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Abstract The soil environment is a major sink for multitude of chemicals and 
heavy metals, which inevitably leads to environmental contamination problems. 
Indeed, a plethora of different types of heavy metals are used and emanated through 
various industrial activities. Millions of tonnes of trace elements are produced every 
year from the mines in demands for newer materials. On being discharged into soil, 
the heavy metals get accumulated and may disturb the soil ecosystem, plant produc-
tivity, and also pose threat to human health and environment. Therefore, the 
 establishment of efficient and inexpensive methodology and techniques for identi-
fying and limiting or preventing metal pollution, causing threats to the agricultural 
production systems and human health, is earnestly required. The possible genotoxic 
effects of heavy metals on plants and other organisms have been extensively inves-
tigated worldwide and sufficiently discussed in this chapter. Also, the development 
and applications of new biomonitoring methodologies for assessment of soil geno-
toxicity have been emphasized. The molecular techniques being employed 
either alone or in combination for detecting the DNA damage induced by heavy 
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metal–contaminated soils and other potentially genotoxic compounds are adequately 
elaborated. Indeed, the combination of two techniques leads to the precise and 
efficient detection and quantification of the sublethal genotoxic effects induced in 
the plant bioindicators by contaminated soil. Thus, the application of biomonitoring 
protocols in conjunction with the genotoxic assessment of contaminated soil will be 
advantageous in effective management of heavy metal–polluted soils.

Keywords Biomonitoring • Biosensor • Genotoxicity • Genotoxic assessment

14.1  Introduction

In agricultural practices, a variety of chemical inputs in the form of fertilizers, 
pesticides (herbicides, fungicides, and insecticides), or sewage sludge are con-
stantly applied to optimize the crop production. The excessive use of these agro-
chemicals and other activities such as the burning of fossil fuels, mining, and 
smelting of metalliferous ores, municipal wastes, and industrial activities adds sub-
stantial amounts of heavy metals to soils (Bunger et al. 2007; Devi et al. 2007; Kim 
et al. 2007; Periyakaruppan et al. 2007; Roos et al. 2008), which cause contamina-
tion of the urban and agricultural soils. Metals are notable for their wide environ-
mental dispersion, their tendency to accumulate in selected tissues of the human 
body, and their overall potential to be toxic even at low level of exposure. Some 
metals, such as copper and iron, are essential to life and play irreplaceable role. 
Other metals are xenobiotics; they have no useful role in human physiology and, 
even worse, as in the case of cadmium (Cd), lead (Pb), arsenic (As), chromium 
(Cr), nickel (Ni), and mercury (Hg). Even those metals that are essential, however, 
have the potential to turn harmful at very high levels of exposure. The annual toxic-
ity of all metals mobilized exceeds the combined total toxicity of all radioactive 
and organic wastes generated every year from all other sources (Nriagu and Pacyna 
1988). The continued and excessive discharge of these metals from various sources 
and their subsequent accumulation in soils pose a significant threat to human health 
and the environment due to their non-degrading ability. Heavy metals, which often 
act as genotoxic agents (Panda and Panda 2002; Sarkar et al. 2010), enter the 
human body through inhalation of dust, ingestion of plants that uptake the metal 
compounds from soil, and leaching from soil to groundwater and surface water 
used for drinking purposes. Toxic metal ions enter cells by means of the same 
uptake processes that move essential micronutrient metal ions. Class A metals 
(e.g., K, Ca, Mg) preferentially bind with oxygen-rich ligand (e.g., carboxylic 
groups), class B metals (e.g., Hg, Pb, Pt, Au) preferentially bind with sulfur- and 
nitrogen-rich ligands (e.g., amino acids), and borderline metals (e.g., Cd, Cu, Zn) 
show intermediate preferences, with the heavier metals tending toward class  
B characteristics (Nieboer and Richardson 1980). Heavy metal pollutants have a 
high bioaccumulation rate and at supra-optimal concentrations affect the human 
health, microorganisms, soil enzyme activity, and plants (Renella et al. 2005; 
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Simmons et al. 2005; Garnier et al. 2006; Wang et al. 2007; Unhalekhaka and 
Kositanont 2009). Pereira et al. (2009) have demonstrated the phytotoxicity and 
genotoxicity of soils from an abandoned uranium mine area. In plants, some metal 
compounds have shown the genotoxic effects (Radetski et al. 2004). For instance, 
in tobacco (Nicotiana tabacum), cadmium has reportedly caused cell death through 
the accumulation of superoxide anions (O

2
.–) of mitochondrial origin and mem-

brane peroxidation (Garnier et al. 2006), while in Allium sativum and Vicia faba, 
higher concentrations of cadmium induced the lipid peroxidation, resulting in oxi-
dative stress that contributes to the genotoxicity and cytotoxicity of cadmium ions 
(Ünyayar et al. 2006). Exposure to higher cadmium concentrations has also been 
found to be carcinogenic, mutagenic, and teratogenic for a large number of animal 
species (Waalkes 2000, 2003). Cadmium metal and cadmium-containing com-
pounds are known to cause lung cancer, and possibly prostate cancer, or tumors at 
multiple tissue sites (Mitrov and Chernozemski 1985; Vodenicharska et al. 1992; 
Tzonevski et al. 1998; Bruning and Chronz 1999; Chernozemski and Shishkov 
2001). The studies also revealed induced DNA breaks in human blood lympho-
cytes with low micromolar concentrations of cadmium metal (Depault et al. 2006). 
Besides cadmium, other metals like lead, bismuth, indium, silver, and antimony 
also act as a genotoxicants (Asakura et al. 2009) and binds to the phosphate, deoxy-
ribose, and heterocyclic nitrogenous bases of DNA. Consequently, the integrity of 
cells gets adversely affected due to systematic loss of altered genetic material 
through a process often referred as genotoxicity. Therefore, the genomic protection 
of organisms from the increasing environmental pollution is important for preser-
vation of biodiversity.

The heavy metal and xenobiotics-mediated genotoxicity of soils depends on the 
bioavailability of contaminants including the physicochemical attributes of the soil 
and the magnitude of heavy metal contamination. The movement of heavy metals in 
soils is influenced by pH, particle size distribution, and carbon content of soil 
(Alloway and Ayres 1993; Wang et al. 2007). Generally, the soils having low pH are 
more genotoxic (Katnoria et al. 2008). Mostly, the environmental risk assessments 
of contaminated soils are based on chemical analysis, which reveals the presence of 
many mutagenic and carcinogenic compounds like heavy metals in soil. However, a 
major limitation of standard chemical analyses is that many soil genotoxicants are 
still unknown and most of the soil ecotoxicity data relates to relatively less known 
compounds. Therefore, there is a need to develop new methods for soil genotoxicity 
assessment. Bioassays in this regard provide a means of assessing the toxicity of a 
complex soil mixture without prior knowledge of its chemical composition. This 
has led to the discovery of different mutagenicity test for soil samples, which include 
Ames test (Ames et al. 1975; Brooks et al. 1998; Hughes et al. 1998; Monarca et al. 
2002), Tradescantia micronucleus test (Knasmüller et al. 1998; Cabrera et al. 1999), 
Tradescantia stamen hair mutation (Trad-SHM) (Cabrera et al. 1999; Gichner 
1999), and Vicia root micronucleus assay (Wang 1999; Cotelle et al. 1999). Because 
of the simplicity and sensitivity, these tests are likely to play an important role in the 
screening of genotoxic agents, especially for the detection of genotoxic substances 
from contaminated environments.
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14.2  Bioavailability of Contaminants in Soil

There are several well-documented factors, which affect bioavailability of contami-
nant in soil environment such as the soil pH (Lock and Janssen 2003), redox poten-
tial (Rensing and Maier 2003), ionic strength, organic matter (Pardue et al. 1996), 
type of soil (Lock et al. 2002), clay fraction (Babich and Statzky 1977), water 
content, oxygen content, temperature and soil organisms, plant roots, inverte-
brates, etc. Other important factors that may affect bioavailability include the 
contaminants’ physicochemical properties, such as molecular structure, aqueous 
solubility, polarity, lipophilicity, hydrophobicity, volatility (Reid et al. 2000), spe-
ciation of metals (Arnold et al. 2003), mineral form (Davies et al. 2003), mobility, 
and persistence. Residence time of contaminants referred as “aging” is another 
factor, which is basically a time-dependent interaction between the contaminant and 
the soil. Contaminants become sorbed to mineral and organic matter components of 
soil and trapped in micropores and become biologically inaccessible. The longer a 
contaminant is in contact with the soil, the more they become associated, reducing 
bioavailability and consequent potential toxicity (Alexander 2000; Hatzinger and 
Alexander 1995).

14.3  Genetic Effects of Heavy Metals

Understanding the action and reaction of chemical pollutants is important for pre-
serving the gene pool and management of a healthy ecosystem. The uptake and 
translocation of heavy metals from soils to plants depends on factors such as the (1) 
total amount of potentially available elements (intensity factor) and (2) rate of ele-
ment transfer from solid to liquid phases and to plant roots (Brummer et al. 1986). 
In the organisms exposed to the genotoxicants, the normal cellular processes are 
disrupted due to structural modifications in the DNA and influence the cell survival. 
It has been observed that due to the heavy metal accumulation in soils, the genetic 
constitution of populations especially the herbaceous or grassy plants is altered 
(Geburek 2000). Indeed, the heavy metals as genotoxicants affect the synthesis and 
duplication of DNA and chromosomes both directly or indirectly (Gichner 2003) 
and cause chromosomal aberrations in plant cells. These effects are influenced 
greatly by the types and dosage of heavy metals. For example, different barley 
(Hordeum vulgare) cultivars (Tokak and Hamidiye) when grown in nutrient solution 
under controlled environmental conditions and subjected to increasing concentra-
tions of cadmium (0, 15, 30, 60, and 120 mmol/l) for different time periods exhibited 
large genotypic variation between barley cultivars. The differential cadmium toler-
ance observed in the barley cultivars may not be related to uptake or accumulation 
of cadmium in plants, but is attributed to internal antioxidative mechanisms. In the 
Cd-sensitive barley cultivar Hamidiye, the high sensitivity is related to oxidative 
damage due to enhanced production of ROS (Tiryakioglu et al. 2006). Exposure of 
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cadmium, lead, and mercury leads to polyploidy, C-Karyokinesis, chromosome 
fragmentation, chromosome fusion, micronuclei formation, and nuclear decompo-
sition in beans, garlic (Allium sativum) and onions (Allium cepa) (Liu et al. 2004). 
The high concentration of heavy metals in medium, in which plants could not grow 
normally, affects the sister chromatid exchange (SCE) frequency in root tip cells of 
Hordeum vulgare (Liu et al. 2005). Recently, Yi et al. (2010) demonstrated the cyto-
genetic effects of aluminum (AlCl

3
) using Vicia cytogenetic tests, which are com-

monly used to monitor the genotoxicity of environmental pollutants. Significant 
increase in the frequency of micronuclei (MN) formation and anaphase chromo-
some aberrations is reported in Vicia faba root tips exposed to AlCl

3
 over a concen-

tration range of 0.01–10 mM for 12 h. The frequency of micronucleated cells is 
reported to be higher in Al-treated groups at pH 4.5 than that at pH 5.8. The AlCl

3
 

treatment also caused a decrease in the number of mitotic cells in a dose- and pH-
dependent manner. The number of cells in each mitotic phase changed in Al-treated 
samples. Mitotic indices (MI) decreased with the increase of pycnotic cells. Thus, 
AlCl

3
 has been classified as clastogenic, genotoxic, and cytotoxic agent in Vicia 

root cells.
The formation of free radicals by genotoxicants can result in the breakage of 

phosphodiester linkages within the DNA molecule. Genotoxicants can also inter-
fere with normal DNA processing activities such as replication, methylation, and 
repair, which may result in mutations. Aina et al. (2004) studied the effect of heavy 
metal stress on the DNA methylation of a metal-sensitive plant, Trifolium repens, 
(L.) and a metal-tolerant plant, Cannabis sativa, (L.), and compared the variations 
in the level of 5-methylcytosine (5mC) in the root DNA of plants grown on soils 
contaminated with different concentrations of Ni2+, Cd2+, and Cr6+ with that of 
untreated plants, through immunolabeling with a monoclonal antibody. The DNA 
of hemp control plants has been found to be methylated about three times more than 
clover DNA. Heavy metals have shown to induce a global dose-dependent decrease 
of 5mC content, both in hemp and clover that varied between 20% and 40%. 
Moreover, the changes in methylation pattern of 5¢-CCGG-3¢ containing sequences 
were investigated by methylation-sensitive amplification polymorphism (MSAP) 
technique. Control plants of the same species had a very similar pattern, suggesting 
that under normal conditions, methylation involves precise sites. Heavy metal–
induced DNA methylation changes are mainly the hypomethylation events. These 
variations are not randomly directed but involve the specific DNA sequences, since 
the detected polymorphisms have been found to be the same in all the plants ana-
lyzed for each treatment. A decline in DNA and RNA content in Phaseolus vulgaris 
under heavy metal stress (Hamid et al. 2010) and submerged aquatic plant (Jana and 
Choudhuri 1984) has also been reported. The reduced efficiency of DNA synthesis, 
weaker DNA protection from damaged chromatin proteins (histones), and increased 
deoxyribonuclease (DNase) activity have been reported in plants exposed to 
cadmium, copper, chromium, nickel, lead, mercury, and zinc (Prasad and Strzalka 
2002). Heavy metals such as copper, nickel, cadmium, and lead are reported to 
decrease the RNA synthesis and to activate ribonuclease (RNase) activity, leading 
to further decrease in RNA content (Schmidt 1996).
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The heavy metal like cadmium when applied in the form of cadmium chloride on 
tobacco roots induces significantly higher levels of DNA damage as measured by 
the cellular comet assay. DNA damage induced by Cd2+ in roots of a transgenic 
catalase-deficient tobacco line (CAT1AS) is reported to be higher than the wild-type 
tobacco (SR1) roots. While comparing the effects of ethyl methanesulfonate 
(positive control) and Cd2+, it has been shown that Cd2+ does not induce any significant 
DNA damage in leaf nuclei. Also, the somatic mutations or homologous recombina-
tion did not occur in leaves, as measured by the GUS gene reactivation assay. 
Furthermore, the roots were found accumulating almost 50-fold more cadmium 
than did the above-ground parts of the tobacco seedlings, as revealed by Inductively 
Coupled Plasma (ICP) optical emission spectrometry (Gichner et al. 2004). 
Subsequently, Gichner et al. (2006) cultivated heterozygous tobacco (var. xanthi) 
and potato (Solanum tuberosum var. Korela) plants in soil from the site Střimice, 
which is highly polluted with heavy metals and on non-polluted soil from the recre-
ational site Jezeří, both in North Bohemia, Czech Republic. The total content, the 
content of bio available, easily mobile, and potentially mobile heavy metals like Cd, 
Cu, Pb, and Zn in the tested soils, and the accumulation of these metals in the roots 
and above-ground biomass of test plants have been measured by atomic absorption 
spectrometry. The data revealed that the average leaf area (tobacco) and plant height 
(potato) were significantly reduced when these plants were grown in metal-stressed 
soil. Interestingly, a small but significant increase in DNA damage in nuclei of 
leaves of both plant species has been observed in plants growing on the polluted 
soil. The enhanced DNA damage with necrotic or apoptotic DNA fragmentation in 
heavy metal–stressed tobacco and potato plants leads to growth inhibition and dis-
torted leaves. However, no increase in the frequency of somatic mutations occurred 
in tobacco plants growing on the polluted soil. The inability of plants to cope with 
heavy metal stress and to maintain the structural integrity provides an opportunity 
to test for the genotoxicity of pollutants present in the environment. Therefore, it is 
desirable to develop and establish new toxicological approaches to evaluate the 
potential cytotoxic and genotoxic effects of heavy metals. Some of the tests used 
commonly to assess the genotoxicity of heavy metal–polluted soils are discussed in 
the following section.

14.4  Assessment of Heavy Metal Genotoxicity

Genotoxicants are usually present in the environment and even at low concentra-
tions can modify or damage the DNA (Fig. 14.1). Qualitative and quantitative 
assessment of DNA damage is, therefore, an important issue. In this context, various 
in vitro and in vivo genotoxicity tests designed to detect the substances that induce 
genetic damage directly or indirectly have been developed. The analytical tech-
niques with sufficient selectivity and sensitivity have been used to detect extremely 
low levels of DNA damage. The difficulties in the measurements of pollutants in the 
field and the interpretation of such measurements in terms of bioavailability, 
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associated with analytical techniques, have, however, generated a strong interest in 
using bioindicators and biomarkers for detection of damage to DNA. Advances and 
developments in molecular biology have provided new insight into the assessment of 
genotoxicity of soils and DNA damage in plants (Conte et al. 1998; Savva 2000; 
Citterio et al. 2002). Use of bioindicators, for example, in the measurement of con-
taminants is interesting because it helps in detecting different forms of pollutants, 
which are hard to measure in the field. Among the bioindicators, plants are considered 
to be the good bioindicators due to their greater role in food chain transfer and in 
defining habitat. Moreover, higher plants provide valuable genetic assay systems for 
screening and monitoring environmental pollutants and have a high sensitivity with 
few false negatives. They are now recognized as excellent indicators of cytotoxic, 
cytogenetic, and mutagenic effects of environmental chemicals and can be used to 
detect mutagens both indoor and outdoor. The higher plant genetic assays are inex-
pensive and easy to handle, which make them most suitable for use by researchers in 
developing countries (Grant 1994). Moreover, plants are ethically more acceptable 
and aesthetically more appealing than animals as sensors of environmental pollution.

14.4.1  Toxicity Assessment Using Multicellular Organisms

Toxicity assessment assays using whole animals or plants have been used for sev-
eral decades. Several methods have been considered as International Standards 
Organization (ISO) guidance notes (ISO 1993, 1999, 2004), and as the Organisation 

Fig. 14.1 Types of genotoxicity assays commonly used for testing heavy metal contaminated 
soils
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for Economic Co-operation and Development (OECD) Chemicals Testing Guidelines 
(OECD 1984a, b, 2003). They include earthworm acute toxicity, earthworm reproduc-
tion, terrestrial plant growth (both monocotyledons and dicotyledons), inhibition of 
root growth, emergence and growth of higher plants, and effects on invertebrate repro-
duction and survival. The advantage of these tests is that they are directly relevant to 
the specific species and represent in situ conditions. These assays do not require a soil 
extract to be made and, therefore, represent actual pollutant bioavailability to a selected 
organism in soil over time. The UK Environment Agency assesses these tests on the 
five “R” criteria: reproducibility, representative, responsiveness, robustness, and rele-
vance. A good example of bioavailability assessment of both organics and metals 
using multicellular organism toxicity tests is given by Cook et al. (2002). They found 
that soils with levels of contamination above intervention values, according to chemi-
cally based soil criteria, did not generate a toxic response to earthworms’ mortality 
test or seed germination and root elongation, algal growth inhibition, and bacterial 
luminescence tests. Mammalian tests on rodents, dogs, pigs, etc., are usually used as 
a surrogate for human risk assessment (Hund-Rinke and Kordel 2003).The overall 
advantages of using multicellular organisms to test for bioavailability are that the tests 
are directly relevant to the organism used and can show systemic changes to the reac-
tions. However, the limitations include no direct representation of other organisms, 
difficulties in data normalization between different field sites, and the time it takes to 
perform the tests in days/weeks rather than hours. Since, the mammalian tests are 
further complicated by strict regulations governing animal welfare and the expenses 
involved, many plant assays are the subject of choice.

Seven higher plant species like, Allium cepa (Fiskesjo 1997), Arabidopsis thali-
ana, Glycine max, Hordeum vulgaris. Tradescantia paludosa, Vicia faba (Koppen 
and Verschaeve 1996), and Zea mays were used to detect genotoxicity of chemical 
agents under the US Environmental Protection Agency (U.S. EPA) Gene-Tox 
program in the late 1970s. Six bioassays – Allium and Vicia root tip chromosome 
breaks, Tradescantia chromosome break, Tradescantia micronucleus, Tradescantia-
stamen-hair mutation, and Arabidopsis-mutation bioassays – were established from 
four plant systems that are currently in use for detecting the genotoxicity of environ-
mental agents. Under the Gene-Tox program, the Crepis capillaris-chromosome-
aberration test was added to the existing six bioassays (Ma et al. 2005). Three of 
these plant bioassays, the Allium root chromosome aberration (AL-RAA) assay, the 
Tradescantia micronucleus (Trad-MCN) assay, and the Tradescantia stamen hair 
(Trad-SHM) mutation assay were validated in 1991 by the International Programme 
on Chemical Safety (IPCS) under the auspices of the World Health Organization, 
and the United Nations Environment Programme (UNEP) (Cabrera and Rodriguez 
1999). The Tradescantia-Micronucleus (Trad-MCN) bioassay is also recommended 
and used in the International Program on Plant bioassays (IPPB) under the auspices 
of the United Nations Environment Programme (UNEP). Using chromosomal damage 
as indicator of the carcinogenic properties of environmental agents, the Trad-MCN 
bioassay is a quick and efficient tool for screening carcinogens in gaseous, liquid, 
and solid forms. Test results can be obtained within 24–48 h after the exposure 
either on site or in the laboratory. Under the IPPB/UNEP, more than 40 institutes 
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including public health, medical, and cancer research in the major countries of the 
world are involved in the monitoring task on genotoxicity of polluted air, water, and 
soil. At the same time, the Trad-MCN can be used at a global scale to detect carcino-
gens as a preventive measure of cancer (Ma 2001; Kong and Ma 1999). Thus, these 
plant bioassays have proven to be efficient tests for chemical screening and espe-
cially for in situ monitoring for genotoxicity of environmental pollutants. The results 
from higher plant genetic assays are likely to make a significant contribution in 
public health protection from hazardous agents that can cause mutations and cancer. 
Furthermore, plant-based assays applied for toxicity evaluation in the field are likely 
to reduce animal sacrifices and testing costs.

14.4.2  Toxicity Assessment Using Whole Cell Test System

In the last few decades, an outbreak of microbial/whole cell tests has been noticed 
for estimating contaminant bioavailability in soil. Genetic engineering and modifi-
cation techniques have allowed indicator genes to be coupled to genes of specific 
interest to give a qualitative and quantitative response. The first use of a reporter 
gene to show a phenotypic response was the Ames test (Ames et al. 1973). Although 
not directly tested with contaminated soil, it is still suitable to use with soil extracts. 
The extract used (water/solvent/buffer, etc.) is as important as the biological test 
chosen when assessing the toxicity of a contaminated soil as the extract will be the 
factor that determines bioavailability Wegrzyn and Czyz (2003). These mutagenic 
biosensors tend to be sensitive, reasonably quick to perform (days or hours, not 
weeks), but are limited by the need for specialist (expensive) equipment and their 
relevance to other organisms.

The best established microbial test in environmental testing is the Microtox assay 
(http://www.azurenv.com). A bioluminescent marine bacterium, Vibrio fischeri, 
produces light as a by-product of normal cell functions. Any toxicant inhibits cell 
functions and proportionally, light emission, allowing toxicity to be quantitatively 
measured. Microtox itself is still widely used and has been shown to be highly sensi-
tive (Munkittrick et al. 1991). The major advantages include sensitivity in its general 
toxic response, simplicity and rapidity, robustness, and reproducibility. Major limita-
tions are that it relies on exposure to an extract, which may present difficulties in 
interpreting results, and is a marine organism and therefore not strictly relevant in its 
response to soil contamination. The principle behind Microtox, of light emission, has 
given rise to a huge number of genetically engineered bacteria, yeast, and mammali-
ans cells, which use light as an indication of bioavailability. Microbial biosensors are 
extensively reviewed by Hansen and Sorensen (2001), Leveau and Lindow (2002), 
and Belkin (2003). Leveau and Lindow (2002) and Belkin (2003) also discussed 
similar reporter gene-based systems that use b-galactosidase/lac Z and green fluores-
cent protein (GFP). The former was originally used in the SOS chromotest (Quillardet 
et al. 1982), an Ames-like test. The latter is now equally as popular as luminescent-
based tests, using fluorescence rather than luminescence. Knight et al. (2004) 



332 J. Musarrat et al.

presented a yeast/GFP genotoxicity assay used to test a range of pesticides, metals, 
and solvents. Biosensors that utilize both luminescence and fluorescence, for testing 
acute and genotoxic threats simultaneously are also available. The most high profile 
usage of these tools is as health monitors in the International Space Station (Rabbow 
et al. 2003). Advantages of these light/color-based toxicity indicator tests are ease 
of assay, speed of assay, versatility, and sensitivity. Microbial and whole cell biosen-
sors may be best employed as initial screening tools for environmental and soil 
contamination.

14.4.3  Toxicity Assessment Using Subcellular  
or Molecular Assays

The nucleic acid-based DNA hybridization array (Fredrickson et al. 2001) and 
reverse transcriptase PCR for monitoring gene expression (Environment Agency 
2003), enzyme-based, and antibody- and receptor-based biosensors are in common 
use for monitoring environmental and food contaminants (Baeumner 2003). The 
UK Environment Agency has recommended the use of reverse transcriptase PCR to 
measure gene expression as a tool for looking at thousands of genes at once and 
their responses to vast arrays of contaminants. Sturzenbaum et al. (1998a, b, 2001) 
examined changes in gene expression of metallothionein, carboxypeptidase, and 
other metal-sensitive genes and found transcription levels up to 100-fold greater in 
exposed organisms, showing that the technique has a high degree of sensitivity. A great 
advantage of this technique is that organisms that have been directly in contact with 
contaminated soil can be analyzed and, therefore, bioavailability is the parameter 
being assessed. A disadvantage is determining what “normal” levels of gene expres-
sion are in order to determine whether contamination has had an effect. It is also 
important to differentiate between “normal stress responses,” for example, to 
drought and those actually related to pollution. Antibody interactions are also highly 
sensitive and very specific. Immunoaffinity has been adapted from clinical research 
to quantify environmental pollutants like metals (Chavez-Crooker et al. 2003) and 
dioxins (Okuyama et al. 2004). Antibodies can be customized and raised against 
any contaminant and are supplied by various biotechnology companies. The rele-
vance of any antibody assay for bioavailability purposes will be dependent on the 
soil extraction method adopted. The potential use of this method is to analyze soil 
DNA to assess in situ bioavailability. Thus, these in vitro molecular assays are very 
useful as initial bioavailability and toxicity screening tools.

14.5  Genotoxicity Assay for Soil

Soil contaminants are common in industrialized countries, causing widespread con-
tamination directly of soil and indirectly of ground water and food. Among these 
pollutants, particular attention has been paid to soil mutagens and carcinogens due 
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to their potentially hazardous effects on animal populations and human health. In 
this context, both physicochemical methods and bioassays (bacteria or plants) have 
been employed. However, because of the complex chemical nature of soil, standard 
chemical analyses are limited in their ability to characterize the chemical composi-
tion of genotoxicants in soil to assess its potential genotoxicity. On the other hand, 
the bioassays like Salmonella mutation assay has most widely been used for assessing 
the genotoxicity of toxic substances (Brown et al. 1985; McDaniels et al. 1993; 
Ehrlichmann et al. 2000; Watanabe and Hirayama 2001). The Ames test (Salmonella 
assay) is a relatively sensitive and specific in vitro test used widely in the screening 
of mutagenic potential of chemical compounds (Mortelmans and Zeiger 2000; 
Maron and Ames 1983). The test uses amino acid-dependent strains of S. typhimurium 
and E. coli. In the absence of an external histidine source, the cells cannot grow to 
form colonies. Colony growth is resumed if a reversion of the mutation occurs, 
allowing the production of histidine to be resumed. Spontaneous reversions occur 
with each of the strains; mutagenic compounds cause an increase in the number of 
revertant colonies relative to the background level. A positive test indicates that the 
chemical might act as a carcinogen (although a number of false-positives and false-
negatives are known). It reveals the gene mutation-inducing ability (mutagenicity). 
Numerous studies all over the world have shown the presence of different 
mutagenic substances in different soils using Ames test (Smith 1982; Knize et al. 
1987; Kool et al. 1989). However, in some studies, Ames test has yielded negative 
results (Steinkellner et al. 1998). Since 1970s, higher plant bioassays have been 
recommended for genotoxic evaluation of complex environmental mixtures by 
Anonymous (1973), Committee 17 of Environmental Mutagen Society (Drake et al. 
1975), the World Health Organization (1985), and National Swedish Environmental 
Protection Board in 1989 (Cabrera et al. 1999). Considering the potential health 
hazards posed by heavy metals in soil and non-availability of data on content of 
heavy metals in agricultural soils, Katnoria et al. (2008) conducted a study to evalu-
ate the genotoxic potential of extracts of soil samples collected from different agri-
cultural fields of Amritsar, India, employing Ames and Allium root anaphase 
aberration assay (Al-RAAA). The water soil extract prepared in distilled water (soil: 
water, 1:2 w/v) was evaporated to dryness and re-dissolved in distilled water. 
Different concentrations corresponding to 0.25, 0.5, 1, 2, and 2.5 g equivalent of soil 
per plate have been tested employing Salmonella typhimurium TA98 and TA100 
strains, with and without in vitro metabolic activation (S9) to detect direct and indirect 
mutagenic effects. For Al-RAAA, different concentrations of extracts (10, 25, 50, 
75, and 100%) have been used for treatment of root tips of A. cepa. In situ condi-
tions could be simulated by allowing the onion bulbs to root directly in soil samples 
contained in small pots. The genotoxic potential of soil samples can be correlated 
with content of heavy metals like chromium, cobalt, copper, manganese, mercury, 
nickel, and zinc. The pH, alkalinity, water holding capacity, bulk density, moisture 
content, nitrates, phosphates, and potassium should also be studied for better correla-
tions with the abiotic factors. Wang et al. (2007) determined the combined effects of 
cadmium (10 mg/kg soil) and butachlor (5, 10, and 50 mg/kg soil) on enzyme activi-
ties and microbial community structure in phaeozem soil. The phosphatase activity 
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is reportedly decreased in soils with 10 mg Cd/kg soil, when used alone while urease 
activity remained unaffected. However, when the Cd and butachlor were added to 
soils at 2:1 or 1:2 ratio, the urease and phosphatase activities were decreased. The 
enzyme activities were, however, greatly improved at 1:5 suggesting that the com-
bined effects of Cd and butachlor on soil urease and phosphatase activities largely 
depend on the added concentration ratios to soils. Furthermore, the Random 
Amplification of Polymorphic DNA (RAPD) analysis showed changes in RAPD 
profiles of different treated samples including the variations in loss of normal bands 
and appearance of new bands compared with the control soil. The RAPD finger-
prints exhibit apparent changes in the number and size of amplified DNA fragments 
attributed to significant changes in the microbial diversity. Studies also suggest that 
RAPD analysis in conjunction with other biomarkers such as soil enzyme parame-
ters could prove to be a powerful ecotoxicological tool. Gao et al. (2010) have stud-
ied the response of soil enzyme activities, viz. dehydrogenase, phosphatase, and 
urease in polluted soil using ecological dose model and RAPD in order to determine 
soil health. They have determined the 50% ecological dose (ED

50
) values modified 

by toxicant coefficient from the best-fit model, and studied the determination values 
from the regression analysis for the three enzyme activities. In general, the elevated 
heavy metal concentration negatively affected the total population size of bacteria 
and actinomycetes and enzymatic activity. The dehydrogenase (ED

50
 = 777) was the 

most sensitive soil enzyme, whereas urease activity (ED
50

 = 2,857) showed the low-
est inhibition. Composite metals or elevated toxicant level resulted in significant 
disappearing of RAPD bands, and the number of denoting polymorphic bands was 
greater in combined polluted soils.

The genotoxicity of soil samples collected at six sampling sites in a Slovenian 
industrial and agricultural region, contaminated by heavy metals and sulfur dioxide 
(SO

2
), has been assessed by Ames test, Comet assay, and preliminary Tradescantia 

micronucleus assay (Lah et al. 2008). Genotoxicity of all six water soil leachates 
has been proven by the Comet assay on human cell lines; however, no positive 
results were detected by Ames test. The Tradescantia micronucleus assay showed 
an increase in micronuclei formation for three samples. Of these tests, Comet assay 
was found as the most sensitive assay, followed by the micronucleus test. The Ames 
test was not sensitive enough for water soil leachates genotoxicity evaluations where 
heavy metal contamination is anticipated. In other study, Knasmüller et al. (1998) 
employed plant bioassays for the detection of genotoxic effects of heavy metal–
contaminated soils. In this case, four metal salts, namely Cr(VI)O

3
, Cr(III)Cl

3
, Ni(II)

Cl
2
, and Sb(III)Cl

3
 were tested in MN tests with pollen tetrad cells of Tradescantia 

clone #4430 and in meristematic root tip cells of Vicia faba. With Cr6+ and Ni2+, 
obvious dose-dependent effects have been reported, whereas in Vicia, negative 
results were obtained with the four metal salts under all conditions. In order to com-
pare the mutagenic property of the metals, the regression curves (k-values) was 
calculated, which indicated that the number of MN induced per mM in 100 tetrad 
cells. The corresponding values for Cr6+ and Ni2+ were 0.87 and 1.05, respectively. 
Thus, the Tradescantia system has been found to be sensitive toward those metal 
species, which cause DNA damage in animals and man such as Cr6+, Cd2+, Ni2+, and 
Zn2+, whereas no clear positive results were obtained with less harmful metal ions 
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such as Cu2+, Cr3+, or Sb3+. Also, the mutagenic effects of four metal-contaminated 
soils and two types of standardized leachates (pH 4 and pH 7) of these soils were 
tested in Tradescantia and in Vicia. Direct exposure of the Tradescantia plants in 
the soils resulted in a drastic increase of the MN frequencies over the background. 
The lowest effect has been reported with the Slovakian soil containing the Sb and 
As (4.5-fold increase over the background). However, the induced frequencies with 
the other soils were 11–15-fold over the control values. Thus, the direct exposure of 
intact plants is an appropriate method, which enables to detect genotoxic effects of 
metal-contaminated soils in situ. In a similar study, Kong and Ma (1999) conducted 
Allium root anaphase aberration (Allium-AA), Tradescantia-micronucleus (Trad-
MCN), and the Tradescantia stamen hair mutation (Trad-SHM) tests in soil solu-
tions or shallow well water samples to determine genotoxicity. The results of 
Allium-AA tests suggested a 2.78–3.01-fold increase in anaphase aberration fre-
quencies in contaminated soil solution samples and well water samples as compared 
with the negative control. The Trad-MCN tests demonstrated a 1.66–4.75-fold 
increase of MCN frequencies in contaminated soil solution samples and shallow 
well water samples as compared with the frequencies of the controls. The Trad-
SHM tests exhibited a 2.7–2.86-fold increase of pink mutation events in the con-
taminated soil solution samples over that of the controls. Control groups of the 
Allium-AA tests had an average of 0.75/1,000 anaphase figures, and control groups 
of the Trad-MCN tests had an average of 3.2 MCN/100 tetrads, while control groups 
of the Trad-SHM tests had an average of 1.4 mutation events/1,000 hairs. The soil 
solutions of DMSO extracts showed higher genotoxicity than that of distilled water 
extracts. Among the three plant bioassays tested, the Trad-MCN assay was found to 
be the most efficient for genotoxicity testing in soil solution (Kong and Ma 1999).

Combining genotoxicity/mutagenicity tests and physico-chemical methodolo-
gies can be more useful for determining the potential genotoxic contaminants in 
soils. For example, the genotoxicity of contaminated soils collected from a highly 
industrialized area in the Lombardy region, in Northern Italy, was evaluated by 
employing an integrated chemical/biological approach involving a short-term 
bacterial mutagenicity test (Ames test), a plant genotoxicity test (Tradescantia/
micronucleus test), and chemical analyses (Monarca et al. 2002). Soil samples were 
extracted with water or with organic solvents. Water extracts of soil samples were 
tested for polycyclic aromatic hydrocarbons (PAH) and heavy metals. The organic 
solvent extracts were analyzed for their mutagenicity using the Ames mutagenecity 
and Tradescantia genotoxicity tests. The soils with high concentrations of geno-
toxic PAH and heavy metals showed mutagenic activity with the Ames test and 
clastogenicity with the Tradescantia/micronucleus test.

14.6  Genotoxicity Assessment Assay for Plants

Generation of DNA damage is considered as an important initial outcome in car-
cinogenesis. Therefore, the assessment of genotoxins-induced DNA damage and 
mutations is vital in eco-genotoxicology. In order to detect the various genotoxic 
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effects of compounds, a battery of assays are available. Some of the tests may, however, 
have limited use because of complicated technical setup or because they are applica-
ble only to a few cell types. Despite limitations, bioassay, which can be applied to 
various tissues and/or special cell types, is being used due to its sensitivity for detect-
ing low levels of DNA damage, requirement for small numbers of cells per sample, 
general ease of test performance, the short time needed to complete a study, and its 
relatively low cost. In recent years, several plant species have been used as bioindica-
tors, and several molecular tests have been developed to evaluate the toxicity of envi-
ronmental contaminants on vegetal organisms. For example, the genotoxic changes in 
plants can be detected by the RAPD technique. The RAPD is a simple, reliable, sensi-
tive, and reproducible assay with wide range of DNA damage (e.g., DNA adducts, 
DNA breakage) and mutations (point mutations and large rearrangements) detecting 
potential (Savva 1998; Atienzar et al. 2000). Many factors can affect the generation of 
RAPD profiles. It is, therefore, important that these factors are identified and taken 
into account while using these assays. In addition, the relevant bands generated in 
RAPD profile allow to identify some of the molecular events implicated in the genomic 
instability and, hence, to discover genes involved in the initiation and development of 
malignancy (Atienzar and Jha 2006). Liu et al. (2007) applied RAPD and other related 
fingerprinting techniques to detect the genotoxin-induced DNA damage and muta-
tions in rice (Oryza sativa) seedlings exposed to varying concentrations (15–60 mg/L) 
of cadmium. The inhibition in root growth and increase of total soluble protein con-
tent in root tips of rice seedlings occurred in a manner similar to those observed for 
barley (Liu et al. 2005). The RAPD profiles of root tips after cadmium treatment 
showed modifications in band intensity and gain or loss of bands when compared with 
control. Thus, DNA polymorphisms detected by RAPD analysis could be used as an 
investigation tool in environmental toxicology and as a useful biomarker assay for the 
detection of genotoxic effects of other metals as well. Similarly, Cenkci et al. (2009) 
used RAPD to detect DNA damage in the roots and leaves of bean (Phaseolus vul-
garis L.) seedlings exposed to heavy metals like Hg (HgCl

2
), B (H

3
BO

3
), Cr (K

2
Cr

2
O

7
), 

and Zn (ZnSO
4
7H

2
O) at concentrations of 150 and 350 ppm for 7 days. With increas-

ing concentrations, there was a substantial decrease in growth of shoot and root 
growth, while the contents of Hg, B, Cr, and Zn increased in the roots and leaves at 
elevated concentration of each heavy metal. During the RAPD analyses, 12 RAPD 
primers of 60–70% GC content were found to produce unique polymorphic band 
profiles and were later used to produce a total of 120 bands of 263–3,125 bp in the 
roots and leaves of untreated and treated seedlings. Polymorphisms became evident as 
disappearance and/or appearance of DNA bands in 150 and 350 ppm treatments com-
pared with untreated control treatments. The DNA changes in RAPD profiles were 
more in the roots than in the leaves (Cenkci et al. 2009).

Micronucleus assay is yet another bioassay that has been used for the detection of 
genotoxic effects of heavy metal ions on plants. Steinkellner et al. (1998) investigated 
the genotoxic effects of heavy metals As3+, Pb2+, Cd2+, and Zn2+ through micronu-
cleus tests with Tradescantia pollen mother cells (Trad MCN), and meristematic 
root tip cells of Allium cepa and Vicia faba (Allium/Vicia MCN). The order of geno-
toxicity of metals for three tests was determined as: As3+ > Pb2+ > Cd2+ > Zn2+ Cu2+.
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In Tradescantia experiment, induction of MCN was observed at concentration ranging 
between 1 and 10 mM, whereas in tests with root tip cells, higher concentrations 
(10–1,000 mM) were required to show significant effects. Further increase in the 
concentration of heavy metals reduced root growth, delayed cell division, and showed 
decreased MCN frequencies. Comparisons by linear regression analyses indicated that 
the sensitivity of the three bioassays for heavy metals decreases in the order: Trad 
MCN > Vicia root MCN > Allium root MCN. Moreover, a soil sample which contained 
high concentrations of the five metals and a control soil were analyzed. Aqueous soil 
extracts induced only weak effects in Trad MCN tests and no effects in the root tip 
assays, whereas cultivation of the plants in the soils resulted in a pronounced induction 
of MCN in the Tradescantia system and moderate effects in Vicia and Allium. Thus, the 
Trad MCN assay detects the genotoxic effects of heavy metals and can be used for 
biomonitoring metal-contaminated soils. Also, Sarkar et al. (2010) determined the 
effect of nickel on shoot regeneration in tissue culture and identified polymorphisms 
induced in leaf explants exposed to nickel through RAPD. In vitro leaf explants of 
Jatropha curcas were grown in nickel amended Murashige and Skoog (MS) medium 
at four different concentrations (0, 0.01, 0.1, 1 mM) for 3 weeks. Percent regeneration, 
number of shoots produced, and genotoxic effects were evaluated by RAPD using leaf 
explants obtained from the first three treatments following 5 weeks of their subsequent 
subculture in metal-free MS medium. Percent regeneration decreased with increase in 
addition of nickel to the medium up to 14 days from 42.31% in control to zero in 
1.0 mM. The number of shoot buds scored after 5 weeks was higher in control as com-
pared to all other treatments except in one of the metal-free subculture medium wherein 
the shoot number was higher in 0.01 mM treatment (mean = 7.80) than control 
(mean = 7.60). RAPD analysis produced only 5 polymorphic bands (3.225%) out of a 
total of 155 bands from 18 selected primers. Only three primers OPK-19, OPP-2, and 
OPN-08 produced polymorphic bands.

14.7  Conclusion

The genotoxicity of contaminated soils originating from industrial sources has been 
widely studied and reported across the globe. Till date, various chemical and 
biomonitoring methods for assessment of soil genotoxicity are available. Amongst 
all, the Salmonella mutation assay has been the most commonly and frequently used 
method. The mutagenicity evaluation of soil helps in identifying the heavily con-
taminated sites with genotoxic chemicals released from various industrial opera-
tions or agricultural practices. These genotoxic substances persist in soils and not 
only adversely affect the quality of soils but also influence the overall performance 
of various crops grown in agricultural soil polluted with mutagenic compounds. It 
is interesting to develop the new bioindicators, biomarkers, and molecular tools for 
sensitive, rapid, and economical analysis of soil genotoxicity for efficient management 
and control of bioremediation of contaminated sites for safer environment and  
increased productivity involving lesser human health hazards.
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