal and Metalloid 
Contamination on Soil Microorganisms

Almost every chemical transformation taking place 
in soil involves active contributions of soil microo-
rganisms. Microbes greatly influence soil fertility 
because of their involvement in the geochemical cycle 
of nutrients (e.g. C and N) and the decomposition of 
organic matter. Free and symbiotic microbes (e.g. 
mycorrhizae) increase availability of mineral nutrients, 
fix N, produce growth promoting compounds (e.g. 
vitamins and plant hormones), and reduce plant pathogen 
(Liao and Xie, 2007). Any disturbance imposed on 

microbial populations and their activities has the 
potential of upsetting ecological balance in the soil and 
affecting soil quality and productivity. For this reason, 
understanding microbial sensitivity to metal conta-
mination in the soil is crucial.

Although there are already a number of studies on the 
toxicity of metals on microbes, the specific mechanisms 
by which they interact with soil component to effect 
such changes on microbial populations and processes 
remains less understood (Sobolev and Begonia, 2008; 
Giller et al., 2009). A number of studies have shown that 
short-term and long-term exposures to toxic metals 
reduce microbial diversity, biomass and activities in the 
soil (Vasquez-Murrieta et al., 2006; Kao et al., 2006; 
Wang et al., 2007a; Wang et al., 2007b; Liao and Xie, 
2007). The principal effects of metal toxicities in the 
soil include reduction in species diversity, microbial 
biomass, increase in rate of respiration, and changes in 
microbial community structure (Liao and Xie, 2007; 
Crowley, 2008). A number of studies have also reported 
rise in metal tolerant populations in metal polluted soils 
(Kanazawa and Mori, 1996; Ellis et al., 2003; Almas et 
al., 2004; Chien et al., 2008).

Effects of Metals on Microbial Biomass

Soil microbial biomass (SMB) refers to the portion of 
soil organic matter composed of living microorganisms 
smaller than the 5-10 μm3. It is generally expressed in 
the milligrams of C per kilogram of soil (mg C kg-1) or 
micrograms of C per gram of dry weight of soil (µg C 
g-1). Less frequently, it is also expressed as N contained 
in SMB. Typical biomass C ranges from 1 to 5% of 
soil organic matter. Methods used to estimate the soil 
microbial biomass include: staining and counting the 
microbial cells, use of physiological parameters such as 
ATP, respiration, and heat output; and application of a 
soil fumigate and measurement. Soil microbial biomass 
has long been suggested to be a significantly more 
sensitive indicator of changing soil conditions than the 
total soil organic matter content (Brookes, 1995; Dai et 
al., 2004). See table 1 for a summary of recent studies 
using this index. Soil amended with metal-contaminated 
sludge has been shown to reduce the biomass C to 
organic C ratio by as much as 50% (Brookes, 1995; 
Giller et al., 1998), although other results showed 
more moderate rates of reduction (Dahlin et al., 1997). 
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Table 1. Indices for assessing effect of metals on soil microorganism.

Index Description Toxic effect of metal Metals Concerned 

Soil microbial 
biomass

soil OM composed of living 
microorganisms smaller than the 
5-10 μm3; generally expressed in 
the milligrams of carbon per 
kilogram (mg C kg-1) of soil or 
micrograms of carbon per gram 
(µg C g-1) of dry weight of soil

decrease; negatively 
correlation to metal 
concentration

As (Ghosh et al., 2004, Edvantoro, 
2003); Cd, Cu, Pb, Zn (Yao et al., 
2003; Yao et al.,  2003; Kilzikaya 
et al., 2004; Zeng et al., 2007 Liao 
& Xie, 2007; Wang et al., (2007a)  
Zhang et al., 2008a)

Basal 
Respiration

carbon dioxide evolution from 
aerobic catabolic processes/ the 
rate of mineralization of native 
soil organic carbon

decrease; negatively 
correlation to metal 
concentration

As (Ghosh et al., 2004); Cd, Cu, 
Pb, Zn (Yao et al., 2003 Kilzikaya et 
al., 2004; Dai et al., 2004 Renella et 
al., 2005; Zeng et al., 2007 Liao & 
Xie, 2007; Wang et al., 2007a)

Metabolic 
Quotient

qCO2, ratio of basal respiration 
to microbial biomass

Increase; positively 
correlated to metal 
concentration

As (Ghosh et al., 2004); Cd, Cu, 
Pb, Zn (Yao et al., 2003; Zeng et al., 
2007 Liao & Xie, 2007; Zhang et al., 
2008a) 

Interestingly, metal concentrations in all these studies 
were below the standard limits in the EC directive for 
soils in those regions (Commission of the European 
Communities, 1986). Significant decrease in soil 
microbial biomass C (Cmic) with increased concentration 
of Zn, Cu, Pb (Liao et al., 2007; Wang et al., 2007a; 
Wang et al., 2007b; Kao et al., 2006) and As (Edvantoro 
et al., 2003; Ghosh et al., 2004) have been documented. 
Muhammad et al. (2005) reported decrease in both Cmic 
and Nmic at 28 days after Pb and Cd introduction in soil. 
Broos et al. (2007) however, questioned the reliability 
of using this tool in assessing contaminant effect on soil 
biological functions in the field, where high spatial and 
temporal variability is inadequately taken into account. 
Dai et al. (2004) likewise found significant positive 
correlation between soil heavy metal and biomass C, 
and to a lower degree with biomass N. However, the 
ratio of biomass C to organic C did not show any 
correlation with soil metal contents, while the ratios of 
biomass N to total N were negatively correlated with 
metal contents. 

Effect of Metals on Basal Respiration and 
Metabolic Quotient

Basal respiration or carbon dioxide evolution is the 
major product of aerobic catabolic processes in the C 
cycle, and indicates total C turnover in the soil. It is also 

referred to as the rate of mineralization of native 
soil organic C. This is often used to compute for the 
metabolic quotient (qCO2, ratio of basal respiration to 
microbial biomass), which is inversely proportional 
to the efficiency by which microbes use indigenous 
substrates in the soil (Liao and Xie, 2007). A change of 
qCO2 may indicate separately changes on substrates or 
in community composition, or in both; or may indicate a 
change in the physiological status of the community 
without changes in substrates or community, due to 
altered maintenance requirements. Basal respiration is a 
good index of the activity of microflora involved in 
organic matter decomposition (Anderson, 1982; Liao 
and Xie, 2007). Loss of soil C due to metal pollution 
also has implications to global climate change since the 
soil is a major C reservoir (Crowley, 2008). 

Dai et al. (2004) reported a decrease in C mineralization 
(CO2 production) with increasing metal contamination 
from pasture soils with long history of metallurgic 
industry waste input, specifically from Zn, Cd, Pb and 
Cu. The metabolic quotient, however, was shown to be 
unaffected in this study. Marked increase in qCO2 with 
increasing concentrations of extractable, as well as total 
metal concentrations in Cu mining wasteland soils was 
cited by Liao and Xie (2007) as indicative of a shift of 
energy from growth to maintenance in an ecosystem 
and changes in soil quality in response to heavy metals 
(Brookes, 1995). Renella et al. (2005) confirmed this 
with studies on Cd contaminated plots, adding that 
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Table 2. Effect of metals on soil enzymatic activities.

Enzyme Enzyme Function Effect of Metal Metal/Metalloid References

Catalase convert hydrogen 
peroxide to water 
and oxygen

significant decrease Cd, Pb, Cu, Zn Khan et al., 2007;  
Kizilkaya et al., 2004

Dehydrogenase oxidize organic 
compounds by 
transferring protons 
and electrons from 
substrates to acceptors

negative correlation As, Cd, Cu, Hg, 
Pb, Zn

Ghosh et al., 2004; 
Kizilkaya et al., 2004; 
Oliveira and Pampulha, 
2006; Mikanova, 2006

no significant 
correlation

Cd Zhang et al., (2008a)

Beta-glucosidase degradation of 
cellulose to glucose

significant negative 
correlation 

As Bhattacharyya et al., 
2008

Phosphatases
(acid/ alkaline)

hydrolysis of 
phosphate esters

significant negative 
correlation 

As, Cu, Zn Bhattacharyya et al., 
2008;Wang et al., 
(2007a)

Urease hydrolysis of urea 
to CO2

significant negative 
correlation 

As, Cd, Pb Bhattacharyya et al., 
2008; Kizilkaya et al., 
2004

No significant 
correlation

Cu Kizilkaya et al., 2004

increased qCO2 denotes decrease in metabolic efficiency 
due to diversion into physiological adaptations for 
heavy metal tolerance. Insam et al. (1996), however, 
were not able to make a definite correlation between 
qCO2 and heavy metals on the soil C dynamics, citing 
possible confounding effects of varying soil factors, 
which seems to explain why some authors reported an 
increase (Fliessbach et al., 1994; Ortiz and Alcaniz, 
1993; Liao and Xie, 2007) and some a decrease of the 
qCO2 (Baath et al., 1991) with heavy metal conta-
mination. Wardle and Ghani (1995) argued that while 
qCO2 provides a useful measure of microbial efficiency, 
it has limitations because it can be insensitive to 
disturbance and ecosystem development, fails to 
distinguish between effects of disturbance and stress, 
and does not decline predictably in response to ecosystem 
development whenever stress increases along succession 
gradients. See table 1 for a summary of these studies.

Effect of Metals on Enzyme Activity

Soil enzymatic activity is a sensitive indicator of 
metal pollution in soils. Soil enzymatic activity is an 
indication of the soil’s potential to perform basic 

biochemical processes necessary for maintaining its 
fertility. Soil enzyme inhibition and its extent depend on 
the nature and concentration of heavy metals and the 
enzyme present. Some heavy metals have been reported 
to stimulate the activity of an enzyme (Dick and 
Tabatabai, 1983; Zheng et al., 1999), but in most cases 
of contamination, a negative correlation between soil 
enzymatic activities and metal levels exists. Metals 
can reduce enzyme activity by interacting with the 
enzyme-substrate complex, denaturing the enzyme 
protein, interacting with the enzyme’s active site or by 
interfering with its synthesis within the cell (Vig et 
al., 2003). Soil enzymatic activities commonly being 
measured in assessing metal toxicity to the soil include: 
dehydrogenase, acid and alkaline phosphatase, urease, 
catalase, arylsulfatase, and protease activity. The use of 
microbial enzyme activity as indicator of soil quality 
have been recommended because of their relationship 
to soil biology, ease of measurement, rapid response 
to changes in soil management and high sensitivity to 
temporary soil changes originating from management 
and environmental factors (Mikanova, 2006). Responses 
of some of these enzymes to metals stress are shown in 
Table 2.
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Dehydrogenase   Dehydrogenases are respiratory 
chain enzymes that play the major role in the energy 
production of organisms, oxidizing organic compounds 
by transferring protons and electrons from substrates to 
acceptors. Since dehydrogenases are essential com-
ponents of the enzyme systems of microorganisms, 
dehydrogenase activity (DHA) can be used as an ideal 
indicator of biological redox systems and as a measure 
of microbial activity. Kizilkaya et al. (2004) reported 
a generally negative correlation between total metal 
content and DHA, with the trend; Cu > Cd > Co. 
Dehydrogenase activity was found to be a sensitive 
assay for determining the effect of metals, particularly 
As, Hg and Zn, on the physiologically active soil 
microbial biomass, being reduced by about 80% and 
95% in two consecutive years, in relation to the control 
soil samples (Oliveira and Pampulha, 2006). Ghosh et 
al. (2004) reported a significant inhibition of DHA 
by the exchangeable and water-soluble arsenic and 
suggested that inhibition of DHA activity might be 
due to reduced microbial number and activity, since 
dehydrogenases are intracellular enzymes. Further-
more, their data showed significant correlation of 
DHA with basal respiration and substrate induced soil 
respiration. Inhibition of DHA was also shown to be 
highest within the first two weeks of soil treatment with 
Cd and Pb (Khan et al., 2007). However, Zhang et 
al. (2008a) did not find any significant correlation 
between DHA and Cd contents in wastewater irrigated 
agricultural soils in China, and Kikilkaya et al. (2004) 
also failed to establish such correlation with Pb content 
in soils. One drawback of using DHA as soil microbial 
activity index is that it is likewise produced by plant and 
animal cells.

Catalase   The first enzyme that was studied in soils 
was catalase (hydrogen peroxidase oxidoreductase, 
EC 1.11.1.6), which functions to detoxify the cell by 
converting hydrogen peroxide to water and oxygen. 
This enzyme is seen in all aerobic and most facultative 
anaerobic bacteria but not in obligate anaerobes. 
Stępniewska et al. (2009) reported that both Cr(III) and 
Cr(VI) have an ability to reduce soil catalase activity 
with a dosage of 20 mg kg-1 at contamination levels 
from 75% to 92% for Cr(III) and 68% to 76% for Cr(VI) 
in relation to the control. Khan et al. (2007) reported 
significant decrease in catalase activity (8.8-39.9%) 

after Cd and Pb application. This negative correlation 
has been reported also by Kizilkaya et al. (2004) from 
soils in Turkey contaminated with a mixture of different 
metals. The drawback for this assay is that plants and 
animals also produce the enzyme and this interferes 
with accurate prediction of microbial activity.

Phosphatase   Phosphatases catalyze the hydrolysis 
of phosphate esters. These are enzymes with broad 
specificity and therefore can act on a number of 
structurally related substrates at widely varying rates 
(Alef et al., 1995). Phosphomonoesterases catalyze the 
hydrolysis of organic phosphomonoester to inorganic 
phosphate, which can be taken up by plants and are 
therefore important in the cycle of phosphorus. Both 
acid and alkaline phosphates are believed to play 
important roles in plant nutrition. The activities of these 
enzymes are strongly influenced by pH, temperature, 
organic matter content, soil moisture and anaerobiosis. 
Because of this, there are seasonal variations in their 
activities (Alef at al., 1995). Wang et al. (2007a) reported 
negative correlation between phosphatase activity and 
NH4NO3-extractable and total concentrations of Cu 
and Zn. A similar trend was reported for alkaline 
phosphatase activity under Zn and Pb (Khan et al., 
2007), and As (Bhattacharya et al., 2008) contaminated 
soils and with Ni and Cd amendment (Renella et al., 
2005). Acid phosphatase activity in the affected site was 
7.8% of the activities measured in the reference site, and 
that of alkaline phosphatase was 91.6%. McGrath et al. 
(1999) reported that Cd binding on active sites of 
alkaline phosphatase inactivated the enzyme and 
disrupted metabolism. Ironically, its activity was reported 
to have increased under lower concentrations of Pb 
(Zeng et al., 2007) and As (Majer et al., 2002) in 
contaminated soils, although gradually decreasing 
when Pb concentration exceeded 300 mg kg-1.

Urease   The enzyme urease (EC 3.5.1.5) catalyzes 
the hydrolysis of urea to CO2 and NH3, as well as the 
hydrolysis of hydroxyurea, dihydroxyurea and semi-
carbazid and is, therefore, related to the cycle of N.  
Urease is an extracellular enzyme and is tightly bound 
to soil organic matter and soil minerals. Decrease in 
urease activity was noted after 15 days of incubation 
in soils treated with heavy metal-containing sludge 
(Kakhki et al., 2008). This inversely proportional 
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relationship between urease activity and metal conc-
entration has also been recorded by other authors, 
particularly from soils contaminated by As (Bhatta-
charyya et al., 2008), Cd, Pb and Zn (Kilzikaya et al., 
2004; Liu et al., 2007; Mikanova, 2006). However, in 
other studies, urease activity was not found to be 
significantly correlated with microbial biomass and had 
varying responses to other metals (Alef et al., 1995; 
Kızılkaya et al., 2004). 

ß-glucosidase   ß-glucosidase is an enzyme essential 
for the degradation of cellulose to glucose. It catalyzes 
the hydrolysis of glucosides to glucose and is required 
by organisms (fungi, bacteria, and termites) that degrade 
cellulose. Kuperman and Carreiro (1997) reported 
depressed ß-glucosidase activity in heavy-metal-conta-
minated sites. ß-glucosidase activity in the pushout site 
was only 3.3% compared to the reference control site. 
Other authors have reported similar decrease in the 
enzyme activity under increased levels of metal 
contaminations (Eivazi and Tabatabai, 1990; Martínez- 
Iñigo et al., 2009).  

Effect of Metal Contamination on 
Microbial Diversity

Environmental stress caused by toxic metals generally 
decreases the diversity and activity of soil microbial 
populations, and upsets the ecological balance of 
population interactions within the community. Deleterious 
effects usually come with interaction and inactivation 
with enzymes and inhibition of metabolic processes 
(Wang et al., 2010). 

Studying the effects of metals on microbial diversity 
is difficult because of methodological limitations and 
lack of taxonomic knowledge. Torsvik et al. (1998) 
estimated that in 1 g of soil there are about 4000 different 
bacterial ‘‘genomic units’’ based on DNA-DNA re- 
association. Although a number of techniques for 
studying soil diversity have been introduced, their 
efficiency and reliability is challenged by several 
limiting factors. One of this is spatial heterogeneity. 
Microbial communities exist on such a small scale, that 
possibly 1 to 5 g of soil as sample may favor detection of 
dominant populations only (Grundmann and Gourbiere, 
1999). Furthermore, the soil is also heterogeneous with 
many microhabitats. Another limitation is the inability 

to culture soil microorganisms. It has been suggested 
that at least 99% of bacteria observed under a micro-
scope are not cultured by common laboratory techniques 
(Borneman and Triplett, 1997; Giller et al., 1998; Pace, 
1997; Torsvik et al., 1998) although it is not known if 
the 1% that can be cultured is representative of the 
bacterial population (Kirk et al., 2004). This may 
actually represent the ecologically relevant portion of 
the microbial community (Hattori et al., 1997; Ellis et 
al., 2003). However, it is also likely that the 99% may 
be genetically and phenotypically different from the 
1%, and therefore only minority of the population is 
represented using culture techniques. For this reason 
various molecular techniques have been developed 
including fatty acid analysis and a number of DNA- and 
RNA-based methods. These techniques have also their 
limitations. The more common methods for studying 
soil microbial diversity are presented in the following 
sections. Methods to measure microbial diversity in soil 
can be categorized into two groups: biochemical-based 
techniques and molecular-based techniques. 

Effects of Metals on Microbial Diversity 
based on Biochemical-based Techniques 

Plate counts and culture-dependent techniques    
Culture-dependent techniques are fast, inexpensive and 
can provide information on the active, heterotrophic 
component of the population. Limitations include the 
difficulty in dislodging bacteria or spores from soil 
particles or biofilms, growth medium selections (Tabac-
chioni et al., 2000), growth conditions (temperature, pH 
and light), the inability to culture a large number of 
bacterial and fungal species with current techniques and 
the potential for colony-colony inhibition or of colony 
spreading (Trevors, 1998). In addition, plate growth 
favors those microorganisms with fast growth rates and 
those fungi that produce large numbers of spores 
(Dix and Webster, 1995). All of these limitations can 
influence the apparent diversity of the microbial 
community.

Oliveira and Pampulha (2006) reported marked 
decrease in total culturable bacterial population as 
well as those of asymbiotic N-fixing bacteria in As 
contaminated soil. Similar effects on heterotrophic and 
diazotrophic populations were observed by Keeling and 
Cater (1998) in Cu, Pb and Zn contaminated soils. 
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Moriera et al. (2008) likewise reported decrease in 
populations of associative diazotrophs from Cd and Zn 
contaminated soils when evaluated using a number of 
N-free media. Such negative correlation was noted 
particularly between populations of Rhizobium and 
cyanobacteria and concentrations of Cu and Zn in soils 
treated with metal-spiked sludge (Horsewell et al., 
2008). 

After comparative assessment of culture-dependent 
and culture-independent methods for studying metal 
contamination effects on soil diversity, Ellis et al. 
(2003) suggested that plate count is a more appropriate 
method. This was based on their findings that metal 
contamination did not have a significant effect on total 
genetic diversity but affected physiological status, so 
that the selectivity of culture methods towards more 
dominant physiologically active populations may be 
more appropriate indicators of soil quality. This is also 
congruent with the findings made by Lawlor et al. 
(2000).  

Community level physiological profile (CLPP) of 
metal contaminated soils   Determination of the range 
of C substrates, which the microorganisms are capable 
of using offers a method of characterizing the functional 
diversity of the microbial community. The microbial 
utilization of C-substrates has also been recommended 
as a biological indicator of heavy metal stress. The 
assay for this was based on the Biolog system where the 
soil suspension from source is inoculated into wells of a 
microtiter plate (Smalla et al., 1998). Each well contains 
a different C source, nutrients, and a tetrazolium dye. 
The rate of color development in wells provides 
information about density and/or metabolic activity of 
bacterial cells in an inoculum, while the diversity of 
color development in wells about microbial diversity in 
soil solution (Stefanowicz, 2006). The characteristic 
pattern obtained this way is called “metabolic fingerprint” 
or “community-level physiological profile (CLPP)”.

Studies done using the Biolog method on reclaimed 
mining wastelands in China showed that microbial 
communities from the heavy metal polluted soil 
increased their utilization of D-fructose, D-glucose, 
D-trehalose, and D-melibiose, and lower utilization of 
D-lactose, L-serine, and D-psicose (Liao and Xie, 
2007). Although it is often assumed that the difference 
in average C utilization could be explained partly by 

lower biomass and activity, Yao et al. (2003) found that 
C utilization values in the Biolog plates were not 
correlated with microbial biomass or heavy metal 
concentrations. The lowest value, however, occurred in 
the most polluted soil after 4 days of incubation. The 
researchers proposed that derived average well color 
development (AWCD) values provided information on 
differences in community structure but this may not 
clearly relate to microbial biomass. On the contrary, 
Muhammad et al. (2005) showed that AWCD values in 
the Biolog plates were closely related to the soil 
microbial biomass and heavy metal concentrations. 
Addition of Pb and Cd inhibited the functional activity 
of soil microbial communities as indicated by the 
intensity of AWCD during 168 h of incubation. They 
demonstrated by multivariate analysis that higher levels 
of metal application significantly affected soil microbial 
community structure.

Fatty acid methyl ester (FAME) analysis   This is a 
biochemical method that does not rely on culturing of 
microorganisms. This method provides information 
on the microbial community composition based on 
groupings of fatty acids (Ibekwe and Kennedy, 1998). 
Fatty acids make up a relatively constant proportion of 
the cell biomass and signature fatty acids exist that can 
be used for differentiating major taxonomic groups 
within a community. Therefore, a change in the fatty 
acid profile would represent a change in the microbial 
population. This method detects changes in the compo-
sition of the bacterial and/or fungal community, as 
well as enables one to follow signature fatty acids of 
different groups of microorganisms.

Using this technique for analysis of microbial 
phospholipid-linked fatty acid (PLFA) and ester-linked 
fatty acid (ELFA), Hinojosa et al. (2005) noted that the 
microbial stress marker, monounsaturated fatty acids, 
was significantly lower for reclaimed and metal 
polluted soil over non-polluted soils for both PLFA and 
ELFA extraction. Another stress marker, the monoun-
saturated to saturated fatty acids ratio, only showed this 
for the PLFA. The general fungal marker (18:2ω6c), the 
arbuscular mycorrhizae marker (16:1ω5c), and iso- and 
anteiso-branched PLFAs (gram positive bacteria) were 
suppressed with increasing pollution, whereas 17:0cy 
(gram negative bacteria) increased with metal pollution. 
Decrease in fungi population as indicated by fatty 
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acid assay was also noted in metal-containing sewage 
contaminated soil, with decrease in 18:2ω6c (Zhang 
et al., 2008b). Kelly et al. (1999) likewise noted a 
significant decrease in the arbuscular mycorrhizae 
indicator along with the actinomycetes indicator, 16:0 
Me in comparison to the control. However, they noted 
the opposite for 18:2ω6c, which was significantly higher 
in Zn-amended soils, along with two other actinomycete 
indicators, 18:10 Me and 17:10 Me. Baath et al. (1998) 
likewise noted the significant alteration in PLFA 
patterns in soils with higher levels of Cu, Ni and Zn 
contamination.

Use of FAME however has many limitations. Cellular 
fatty acid composition can be influenced by factors such 
as temperature and nutrition, and the possibility exists 
that other organisms can confound the FAME profiles 
(Graham et al., 1998). In addition, individual fatty acids 
cannot be used to represent specific species because 
individuals can have numerous fatty acids and the same 
fatty acids can occur in more than one species (Bossio et 
al., 1998).

Effects of Metals on Microbial Diversity 
based on Molecular-based Techniques 

PCR-based techniques and 16S rDNA analysis  
Polymerase chain reaction overcomes the limitations of 
culture-based techniques and allows amplification of 
small amounts of DNA extracted from natural samples 
such as the soil (Roling and Head, 2005). PCR-based 
methods are often preferred because there is no need for 
large quantities of samples and are conducive to high 
throughput and comparative analysis (Nakatsu, 2007). 
The 16S rRNA gene has so far been the primary tool in 
environmental microbiology, including studying metal 
effects because of the enormous number of 16SrRNA 
gene sequences that have accumulated in public databases. 
The Ribosomal Database Project (RDP) now contains 
243,909 aligned rRNA sequences (Cole et al., 2005; 
Zwolinski, 2007). In addition, the gene is present in all 
prokaryotes, the products show functional constancy, it 
is sufficiently long for documentation of evolutionary 
history and the gene shows very limited evidence for 
horizontal transfer (Rolling and Head, 2005). The DNA 
is amplified using universal primers, and the resulting 
products are separated in different ways. Some are 
describes below.  

Denaturing gradient gel electrophoresis (DGGE) 
and Temperature gradient gel electrophoresis (TGGE) 
DGGE was the first DNA fingerprinting approach to 
be successfully applied to microbial ecology. DGGE 
and TGGE separation is based on the decreased elect-
rophoretic mobility of a partially melted double stranded 
DNA molecule in polyacrylamide gels containing a 
linear gradient of DNA denaturants (a mixture of 
urea and formamide) or a linear temperature gradient 
(Muyzer and Smalla, 1998). The difference is that in 
DGGE, the chemical denaturant is the gradient while 
TGGE makes use of temperature (Liu et al., 2006). 

This technique has been used extensively in the 
analysis of the impact of metal contamination to soil 
microbial population and diversity. Most of these 
studies showed decreasing number of DGGE bands 
with increasing levels of metal pollution, indicating 
altered microbial communities (Wang et al., 2007a; Hu 
et al., 2007; Khan et al., 2007). Inverse relationship 
between band patterns and concentrations of Pb and Cd 
in soils that were contaminated with mine tailings has 
been reported (Hu et al., 2007; Khan et al., 2007). Using 
this technique, similar finding was reported by Sobolev 
and Begonia (2008) at low concentration of Pb, adding 
that the reduction was steady after radical increase in 
metal concentration from 0-2000 mg kg-1. Decrease in 
bacterial diversity was also reported from soils treated 
with Cd and Ni-rich sludge, however, the diversity 
increased with Mn and Zn-rich sludge treatment 
(Renella et al., 2005; Mench et al., 2006). Renella et al. 
(2005) suggested this as probably from the combined 
effect of the nutrient input and lack of metal toxicity. 
Ellis et al. (2003), however, did not see any difference in 
bacterial communities between metal contaminated and 
pristine soils using this molecular technique despite 
finding significantly different community profiles 
using culture dependent techniques. Linton et al. (2007) 
likewise reported no significant difference in the number 
of dominant species identified, although marked different 
in species composition was seen.

Influence of Soil Parameters on Metal 
Toxicity to Microorganisms 

The most common way of assessing metal toxicity in 
the soil involves total metal levels. Existing guidelines 
and standards on heavy metals in soils are mostly 
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based on total metal concentrations (Commission of 
the European Communities, 1986; CCME, 1999; Wang 
et al., 2007b). However, it is has been recognized now 
that total metal concentrations are poor indicators of 
the actual concentration in the soil solution that micro-
organisms interact with (Petänen and Romantschuk, 
2002; Wang et al., 2007b; Giller et al., 2009). Variations 
and inconsistencies in the responses of the bioindicators 
discussed above as a result of metal contamination can 
be explained by differences in bioavailability of the 
metal to the microorganism. Besides this, soil is a 
complex system with large spatial variations so that 
routine soil measurements do not often reflect the 
availability of metals (Wang et al., 2007b). The type 
of soil affects the binding of the heavy metal ions, 
including soil pH, soil matrix, climatic conditions, 
microbial activity and water flow (Haferburg and Kothe, 
2007). In addition, cation exchange capacity (CEC), 
organic matter (OM) content, quantity and type of clay 
minerals, the content of the oxides of Fe, Al and Mn, 
and the redox potential are all believed to determine the 
soil’s ability to retain and immobilize heavy metals 
(Aydinalp and Marinova, 2003). 

The CEC of soil is a measurement of its ability to 
bind or hold exchangeable cations. It is a measure of the 
number of negatively charged binding sites in the soil. 
Most heavy metals exist mainly as cations in the soil 
and their adsorption therefore, depends on the density of 
negative charges on the surface of the soil colloids. The 
CEC has been shown to play a very big role in metal 
concentration and bioavailability in soils (Giller et al., 
2009; Smolders et al., 2004; Mansur and Garba, 2010). 
In general the higher is the CEC, the greater is the 
ability of soil to retain heavy metals. However, CEC is 
strongly dependent on the type and amount of OM, 
oxyhydroxides present in the soil, clay content and type, 
and soil pH. Heavy metals tend to form complexes with 
organic matter in the soils, which varies for each metal. 
In addition to forming complexes, organic matter also 
retain them in exchangeable forms. Surface charge on 
OM and oxyhydroxides increases with pH, thereby 
increasing their sorption capacity for metals (thus 
decreasing metal bioavailability). Conversely, positive 
surface charges increase as the pH drops, which 
increases sorption of anions (e.g., As or Se) under low 
pH conditions and decreasing sorption of cationic 
metals. The influence of clay is also in relation to its 

contribution to the CEC of the soil.
Soil reaction or the measure of acidity or alkalinity of 

soil also affects the mobility and speciation of metals. 
Many heavy metals become more water soluble under 
acid conditions. It was noted that each unit decrease in 
pH results to about 2-fold increase in the concentrations 
of metals, like Zn, Ni and Cd in the soil solution 
(Christensen, 1984; Sanders et al., 1986; Giller et al., 
1998). Moreover, its influence on the toxicity of metals 
in soil maybe more complex as it is likewise known to 
influence availability of nutrients, as well as microbial 
population and activity.

Conclusion

The assessment of the effects metals and metalloids 
on soil microbial communities is crucial in unders-
tanding the ramification of these pollutants to soil 
quality, productivity and safety. The techniques that 
have been used so far to assess these effects have been 
directed at analyzing changes in soil microbial functions 
(e.g. metabolic processes and enzymatic activities), 
community structure and diversity (biochemical, including 
culture-based and molecular techniques).  As the review 
has shown, microbial parameters, like basal respiration, 
C mineralization and enzymatic activities, provide good 
indices of functional changes in the soil. While these are 
sensitive indicators, none however, is sufficient on its 
own and can be used universally. In most cases, indices 
for microbial functions are coupled with measurements 
of microbial populations. For such procedure, most 
researches have greatly relied on molecular techniques, 
such as the PCR-based methods for monitoring changes 
in microbial size and diversity.  Molecular techniques 
confounded the limitations of culture-dependent tech-
niques and can provide an assessment of the responses 
of a broader soil population. Changes in total genetic 
diversity in metal polluted soils however, may not be as 
significant as the effects on physiological status of the 
soil. For this reason, some studies still support the use of 
culture-dependent techniques, which tend to be selective 
towards physiologically dominant populations in the 
soil. A less utilized (at least in heavy metal effect 
studies) and relatively new procedure, the microarray 
technique, can perhaps address both limitations. Mic-
roarray makes use of gene probes to monitor the 
expression of thousands of different genes (e.g. 
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metabolic, reproductive) under certain conditions, such 
as metal stress, without the need for cultivation.  The 
recently introduced GeoChip 3.0, which works on the 
microarray principle promises to be an even more 
powerful and high throughput tool, which future studies 
on metal influences on soil microbial population, 
should find highly useful (He et al., 2010). In addition to 
selecting the appropriate techniques to better understand 
microbial responses to metals, is equally important also 
to determine both concentration and availability of 
heavy metal as well as the physical and chemical 
conditions that are prevalent in the soil (Wang et al., 
2007b).   
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