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v

International concern in scientific, industrial, and governmental communities over 
traces of xenobiotics in foods and in both abiotic and biotic environments has justi-
fied the present triumvirate of specialized publications in this field: comprehensive 
reviews, rapidly published research papers and progress reports, and archival docu-
mentations. These three international publications are integrated and scheduled to 
provide the coherency essential for nonduplicative and current progress in a field as 
dynamic and complex as environmental contamination and toxicology. This series 
is reserved exclusively for the diversified literature on “toxic” chemicals in our 
food, our feeds, our homes, recreational and working surroundings, our domestic 
animals, our wildlife, and ourselves. Tremendous efforts worldwide have been 
mobilized to evaluate the nature, presence, magnitude, fate, and toxicology of the 
chemicals loosed upon the Earth. Among the sequelae of this broad new emphasis 
is an undeniable need for an articulated set of authoritative publications, where one 
can find the latest important world literature produced by these emerging areas of 
science together with documentation of pertinent ancillary legislation. 

Research directors and legislative or administrative advisers do not have the time 
to scan the escalating number of technical publications that may contain articles 
important to current responsibility. Rather, these individuals need the background 
provided by detailed reviews and the assurance that the latest information is made 
available to them, all with minimal literature searching. Similarly, the scientist 
assigned or attracted to a new problem is required to glean all literature pertinent to 
the task, to publish new developments or important new experimental details 
quickly, to inform others of findings that might alter their own efforts, and eventu-
ally to publish all his/her supporting data and conclusions for archival purposes. 

In the fields of environmental contamination and toxicology, the sum of these 
concerns and responsibilities is decisively addressed by the uniform, encompassing, 
and timely publication format of the Springer triumvirate:

Reviews of Environmental Contamination and Toxicology [Vol. 1 through 97 
(1962–1986) as Residue Reviews] for detailed review articles concerned with 
any aspects of chemical contaminants, including pesticides, in the total environ-
ment with toxicological considerations and consequences.

Foreword



vi Foreword

Bulletin of Environmental Contamination and Toxicology (Vol. 1 in 1966) for 
rapid publication of short reports of significant advances and discoveries in the 
fields of air, soil, water, and food contamination and pollution as well as meth-
odology and other disciplines concerned with the introduction, presence, and 
effects of toxicants in the total environment.

Archives of Environmental Contamination and Toxicology (Vol. 1 in 1973) for 
important complete articles emphasizing and describing original experimental 
or theoretical research work pertaining to the scientific aspects of chemical 
contaminants in the environment.

Manuscripts for Reviews and the Archives are in identical formats and are peer 
reviewed by scientists in the field for adequacy and value; manuscripts for the 
Bulletin are also reviewed, but are published by photo-offset from camera-ready 
copy to provide the latest results with minimum delay. The individual editors of 
these three publications comprise the joint Coordinating Board of Editors with 
referral within the board of manuscripts submitted to one publication but deemed 
by major emphasis or length more suitable for one of the others.

Coordinating Board of Editors
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The role of Reviews is to publish detailed scientific review articles on all aspects of 
environmental contamination and associated toxicological consequences. Such 
articles facilitate the often complex task of accessing and interpreting cogent scien-
tific data within the confines of one or more closely related research fields.

In the nearly 50 years since Reviews of Environmental Contamination and 
Toxicology ( formerly Residue Reviews) was first published, the number, scope, and 
complexity of environmental pollution incidents have grown unabated. During this 
entire period, the emphasis has been on publishing articles that address the presence 
and toxicity of environmental contaminants. New research is published each year 
on a myriad of environmental pollution issues facing people worldwide. This fact, 
and the routine discovery and reporting of new environmental contamination cases, 
creates an increasingly important function for Reviews.

The staggering volume of scientific literature demands remedy by which data 
can be synthesized and made available to readers in an abridged form. Reviews 
addresses this need and provides detailed reviews worldwide to key scientists and 
science or policy administrators, whether employed by government, universities, or 
the private sector.

There is a panoply of environmental issues and concerns on which many scien-
tists have focused their research in past years. The scope of this list is quite broad, 
encompassing environmental events globally that affect marine and terrestrial 
ecosystems; biotic and abiotic environments; impacts on plants, humans, and wild-
life; and pollutants, both chemical and radioactive; as well as the ravages of envi-
ronmental disease in virtually all environmental media (soil, water, air). New or 
enhanced safety and environmental concerns have emerged in the last decade to be 
added to incidents covered by the media, studied by scientists, and addressed by 
governmental and private institutions. Among these are events so striking that they 
are creating a paradigm shift. Two in particular are at the center of everincreasing 
media as well as scientific attention: bioterrorism and global warming. Unfortunately, 
these very worrisome issues are now superimposed on the already extensive list of 
ongoing environmental challenges.

The ultimate role of publishing scientific research is to enhance understanding 
of the environment in ways that allow the public to be better informed. The term 
“informed public” as used by Thomas Jefferson in the age of enlightenment 

Preface
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 conveyed the thought of soundness and good judgment. In the modern sense, being 
“well informed” has the narrower meaning of having access to sufficient informa-
tion. Because the public still gets most of its information on science and technology 
from TV news and reports, the role for scientists as interpreters and brokers of 
scientific information to the public will grow rather than diminish. Environmentalism 
is the newest global political force, resulting in the emergence of multinational 
consortia to control pollution and the evolution of the environmental ethic.Will the 
new politics of the twenty-first century involve a consortium of technologists and 
environmentalists, or a progressive confrontation? These matters are of genuine 
concern to governmental agencies and legislative bodies around the world.

For those who make the decisions about how our planet is managed, there is an 
ongoing need for continual surveillance and intelligent controls to avoid 
endangering the environment, public health, and wildlife. Ensuring safety-in-use of 
the many chemicals involved in our highly industrialized culture is a dynamic chal-
lenge, for the old, established materials are continually being displaced by newly 
developed molecules more acceptable to federal and state regulatory agencies, 
public health officials, and environmentalists.

Reviews publishes synoptic articles designed to treat the presence, fate, and, if 
possible, the safety of xenobiotics in any segment of the environment. These 
reviews can be either general or specific, but properly lie in the domains of analyti-
cal chemistry and its methodology, biochemistry, human and animal medicine, 
legislation, pharmacology, physiology, toxicology, and regulation. Certain affairs in 
food technology concerned specifically with pesticide and other food-additive 
problems may also be appropriate.

Because manuscripts are published in the order in which they are received in 
final form, it may seem that some important aspects have been neglected at times. 
However, these apparent omissions are recognized, and pertinent manuscripts are 
likely in preparation or planned. The field is so very large and the interests in it are 
so varied that the editor and the editorial board earnestly solicit authors and sugges-
tions of underrepresented topics to make this international book series yet more 
useful and worthwhile.

Justification for the preparation of any review for this book series is that it deals 
with some aspect of the many real problems arising from the presence of foreign 
chemicals in our surroundings. Thus, manuscripts may encompass case studies 
from any country. Food additives, including pesticides, or their metabolites that 
may persist into human food and animal feeds are within this scope. Additionally, 
chemical contamination in any manner of air, water, soil, or plant or animal life is 
within these objectives and their purview.

Manuscripts are often contributed by invitation. However, nominations for new 
topics or topics in areas that are rapidly advancing are welcome. Preliminary com-
munication with the editor is recommended before volunteered review manuscripts 
are submitted.

Summerfield, North Carolina David M. Whitacre
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1  Introduction

Hexachlorocyclohexane isomers (HCHs) are environmental contaminants produced 
as a result of the photochemical chlorination of benzene during the manufacture of 
technical HCH, which has been widely used for the control of agricultural pests and 
mosquitoes. Technical HCH is a mixture of five isomers: a-HCH (53–70%), b-HCH 
(3–14%), g-HCH (11–18%), d-HCH (6–10%), and e-HCH (3–5%), of which only the 
g-isomer (lindane) possesses relevant insecticidal activity (Langenhoff et al. 2002).

As a consequence of their widespread use, particularly in developing countries, 
HCHs residues have been incorporated as contaminants into the human diet through 
food products (Nigam and Siddiqui 2001), and proof of their distribution lies in the 
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2 J. Olivero-Verbel et al.

observation that these compounds have been detected in different environmental niches 
(Corsolini et al. 2006; Ikemoto et al. 2008; Moisey et al. 2001; Simonich and Hites 
1995), and in tissue samples from humans all over the world (Chu et al. 2006; Li et al. 
2006; Molina et al. 2005). Although developed countries banned the use of HCHs more 
than 20 years ago, these compounds are still used in some developing countries for 
agriculture and public health programs (Bhatt et al. 2007). Even in the countries where 
technical HCH has not been used for several years, the problem of residual contamina-
tion remains for all isomers of HCH, because of their high environmental persistence 
and tendency to continually bioaccumulate in biota and humans (Fenster et al. 2006).

Humans become exposed to individual HCH isomers through variable routes, 
including ingestion of contaminated water or food, directly through the skin, or by 
inhalation of polluted air. Because of their liposolubility, HCHs are stored in fat-
containing tissue, such as breast milk, as has been documented in studies conducted 
around the world (Pohl and Tylenda 2000). In fact, milk-containing HCHs from 
nursing mothers may lead to direct exposure of newborn children (Minh et al. 2004; 
Subramanian et al. 2007; Tanabe and Kunisue 2007). Although the ability of HCHs 
to induce neurotoxicity is well appreciated (Joy 1982; Shankland 1982), awareness 
of their toxic effects in other tissues has more recently become recognized, and the 
biochemical events leading to these effects are beginning to be uncovered. These 
compounds have also been suspected as possible risk factors for breast cancer 
(Mussalo-Rauhamaa et al. 1990; Steinmetz et al. 1996; Wong and Matsuura 2007), 
Non-Hodgkin Lymphoma (NHL) (Rafnsson 2006; Spinelli et al. 2007), and for 
reproductive disorders (Torres-Arreola et al. 2003).

The goal of this paper is to review the variety of biochemical responses elicited 
by the most commonly cited stereoisomers of HCH, with particular focus on altera-
tions and activation of signal transduction pathways, and how these events may 
contribute to toxicity.

2  Structure of the Hexachlorocyclohexanes

HCHs have the general chemical formula C
6
H

6
Cl

6
. They exist in the chair form, 

making possible the theoretical existence of 16 isomers. Some of these are mirror 
images and others can be interconverted into transitional forms. In technical mix-
tures, four isomers are the most common: the a-, b-, d-, and g-isomers (Fig. 1). The 
conformers differ as to the number and location of chlorine atoms on axial or equa-
torial positions, i.e., the C–Cl bonds are parallel to each other and project up or 
down from the ring structure, or are located around the perimeter of the ring, 
respectively. This simple geometric positioning has a tremendous impact on the 
physical, chemical, and biological properties of HCHs.

The common name for the g-isomer is lindane, and this isoform has been the most 
extensively studied. Structural differences among HCH isomers are important for 
imparting varied properties toward biological systems, and their reactivity results not 
only from the presence of a particular pattern of chlorine substitutions, but defini-
tively also from aspects such as molecular shape and global electronic distribution.
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3  Exposure, Distribution, and Metabolism

The most common modes of exposure to HCHs are via the oral and dermal routes. 
Food contaminated with the HCHs is the main source of these chemicals for 
humans, and their excretion in breast milk represents a serious health concern for 
breast-feeding children around the world, especially in developing countries (Ntow 
et al. 2008). The public health implications of exposure to HCHs via milk have 
been extensively reviewed (Pohl and Tylenda 2000), and most HCH isomers have 
been reported as residues in milk samples collected from around the world 
(Subramanian et al. 2007). Levels of HCHs found in food, as well as in human 
blood and milk samples obtained from different countries, are shown in Table 1. 
After dermal exposure, HCH isomers accumulate in different regions of the rat 
brain (Dick et al. 1997; Kumar et al. 1998). In the case of lindane, it accumulates 
in blood and is distributed throughout the body; at the cell level, it is incorporated 
into biological membranes following the order: mitochondria > sarcoplasmic reticu-
lum > myelin > brain microsomes > erythrocytes (Sauviat and Pages 2002). b-HCH 
is highly accumulated in fat tissue and in the adrenals, whereas a-HCH and g-HCH 
appear in high concentrations in fat tissue, kidneys, and the adrenals (Macholz et al. 
1986). It has been suggested that a-HCH is transformed by hepatocytes into reac-
tive species by a P450-dependent reaction (Mattioli et al. 1996); moreover, a- and 
g-HCH but not b-HCH are reported to be dechlorinated by rat liver cytochrome 
P450 (Beurskens et al. 1991).

Fig. 1 Chemical structures of the most common hexachlorocyclohexane (HCH) isomers
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4  Toxicity in Mammals

The most commonly reported effects of acute poisoning for HCHs in humans have 
been well documented for the neurotoxic lindane, especially in infants and young 
children (Singal and Thami 2006). Lindane toxicity has been the most studied 
among the HCH isomers. The toxicity symptoms of acute lindane exposure  indclude 
seizures, hypoxemia, respiratory acidosis, and hypotension (Sudakin 2007). Lindane 
also decreases uterine contraction force in rats in a dose-dependent manner (Criswell 
et al. 1995; Criswell and Loch-Caruso 1995). At small doses, it increases the func-
tion of the resident macrophages of liver Kupffer cells. This activation has been 
proposed to contribute to liver injury (Videla et al. 1997). In human neutrophils, 
g-HCH produces superoxide anion release (English et al. 1986; Kuhns et al. 1986).

In 1987, the International Agency for Research on Cancer (IARC) classified the 
HCHs as possibly carcinogenic to humans (group 2B), on the basis of having inad-
equate data on carcinogenicity to humans, sufficient evidence for carcinogenicity 
to animals (for technical grade and the a-isomer), and limited evidence for carci-
nogenicity to animals (for b- and g-isomers) (WHO 1987).

Carcinogenesis studies indicate that the isomers are differentially associated with 
respect to cancer. For example, early animal studies showed that feeding with 
a-HCH (but not b-HCH or g-HCH) induced liver tumors in rats and mice (Ito et al. 
1973, 1975). More recent in vitro and in vivo animal studies (Steinmetz et al. 1996; 
Wong and Matsuura 2007) showed that the b-isomer is associated with increased 
breast cancer risk. However, despite the evidence shown in the animal studies and the 
mechanistic information provided by the in vitro studies, epidemiological data link-
ing cancer risk with exposure to organochlorine pesticides, including specific HCH 
isomers, is conflicting. For example, while some case–control studies have found a 
link between plasma levels of b-HCH and breast cancer risk (Mussalo-Rauhamaa 
et al. 1990), other studies have not found such a link (Lopez-Carrillo et al. 2002).

On the other hand, some population-based studies have suggested that exposure 
to lindane may be a possible risk factor for NHL (Blair et al. 1998; Cocco and 
Brennan 2008; McDuffie et al. 2001; Purdue et al. 2007). In general, epidemiologi-
cal studies that have assessed the contribution of organochlorine pesticides in can-
cer risk are limited by the limited information provided on individual pesticides, 
including the HCH isomers, since these studies are ones in which many different 
chemicals are evaluated in the same study population. Because these chemicals 
may differ in carcinogenic potency and mechanism of action, associations from 
these epidemiological studies can hardly be considered to have a cause–effect 
implication; thus, analyses of overall organochlorine usage may confound the true 
chemical-specific effects (Purdue et al. 2007).

Population studies, in which specific pesticide levels are analyzed in plasma and 
assessed for cancer incidence, also provided conflicting data. In some of these, an 
association was found between b-HCH or g-HCH levels and increased risk of NHL 
(Steinmetz et al. 1996), whereas in others, no such association existed (Cocco and 
Brennan 2008). In view of the conflicting data, it is clear that prospective epidemiologic 
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studies, supported by detailed information on individual exposure to specific HCH 
pesticides are needed to address whether specific compounds are really  carcinogenic 
to humans or not.

HCHs also target the reproductive system. Earlier studies in laboratory animals 
showed that treatment with HCHs decreased sperm number and induced  spermatozoa 
damage and anomalies (Samanta et al. 1999a, b). These effects may be associated 
with the decrease in pregnancy rate detected in exposed animals (Beard et al. 1999). 
Animal studies with g-HCH have shown that exposure to this chemical is linked to 
impairment of female fertility and implantation (Tiemann 2008), as well as with 
induction of reproductive abnormalities in male rats (Pages et al. 2002). In fact, lin-
dane has been proposed as an endocrine disruptor, in that it produces both estrogenic 
and antiestrogenic effects in the rat, affecting testicular, ovarian and adrenal hormone 
synthesis in vivo and in vitro (Chowdhury and Gautam 1994; Oskarsson et al. 2006; 
Pages et al. 2002; Ronco et al. 2001). Endocrine-disruptors are complex environmen-
tal toxicants that mimic natural hormones such as estrogen and testosterone, interact 
with the body’s endocrine system to exert their toxic effects, and interfere with nor-
mal proliferation and differentiation of target cells (Saradha and Mathur 2006).

Toxicants that affect testicular function have been shown to target intercellular 
junctions by either reducing the amount, or inducing aberrant intracellular localiza-
tion of membranous proteins. In the SerW3 Sertoli cell line, some of these proteins 
are occludin, zonula occludens-1, N-cadherin, and gap connexin 43 (Fiorini et al. 
2004). In this cell line, lindane has been shown to affect both gap and tight junction 
proteins, as it also does in the 42GPA9 Sertoli cell line (Defamie et al. 2001). 
In addition to endocrine disruption, defective sperm function and male infertility 
have been also associated with increased production of reactive oxygen species 
(ROS) to which spermatozoa are very susceptible. Lindane is one of the many con-
taminants known to disturb the pro-oxidant/antioxidant balance; in fact, exposure 
to oral lindane has been shown to induce oxidative stress and impair steroidogen-
esis in adult rat testis (Sujatha et al. 2001). Specifically, in adult rats this compound 
decreases the levels of antioxidant enzymes in the epididymis and epididymal 
sperm, contributing to an increase in oxidative stress (Chitra and Sujatha 2001). 
Thus, adverse effects of lindane on male reproduction may involve a combination 
of endocrine-mediated and ROS-mediated mechanisms. In support of this conclu-
sion, it has been observed in pregnant rat myometrium in vitro that lindane-induced 
inhibition of gap junctional intercellular communication (GJIC) is mediated by an 
oxidative stress-dependent mechanism (Krieger and Loch-Caruso 2001).

5  Cell Signaling Induced by HCH

It has been suggested that one of the primary actions of HCH isomers is to disrupt 
plasma membrane architecture, thereby affecting cell viability (Bhalla and Agrawal 
1998; Verma et al. 1992). However, as presented here, there is considerable evi-
dence that supports more specific mechanisms of bioactivity and/or toxicity. 
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For example, during cell exposure to HCHs, several second messengers are elicited 
and enzymes are activated or released. Although it seems likely that the HCHs 
target many membrane-bound proteins, the number of biomarkers involve many 
other subcellular fractions. Some examples of reported enzymes that are changed 
in their expression/activity upon treatment with technical or individual HCH 
isomers are presented in Table 2.

In addition to changes in metabolic or biochemical markers, HCH isomers can 
differentially activate signal transduction pathways by several means: direct recep-
tor activation/inactivation or via calcium homeostasis, phospholipases, and protein 
kinases, among others. Some of the most common of these are addressed below.

5.1  Gamma-Aminobutyric Acid Channel Function

GABA (g-aminobutyric acid) is the main inhibitory neurotransmitter in the central 
nervous system. The inhibitory action of GABA is mediated by receptors present 
on the cell membrane and results in a reduction of neuronal excitability. Among the 
several organochlorine compounds that interact with the GABA receptor, HCHs 
have been the most extensively studied (Bloomquist 2003; Pomes et al. 1994). The 
great versatility of HCH isomers as molecular probes was documented in a paper 
by Woodward et al (1992). Using GABA channels expressed in Xenopus oocytes, 
two chloride currents were pharmacologically and electrically characterized: one 
mediated by GABA

A
 receptors, that are ligand-gated chloride channels, and the 

other by atypical GABA receptors that are resistant to the channel blocker bicucul-
line, but not activated by the GABA agonist baclofen. The membrane current 
responses modulated by cerebral cortex GABA

A
 receptors were suppressed by 

g-HCH in a similar manner as was observed for picrotoxin, a GABA
A
 channel 

blocker. This suggests that g-HCH acts as a GABA
A
 channel blocker. In contrast to 

g-HCH, both a- and d-HCH acted to potentiate GABA-activated currents. g-HCCH 
interacted with the GABA channel in close proximity to the picrotoxin binding site; 
however, both a- and d-HCH also were found to bind to this site, but with less 
potency than that expressed by g-HCH. Interestingly, according to these results, it 
seems that the picrotoxin binding site may mediate both inhibitory and enhance-
ment effects.

Different experiments have shown that the activities of HCHs on GABA
A
 recep-

tors may result from electrostatic interactions. For instance, the replacement of a 
transmembrane isoleucine residue by serine in the rho 1 subunit of GABA

A
 recep-

tors results in increases of up to tenfold the effect of d-HCH on GABA responses 
(Belelli et al. 1999). The mechanism of this interaction is believed to result from 
the fact that d-HCH acts as a positive allosteric modulator, and that g-HCH acts as 
a noncompetitive antagonist of the GABA

A
 receptor (Vale et al. 1997). Recently, 

Law and Lightstone (2008) have identified the potential binding sites of g-HCH and 
b-HCH to the GABA

A
 receptor, whose binding modes suggest a noncompetitive 

allosteric mechanism that is based on interruption of the channel gating  mechanism, 
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rather than directly blocking the channel. In addition, these authors found that the 
binding to g-HCH (lindane) is more favorable than to b-HCH.

Effects of HCH isomers on GABA receptor–chlorine channel complexes have 
been observed in rat dorsal root ganglion neurons (Nagata and Narahashi 1995). Both 
g-HCH and d-HCH, when co-applied with GABA, acted in a biphasic  manner, first 
slightly enhancing and then suppressing the GABA-induced chloride  current. d-HCH 
was more efficacious than g-HCH during the last phase. The effect  necessarily 
implies that these isomers bind to separate sites or act by different mechanisms. 
Because suppression of the current occurred slowly, it is supposed that the inhibitory 
effect may happen through an interaction with an intracellular component. The 
authors speculated that two mechanisms may be involved: alterations of the desensi-
tization kinetics of GABA-induced current by action of protein kinases, or the pres-
ence of conformational changes induced by those compounds in the GABA receptor. 
In hippocampal slices, g-HCH antagonized recurrent collateral GABA

A
-mediated 

inhibition, altered the input/output coupling of excitatory input into pyramidal cells, 
and reversed the effects of propofol (Albertson et al. 1997; Joy et al. 1995), an anes-
thetic that potentiates GABA

A
-mediated inhibition by  increasing the probability of 

the GABA
A
 receptor-chloride channel being open (Kitamura et al. 2004).

5.2  Calcium Homeostasis

HCH isomers alter Ca2+ movement through the cell membrane. a, b, and g-HCH 
increased intracellular calcium concentrations ([Ca2+]

i
) in neurohybridoma cells with 

the following order of potency: a < b < g. This effect was seen at concentrations 
greater than those effective in antagonizing GABA-mediated inhibition (Joy and 
Burns 1988). In the case of g-HCH, the increase in Ca2+-induced neurotransmitter 
release from synaptosomes occurs through a mechanism involving an increase in the 
nonspecific synaptic membrane permeability to Ca2+ (Hawkinson et al. 1989). Both 
the d- and g-isomers of HCH-stimulated Ca2+ influx through voltage-gated Ca2+ chan-
nels (Rosa et al. 1997a). Dantrolene, a ryanodine receptor antagonist that inhibits 
Ca2+ release from sarcoplasmic reticulum and from unidentified internal Ca2+ stores 
in neurons, inhibits the intracellular Ca2+ release promoted by g-HCH in cerebellar 
granule cells, but it is almost inactive against the same effect induced by d-HCH in 
the same preparation. This behavior demonstrates that d- and g-HCH act on different 
receptors. g-HCH affected Ca2+-dependent, dantrolene-sensitive Ca2+ pools, whereas 
d-HCH seemed to stimulate Ca2+-release from nonspecific ryanodine-gated receptors 
(Rosa et al. 1997b). In the central nervous system, g-HCH also induced [Ca2+]

i
 entry 

through voltage-dependent Ca2+ channels. A consequence of the increase in [Ca2+]
i
 is 

the increase in the expression of the proto-oncogene c-fos and the nuclear calmodulin 
concentrations (Vendrell et al. 1992). Conversely, d-HCH significantly decreased 
c-fos basal levels in primary cortical cultures (Barron et al. 1995).

In human neutrophils, a, d, and g-HCH increase [Ca2+]
i
. In the case of g-HCH, 

this arises from an intracellular source, the same pool as that released by the 
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chemotactic  peptide formyl-methionyl-leucyl-phenylalanine (fMLP) (Kuhns et al. 
1986). One mechanism by which fMLP releases intracellular calcium in neutrophils 
is through the activation of phospholipase C (PLC), with the subsequent generation 
of inositol 1,4,5-trisphosphate (IP

3
), which then acts on an IP

3
 receptor to release 

Ca2+. The release of intracellular Ca2+ and the induction of capacitative Ca2+ entry by 
g-HCH seem to be a common event in other cell types such as kidney cells (Lu et al. 
2000). Interestingly, also in neutrophils, g-HCH-induced increases in [Ca2+]

i
 were 

blocked by the Ca2+ antagonists nifedipine, verapamil, and diltiazem (Grigorian 
et al. 1988), suggesting that part of the increases in [Ca2+]

i
 depend on Ca2+ influx.

In rat atrial strips, d-HCH is 30-fold more potent as a positive inotropic com-
pound than is lindane (Pessah et al. 1992). Buck and Pessah (1999) have suggested 
that d-HCH increases ionic permeability (K+  Cs+ > Na+) through Ca2+-dependent 
mechanisms. One mechanism is through ryanodine receptors and the other acts 
through an ionophore-type mechanism. On the other hand, g-HCH has been shown 
to inhibit Ca2+- K+-ATPases in the heart (Anand et al. 1995). These mechanisms 
may account for the toxic effects of HCHs in the cardiovascular system.

Structurally, the HCHs resemble inositol analogs. For instance, muco- and myo-
inositol have the stereochemical configuration of g- and d-isomers of HCHs, 
respectively. d-HCH did not compete with IP

3
 for the IP

3
 receptor, demonstrating 

that the d-HCH-induced release of Ca2+ from IP
3
-sensitive Ca2+ stores does not 

result from its similarity to myo-inositol-1,4,5-trisphosphate (myo-IP
3
) (Mohr et al. 

1995). In addition, d-HCH interacts directly with the ryanodine receptor of cardiac 
sarcoplasmic reticulum (Buck et al. 1999; Pessah et al. 1992). It is interesting that 
this isomer also blocks Ca2+ influx. A question arises: Is there a specific unidenti-
fied binding site for d-HCH in the IP

3
-sensitive Ca2+ channels?

In summary, three of the most common isomers of HCH, a-, d-, and g-HCH, 
increase [Ca2+]

i
 in a variety of systems. Neither the mechanisms for these effects 

nor the molecular features are common to all of them. These observations suggest 
that there are particular electronic and geometrical molecular features that induce 
the specific effects of the HCHs.

5.3  Phosphoinositide Turnover

Phosphatidylinositol-4,5-bisphosphate (PIP
2
) is a phospholipid located on the inner 

leaflet of plasma membranes. It is the source of active second messengers such as 
1,2-diacylglycerol (DAG) and D-myo-IP

3
 which play important roles in the activa-

tion of many cellular signaling pathways, functioning as second messengers for 
Protein Kinase C (PKC) activation and intracellular Ca2+ mobilization, respectively 
(Bishop and Pachter 1992). It has been shown that lindane stimulates the release of 
IP

3
 from myometrial cells (Criswell et al. 1995). Lindane also induced the accumu-

lation of myo-[2-3H]inositol in rat brain cortex slices independently from stimula-
tion of muscarinic and a

1
-adrenergic agonists (Pajuelo et al. 1997). In rats exposed 

to HCHs for 3–6 months, phosphatidylinositol, phosphatidylinositol 4-phosphate, 
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and phosphatidylinositol 4,5-biphosphate were decreased in the erythrocyte 
 membrane and cerebrum (Agrawal and Afaq 1995). In addition, g-HCH reduced 
the incorporation of myo-[2-3H] inositol into phosphoinositides that had better 
 specificity, when compared to a, b, or d-HCH (Carrero et al. 1996). Although a 
significant effect was observed at 100 mM g-HCH, the data were evaluated at 
500 mM, certainly a dose too large to establish a physiological relevance from those 
experiments. Because ethylenediaminetetraacetic acid (EDTA) prevented the 
effects of g-HCH on Phosphoinositide (PI) synthesis, it was hypothesized that lin-
dane enhances phosphatidylinositol synthesis by increasing intracellular Ca2+. For 
instance, in macrophages, lindane directly triggers Ca2+ influx (Pinelli et al. 1994), 
and this Ca2+ can, in turn, activate a phospholipase C (PLC) to generate IP

3
.

5.4  Activation of Phospholipases

In addition to activation of PLC, HCHs increase the activity of phospholipase A
2
 

(PLA
2
). Specifically, it has been shown that the a-, d-, and g-isomers of HCH, but 

not the b-isomer, induced activation of PLA
2
 in neutrophils (Olivero et al. 2002). 

The authors showed that an electrotopological motif shared by all the active com-
pounds was required for the activation of the PLA

2
, which consisted of a planar 

hydrophobic domain connected rigidly at a perpendicular angle to a halogen atom.
Using a rat renal tubular cell system, López-Aparicio et al. (1995) showed that, 

at concentrations larger than 50 mM, lindane activated a PLA
2
 that prefers phos-

phatidylinositol rather than phosphatidylcholine as a substrate. PLA
2
 activity in 

both soluble and membrane fractions was not modified by lindane (30–300 mM) 
over a 120 min period, suggesting that g-HCH does not activate this enzyme directly 
but that other intracellular messengers play a role in PLA

2
 activation. This activation 

of PLA
2
, which releases arachidonic acid from cell membranes, may lead to changes 

in membrane permeability that result in cell injury observed by g-HCH. Consistent 
with activation of PLA

2
, g-HCH induced release of glycerophosphoinositol and 

arachidonic acid from phospholipids in rat proximal tubular cell cultures (Senar 
et al. 1994). In macrophages, g-HCH increased the production of arachidonic acid 
metabolites such as 6-ketoprostaglandin F1-alpha, prostaglandin E

2
, leukotriene C

4
, 

leukotriene B
4
, and hydroxyeicosatetraenoic acid (Forgue et al. 1990).

5.5  Oxidative Stress

The HCHs produce reactive oxygen species in a number of tissues and cell types, 
and this effect appears to be structure dependent. For example, in neutrophils, a-, g-, 
and d-HCH, but not the b-isomer, are potent stimuli for superoxide anion production 
(Kuhns et al. 1986; Tithof et al. 2000). It has been reported that g-HCH induces 
formation of reactive oxygen species from rat peritoneal macrophages (Bagchi et al. 
1995) and liver (Barros et al. 1991; Hassoun et al. 1993), leading to enhanced lipid 
peroxidation and DNA damage. This has been suggested as a putative mechanism 
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for the carcinogenesis-promoting activity of this HCH isomer (Perocco et al. 1995). 
In addition, g-HCH induces lipid peroxidation and increases superoxide dismutase 
activity in red blood cells (Banerjee et al. 1999). This effect is attenuated by simul-
taneous treatment with ascorbic acid (Koner et al. 1998).

5.6  Other Actions of HCH

Other actions of the HCHs have been reported. g-HCH decreases, in a dose-dependent 
manner, the effect of forskolin, a direct activator of the adenylate cyclase catalytic 
subunit. This effect is isomer-specific since d-HCH is indeed highly potent, whereas 
a- and b-HCH are poorly efficient on the inhibition of forskolin-dependent stimula-
tion of adenylate cyclase activity (Carrero et al. 1999).

Although the diacylglycerol product resulting from PLC enzymatic action can 
activate protein kinase C (PKC), it has been demonstrated that lindane directly 
stimulates PKC activity (Bagchi et al. 1997; Moser and Smart 1989). This PKC 
activation by lindane would lead to phosphorylation of the adenylate cyclase cata-
lytic subunit, inducing its activation (Carrero et al. 1999).

HCH isomers are not chemotaxins, compounds that attract phagocytes; however, 
d- and g-HCH inhibit chemotaxis, the process of recruiting these cells (Kaplan et al. 
1988). Finally, 1H NMR (Proton Nuclear Magnetic Resonance) studies revealed 
that g-HCH disturbs the glycine synthesis pathway in ways that involve methionine, 
choline, and betaine (Descampiaux et al. 1997).

5.6.1  Effects on DNA Integrity

a-, b-, and g-HCH increase hepatic DNA synthesis in liver and liver growth in a pro-
cess associated with foci expansion and tumor promotion (Schroter et al. 1987). 
a-HCH acts as a liver promoter and induces nonbinucleating hepatocyte growth 
(Seglen 1997). The stimulation of DNA synthesis by a-HCH is independent of extra-
cellular Ca2+ (Petronijevic and Edwards 1993) and has been suggested to be dependent 
on the activation of Na(+)/H(+) antiport activity (Lee et al. 2003). a-HCH also causes 
DNA breaks in rat and human hepatocytes, an effect explained with the assumption 
that a-HCH elicits short-path DNA repair (Mattioli et al. 1996). In male mice, a-HCH 
inhibits hepatic tumorigenesis, but in female mice, this isomer promotes hepatic 
tumor formation following chronic exposure (Siglin et al. 1995). g-HCH also induces 
rat liver histone modifications (Sarkander et al. 1974), whereas b-HCH increases the 
risk of breast cancer slightly but not significantly (Hoyer et al. 1998).

5.6.2  Gap Junctional Communication

Gap junctions (GJs) make possible direct cell–cell communication through 
 membrane channels that allow the diffusion of intracellular contents between cells. 
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GJs facilitate electrical and metabolic coupling of cells. Gap junctional intercellular  
 communication (GJIC) is important for cell proliferation and differentiation as 
well as tissue homeostasis (Loewenstein 1979). Loss of GJ function is involved in 
 neoplastic transformation and abnormal growth regulation. For example, it has 
been suggested that the promoting activity induced by g-HCH in BALB/c 3T3 
mice cells is due to dysfunction of the GJs that disrupt cell growth regulation 
(Perocco et al. 1995).
g-HCH reduces GJ number, permeability, and expression. These effects are time- 

and treatment duration-dependent (Guan et al. 1995). g-HCH-dependent loss of GJ in 
epithelial cells (WB-F344) results from endocytosis of the plaques and degradation 
of the GJ protein connexin 43-P2 (Cx43-P2), rather than from disaggregation of 
functional particles (Guan and Ruch 1996). This induced effect by g-HCH is also seen 
in a Sertoli cell line (42GPA9). The process occurs in a time-dependent decrease and 
redistribution of Cx43 and ZO-1, a tight junction component associated with Cx43, 
from the membrane to the cytoplasmic perinuclear region. However, this does not 
occur for occludin, an integral tight junction protein (Defamie et al. 2001).

The signal transduction mechanisms involved in HCH-induced inhibition of GJ 
intercommunication have been studied. Although g-HCH produces a concentration-
dependent increase in cyclic AMP (cAMP), inhibition of adenylate cyclase does not 
reverse g-HCH-induced loss of GJ intercellular communication, suggesting that the 
inhibition of GJ is unlikely to be related to increases in cAMP. Activation of a 
phospholipase that liberates arachidonic acid may be involved because the use of 
arachidonic acid-free conditions blocks the inhibition produced by g-HCH (Criswell 
et al. 1995). This may be an effect of arachidonic acid rather than its prostaglandin 
or leukotriene metabolites, because the cyclooxygenase inhibitors, indomethacin 
and aspirin do not reduce the g-HCH-mediated inhibition of GJ communication 
(Leibold and Schwarz 1993). Interestingly, vitamin E, a well-known free radical 
scavenger (Ikeda et al. 1999), prevents inhibition of GJ communication, suggesting 
a role for free radicals (Leibold and Schwarz 1993). This oxidative stress-dependent 
mechanism of lindane-induced inhibition of GJIC has also been observed in preg-
nant rat myometrium in vitro (Krieger and Loch-Caruso 2001). g-HCH-induced 
inhibition of GJIC does not result from an increase in [Ca2+]

i
, as has been shown for 

the organochlorine insecticide 1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane (DDT) 
(Fransson et al. 1990), but rather is partly dependent on PKC activation (Criswell 
and Loch-Caruso 1995). Thus, effects of g-HCH on GJ communication may be 
mediated through pathways involving arachidonic acid, PKC, and free radicals.

GJIC is known to play a critical role in the control of cell growth, and its dis-
regulation constitutes a hallmark of tumor malignancy. Mograbi et al. (2003) have 
reported that g-HCH impairs GJIC by promoting the intracellular localization of 
Connexin 43 (Cx43), which is considered to be a tumor suppressor. The mechanism 
involved endocytosis with no alteration of Cx43 partition in lipid rafts, and it was 
accompanied by Cx43 phosphorylation and activation of extracellular signal- 
regulated kinases (ERK), but not of Jun N-terminal kinase (JNK) and p38 mitogen-
activated protein kinases. The authors suggested that this altered activation of the 
mitogenic MAPK pathway, and inactivation of the tumor suppressor Cx43 by 
g-HCH, may participate in the promotion of neoplastic cell growth.
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5.6.3  Other Effects of HCHs on the Neuronal System

In addition to the effects that lindane has on GABA receptors, other receptor 
 channel activation possibilities have been explored. For instance, Zisterer et al. 
(1995) showed that PK11195, a ligand of the peripheral-type benzodiazepine 
receptor, reduced the convulsions induced by g-HCH. It was concluded that the 
anticonvulsive protection was not from the action of PK11195 in the central ner-
vous system but was the result of the effect on the gastrointestinal tract to delay 
absorption of g-HCH into the bloodstream. Other authors have suggested that the 
cytotoxic action of g-HCH in neurocortical neurons is mediated by the interaction 
with allosterically coupled GABA-benzodiazepine recognition sites at the GABA

A
 

receptor (Vale et al. 1997, 1998).
HCHs also affect other subcellular components of the neuronal system. Because 

(+)MK-801, a blocker of the NMDA-operated cation channel, antagonizes g-HCH-
induced seizures, it has been suggested that g-HCH acts on these channels (Tusell 
et al. 1992). g-HCH increases and d-HCH decreases the Ca2+-dependent K+-evoked 
release of 3H-noradrenaline, whereas a- and b-HCH did not produce any effect 
(Cristofol and Rodriguez 1991, 1993). This property has been shown to be depen-
dent on changes of Cl− membrane permeability and intracellular Ca2+ homeostasis 
(Cristofol and Rodriguez 1994).

5.7  HCHs and Estrogenicity

One of the most intriguing aspects of the HCHs has been their identification as pos-
sible estrogen-like chemicals (Roy et al. 1997). For example, g-HCH has weak estro-
genic activity in rats (Raizada et al. 1980), and the HCHs decrease serum testosterone 
levels, epididymal sperm count, and sperm motility (Prasad et al. 1995). Estrogen 
increases uterine weights in ovariectomized rodents by increasing protein synthesis 
and promoting both cellular hyperplasia and hypertrophy. Estrogen-like activity of 
b-HCH has been evaluated, and has shown increases in uterine weights (Bigsby et al. 
1997). This compound produces an uterotrophic response (Van Velsen et al. 1986), 
suggesting that it is a weak estrogen. When the responses between animals with active 
(fasted) and inactive (fed) lipolysis were compared, the response was greater in fasted 
animals compared to those receiving food. Although it was concluded that this differ-
ence resulted from a release of b-HCH during lipolysis, the observed effect could have 
been the result of changes in metabolic pathways leading to an increase in estrogen 
precursors or any other uterotrophic endogenous mediator. These data are consistent 
with the notion that b-HCH-mediated stimulation of cell proliferation and gene expres-
sion is  estrogen-receptor (ER) dependent, but its action is not through the classic 
 pathway of binding and  activating the ER. b-HCH may represent a new class of xeno-
biotic chemicals that produces estrogen-like effects through nonclassic mechanisms 
and, therefore, may be of concern with regard to breast and uterine cancer risk.

One of the most important effects of HCHs isomers is the reduction in hormone 
production and other related reproductive disorders. It has been observed that 
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g-HCH affects steroidogenesis in mice by inhibiting the cholesterol side-chain 
cleavage activity of the ovary, the rate-limiting step in steroid biosynthesis in ovar-
ian tissues. This blocking avoids the conversion of cholesterol to pregnenolone and 
subsequently to progesterone (Sircar and Lahiri 1990). It has been shown that g-, 
a-, and b-HCH inhibit steroidogenesis in an adrenocortical cell line. However, only 
g-HCH binds to the peripheral-type benzodiazepine-binding site, which is thought 
to regulate the rate-limiting step in steroidogenesis (Zisterer et al. 1996).

Walsh and Stocco (2000) reported that, in the mouse MA-10 Leydig tumor cell 
line, a-, d-, and g-HCH inhibit steroidogenesis by reducing the expression of the 
steroidogenic acute regulatory (StAR) protein, that mediates the intramitochondrial 
transfer of cholesterol to the side-chain cleavage cytochrome P450. Interestingly, 
Leydig cells from mature male rats incubated with human chorionic gonadotropin 
and exposed to g-HCH showed a dose-dependent inhibition of testosterone produc-
tion, process accompanied with a half-reduced LH/hCG receptor (luteinizing hor-
mone/human chorionic gonadotrophin receptor) number and a decrease in cAMP 
production (Ronco et al. 2001).

In vitro studies with human cell lines have shown evidence that g-HCH and 
b-HCH have weak estrogenic properties, which elevates concern that these  chemicals 
may act as tumor promoters through hormonally mediated effects (Wong and 
Matsumura 2006) or through protein kinase activation (Enan and Matsumura 1998). 
Ratneswaran et al. (1997) tested the possible estrogenic and antiestrogenic activity 
of g-HCH by measuring its ability to induce or prevent hepatic expression of 
Estrogen-Regulated mRNA Stabilizing Factor (E-RmRNASF), in response to estro-
gen exposure. The expression of this protein was quantified by detecting its ability 
to prevent the endonucleolytic degradation of apoII mRNA in vitro, in cell-free liver 
cytosolic extracts. Results were that g-HCH failed to show estrogenic or antiestro-
genic activity. More recently, it has been postulated that g-HCH can be considered 
as an endocrine disruptor, because it modulates female reproductive development 
through direct interaction with ER-b (Maranghi et al. 2007).

It has been speculated that organochlorine compounds induce breast cancer 
through their action as estrogen agonists. Although different mechanisms have been 
proposed to define how estrogen-like compounds produce cancer, data are currently 
inconclusive. b-HCH stimulated proliferation in a dose-dependent manner in the 
ER-positive cell lines MCF-7 and T47D but not in the ER-negative lines 
MDA-MB231, MDA-MB468, and HS578T. This isomer also caused an increase in 
the steady-state level of pS2 mRNA in MCF-7 cells. These responses were equal in 
magnitude to the maximal effect of estradiol, and they were inhibited by inclusion 
of the antiestrogen ICI164384. However, when tested in a competitive binding 
assay, b-HCH did not displace 17-beta-[3H]estradiol from the ER even at a 
 concentration that was 40,000-fold higher than the tracer steroid (Steinmetz et al. 
1996). These authors suggested that b-HCH stimulation of cell proliferation and 
gene expression is ER dependent, but its action is not through the classic pathway 
of binding and activating the ER. b-HCH may represent a new class of xenobiotic 
that produces estrogen-like effects through nonclassical mechanisms and, therefore, 
may be of concern with regard to breast and uterine cancer risk.
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6  Summary

The hexachlorocyclohexanes (HCHs) are synthetic compounds that have been widely 
used for the control of pests. The most common HCH isomers are the a-, b, d-, and 
g-HCH. Although they have the same chlorine substitution pattern, the spatial orienta-
tion of chlorine atoms is different on each one of them, resulting in unique structures 
that have distinct molecular properties. Humans are exposed to individual HCH iso-
mers through various routes, including ingestion of contaminated water or food, 
absorbed through the skin or by inhalation, and because of their liposolubility, these 
chemicals are mostly stored in fat-containing tissues. The isomer-specific spectrum 
of biochemical actions for these compounds has been well characterized for different 
endpoints such as enzyme activation, calcium homeostasis, gap junctional intercel-
lular communication, endocrine disruption, and cancer, among others. The interaction 
with the GABA receptor has been one of the most extensively studied properties of 
the HCHs. For instance, g-HCH acts as a GABA

A
 channel blocker, whereas a- and 

d-HCH potentiate GABA-activated currents, all working as allosteric modulators of 
the receptor. The changes in calcium homeostasis elicited by HCHs are both isomer 
and cell-type specific. For example, in neurons, both the d- and g-isomers of HCH 
stimulate Ca2+ influx through different voltage-gated Ca2+ channels. In human neutro-
phils, a-, d-, and g-HCH, but not b-HCH, increase intracellular Ca2+ concentrations. 
This isomer-dependent behavior is also similar to that observed for phospholipase A

2
 

activation and also correlates with oxidative stress generation. On the other hand, 
there are several lines of evidence suggesting that HCHs alter genomic integrity, and, 
therefore, these compounds have been classified as possibly carcinogenic to humans. 
Finally, HCHs have been reported to be endocrine disrupters. In fact, g-and b-HCH 
have been shown to have weak estrogenic activity, and together with the a- and the 
d-isomer, also interfere with steroidogenesis. In short, the HCH isomers are good 
examples of structurally related chemicals, for which the geometrical patterns present 
in each one of the different conformers create structures that possess specific mecha-
nisms of action and toxicological properties.
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1  Introduction

The need for reproducible and accurate biomarkers in Environmental Toxicology has 
led researchers to implement methods to evaluate the physiological effects caused by 
contaminants. Such methods are of particular biological importance and ecological 
interest if they allow the measurement of direct impairment of key endpoints in the 
test organisms or nontarget species. Neurotransmission impairment via cholinesterase 
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ChE inhibition is the target of two important classes of modern  pesticides, the 
 organophosphates (OPs), and the carbamates (CBs). Because of their extensive use in 
modern agriculture, these two classes of compounds are widely employed. Metcalfe 
et al. (2002) estimated for the California Department of Food and Agriculture that the 
ban from current agricultural use of such compounds would cause the loss of 209,000 
jobs and would result in a national economic loss of $17 billion. Therefore, it is not 
difficult to conclude that these chemical agents will continue to be used, despite the 
fact that humans and many nontarget organisms are exposed to them (spray drift from 
crop application, run off from agricultural fields that contaminate adjacent water bod-
ies, residues in food, etc.) (Vermeire et al. 2001).

Protecting agroecosystems from pesticide effects commonly entails measuring 
the levels of pesticides that occur in manifold environmental media. The inhibition 
of cholinesterases (ChEs) is poised to assume a leading role as a tool for monitoring 
the presence of those classes of pesticides or other agents that are ChE inhibitors, 
and their use may assist in determining the effects of such compounds on nontarget 
organisms. Denoyelle et al. (2007) have already provided evidence for what is 
 possible in using such methods, by assessing the effects in apple orchards of certain 
pesticides on earthworms (Allolobophora chlorotica).

The prospective overall importance of ChEs to modern ecotoxicity assessment 
is high, particularly acetylcholinesterase (AChE). AChE acts to terminate the ner-
vous impulse at the synaptic cleft and is directly involved in the intoxications 
caused both by the OP and CB pesticides. The toxic effect elicited by both types of 
pesticides has assured this biomarker a leading role in future environmental 
 analyses. Although the OP pesticides may be hazardous, they are still extensively 
used in agriculture, and they exhibit certain favorable characteristics; in addition to 
successfully controlling many economic pests, and the OPs have low environmental 
persistence (when compared with organochlorine insecticides), low bioaccumula-
tion (Sánchez-Hernandez 2001). These are the main reasons that justify their wide 
and continuing use, despite the fact that they also have high, nonspecific acute 
toxicity that can lead to frequent intoxication of nontarget organisms.

ChEs are extremely complex; namely, they display differential forms, expression, 
biologic functions, location, and catalytic activity. In addition to their involvement in 
neurodegenerative disorders, ChEs have other biologic functions (Small et al. 1996). 
These authors enumerated some of the functions that may be attributed to ChEs, includ-
ing regulation of neurite growth, cell proliferation, tumorigenic processes, cell adhesion 
molecules, and megakaryocytopoiesis. Mammalian brain AChE (an enzyme that is 
released by presynaptic neurons during the neuronal communication process), for 
example, is mainly an enzyme located in postsynaptic neurons, is anchored to the cel-
lular membrane by a single glycosylated protein, and is specialized in the hydrolysis of 
the neurotransmitter acetylcholine (Boschetti and Brodbeck 1996). AChE is of funda-
mental importance in terminating the nervous impulse; consequently, the regulation of 
its synthesis depends on, through a mechanism of feedback, the activation of nerve cells 
by propagation of an action potential. Schweitzer (1993) showed that AChE, which is 
mainly located in the postsynaptic cell, is constitutively expressed when nerve cells are 
resting; however, activation (by depolarization) of these cells leads to the release of 
AChE molecules to the extracellular space. Furthermore, this author found that the 
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secretion and release of AChE from nerve cells could be of two types: (1) a constitutive, 
and (2) a regulated pathway that can be activated following neuronal activity. These two 
pathways differ not only in the amount of AChE released but also in the preferential 
(asymmetric and globular) forms that are released. The expression of human AChE is 
controlled via a number of distinct pathways, one involving cAMP (Wan et al. 2000; 
Tsim 1998), which can be regulated by a calcitonine gene-related peptide (Tsim 1998).

The physiological role attributed to AChE is not limited only to the regulation 
of neurotransmission. The involvement of nerve growth factor in the synthesis of 
AChE was first demonstrated by Greene and Rukenstein (1981), indicating that the 
activity of this enzyme could also affect the neuronal differentiation processes. 
More recently, other research has produced evidence of this association. The role 
of AChE in neurodifferentiation was shown by Deschênes-Furry et al. (2003) and 
Choi et al. (1998). Yang et al. (2002) demonstrated the potential activity of AChE 
at the onset of apoptosis in nerve cells, with its potential implication in the neuro-
degenerative pathophysiology of certain diseases, such as Alzheimer’s Disease. 
The increased AChE activity observed in neurodegeneration (a characteristic of 
Alzheimer’s disease) is associated with the presence of high concentrations of reac-
tive oxygen and nitrogen species (ROS and RNS, respectively). These results were 
published by Melo et al. (2003), whose work established a direct linkage between 
oxidative stress and the enzymatic activity of AChE of the human brain.

Butyrylcholinesterase (BChE), the other ChE present in the majority of verte-
brates, is found mainly in the plasma and has an unclear function (Jbilo et al. 1994). 
However, BChE is thought to be involved in regulation of cell proliferation and the 
early stages of neuronal differentiation (Mack and Robitzki 2000). In addition to its 
presence in body fluids, BChE can exist in hematopoietic cells, liver, lung, heart, at 
cholinergic synapses, in the central nervous system, in tumors and in developing 
embryonic tissues (Mack and Robitzki 2000).

The use of ChE inhibition has thus become increasingly common among the 
batteries of biomarkers used in ecotoxicological assessment. Its use is favored 
because of several attributes, such as sensitivity to a large number of significant 
environmental contaminants, low cost, easy performance of quantification assays, 
adaptability to a vast number of species from distinct ecosystems, good reproduc-
ibility, and biological/ecological relevance. This latter factor is, indeed, of major 
importance. Padilla (1995) showed that the assessment of ChE in body fluids of 
organisms exposed to OP compounds correlated well with levels of ChE inhibition 
in target organs (namely, the central nervous system), and was closely accompanied 
by clinical symptoms and behavioral modifications. However, the time course of 
the intoxication must be assessed frequently, when ChE is employed as a bio-
marker. The possibility of establishing a direct relationship between ChE inhibi-
tion, and the behavioral/biochemical/physiological changes that occur in exposed 
organisms, is an important factor to consider in environmental analysis. The reason 
is that altered behavior may have severe population implications that result from 
potential impairment of reproduction, migration, and predator avoidance.

Inhibition of cholinesterasic activity is also relevant ecologically, because mortality 
of exposed organisms is a potential outcome. Fulton and Key (2001) highlighted the 
fact that cholinesterasic inhibition was closely accompanied by a rise in mortality; 
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much research demonstrates that the survival of aquatic organisms is impaired when 
inhibition from anti-cholinesterase compound exposure approached 70%. The poten-
tial impact of anticholinesterasic agents on animal behavior was shown by Chebbi and 
David (2009), following exposure of Cyprinus carpio to quinalphos. These authors 
observed that subsequent to a significant reduction of AChE activity, a major modifi-
cation occurred in the swimming pattern of the mentioned fish species, such as erratic, 
darting, and burst-swimming. Pronounced impairment of behavior may constitute an 
adverse outcome that has evident ecological repercussions. Similarly, data obtained 
by Sandahl et al. (2005), after they exposed Coho salmon (Oncorhynchus kisutch) to 
chlorpyrifos, showed that a good correlation was obtained by plotting AChE inhibi-
tion against spontaneous swimming and feeding behaviors. Furthermore, this team 
found a remarkable result: ecologically relevant concentrations of chlorpyrifos could 
cause significant AChE inhibition and, simultaneously, cause clearly evident behav-
ioral changes. The behavioral changes that result from AChE inhibition are not always 
obvious (Bain et al. 2004). These authors indicate that the anticholinesterasic effects 
caused by fenitrothion on the lizard species Pogona vitticeps were not followed by any 
significant modification in prey-capture ability.

The effects that occur concurrently with ChE inhibition may be important at the 
population level (Duquesne 2006). This author showed that after exposure of the 
crustacean Daphnia magna to paraoxon-methyl, a transient phase occurred during 
which ChE inhibition was noticeable, and simultaneously, several individual life 
traits were affected. These traits included survival, reduction in reproductive perfor-
mance, and a decrease in body size. These population effects were a direct conse-
quence of the toxic effects, and resulted from a reduced rate of population growth.

The neurotoxicity of xenobiotics may also produce effects at the cellular level. After 
exposure, unicellular organisms may display altered cell morphology and functionality, 
with consequences at the population level (lower number of cells). Falugi et al. (2002) 
showed that exposure of the protozoan species to basudin, a neurotoxicant, could result 
in cholinesterasic inhibition, followed closely by effects such as altered cell morphol-
ogy, lower cell density, and impairment in the formation of aggregates.

The aim of the present review article is to address practical issues associated 
with the use of cholinesterase inhibition as a tool to determine the effects that 
anthropogenic contaminants have on nontarget wild species. In this article, we will 
also address the following points vis-a-vis ChEs: the need for previous character-
ization of cholinesterasic forms, the validity of use for field vs. laboratory quantifi-
cation, main drawbacks as a biomarker, the future potential for use, and relevance 
for use with several classes of contaminants.

2  Types of Cholinesterases

The nature of the ChEs that exist in vertebrates and invertebrates are quite differ-
ent. Vertebrates usually possess several distinct molecular forms of the enzyme, 
whereas invertebrates typically exhibit only one form (Massoulié and Bon 1982). 
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Fournier et al. (1988) showed that the native AChE form present in the insect 
Drosophila melanogaster was characterized by noncovalent association of two 
dimeric subunits, resulting from proteolysis of a precursor encoded for by the Ace 
locus. In contrast, Talesa et al. (1997) demonstrated the presence of two acetylcho-
linesterasic forms in the annelid species Spirographis spallanzanii; these differed 
in several characteristics, such as relative amounts present, the way in which they 
anchored to the membrane and pharmacological properties (namely, different 
sensitivities to edrophonium or procainamide). Both are amphiphilic globular 
forms, and the main distinguishing feature between the two enzymes was their 
different manner of attachment to the cellular membrane. Whereas the predomi-
nant form established strong electrostatic interactions with the membrane, the 
other one was anchored through a phosphatidylinositol linkage. Unlike the forms 
reported by Fournier et al. (1988), the acetylcholinesterasic forms found by Talesa 
et al. (1997) were more likely to result from expression of different genes. The 
acetylcholinesterasic forms found in tissues of Octopus vulgaris by Talesa et al. 
(1995a) were more complex. These authors found that AChE from this species 
could be divided into amphiphilic, dimeric, and hydrophilic tetrameric forms that 
share a common pharmacological relationship with heparin. This tendency was 
similar for both forms that existed in O. vulgaris, and pointed to the existence of 
a single gene underlying the expression of AChE.

The ChE forms found in the mollusc species Mytilus edulis, M. galloprovincialis, 
and Corbicula fluminea were investigated by Mora et al. (1999). These authors 
reported that the cholinesterasic forms identified in M. edulis and M. galloprovin-
cialis were almost identical in terms of mass (180 kDa), whereas the form found in 
the other mollusc species, a clam, had a higher mass (240 kDa). However, all forms 
shared a similar membrane anchorage in that they were connected by a glycosyl 
inositol phosphate residue. More recently, representatives of one of these same mus-
sel species (M. galloprovincialis), collected in the Adriatic Sea, was analyzed by 
Talesa et al. (2001), who found three forms of ChE in its tissues. They found two 
hydrophilic, spontaneously soluble forms (accounting for approximately 80% of all 
hydrolytic activity) in the hemolymph that had dimeric and globular tetrameric 
structures. The third form was mainly an amphiphilic globular dimer attached to the 
cellular membrane by a phosphatidylinositol tail insertion. This form promptly 
interacted with detergent (such as Triton X-100 and Brij 96) and was likely to 
undergo self-aggregation.

The existence of highly variable polymorphism of AChE forms in vertebrates was 
illustrated by Rocío Marcos et al. (1998). The authors isolated, identified, and char-
acterized the AChE present in sheep platelets, and showed the presence of several 
forms that could be differentiated according to their relative solubility in low- and 
high-level saline solutions and in detergents. Furthermore, the authors observed that 
the physical–chemical characteristics of the different forms could account for the 
differential solubility: the AChE of sheep platelets could be extremely hydrophilic 
(soluble in aqueous salt solutions) or could be amphiphilic. The amphiphilic, globu-
lar, membrane-bound form is thought to be the initial stage in which AChE is found 
in sheep platelets; however, it can be cleaved as a consequence of the activity of 
endogenous proteases and phospholipases, or by endogenous chemical reduction.
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The cholinesterases present in the medicinal leach, Hirudo medicinalis, were 
also characterized by Talesa et al. (1995b). They found two main types of ChE: a 
low salt-soluble hydrophilic monomer and a detergent-soluble amphiphilic 
 glycolipid-anchored dimer that differed markedly in terms of substrate preference 
and inhibitor efficacy.

3  Characterization of Cholinesterases

Different forms of ChEs can produce distinct types of hydrolytic capacity. Vertebrates 
show two main types of enzymes with cholinesterasic activity: AChE and BChE 
(Massoulié et al. 2008). Both cholinesterasic forms also exist in humans and are 
simultaneously present in the human brain. These two distinct forms are differenti-
ated on genetic, structural, and kinetic bases. Age also affects the relationship 
between AChE and BChE, because their relative content varies with  progressing age 
(Giacobini 2004). Other forms of variability also exist. Different AChE forms may 
result from the alternative splicing of a single gene (Massoulié et al. 2008). Aquatic 
organisms are also likely to produce different cholinesterasic forms, whose existence 
may be manifested through their selective affinity for specific inhibitors and/or sub-
strates (Kozlovskaya et al. 1993).

Because of the inherent variability of ChE morphology and hydrolytic activity, 
one of the mandatory pre-requisites for use of cholinesterase inhibition in environ-
mental analysis is the full characterization of the cholinesterasic form that is present 
in the tissue of the test organism(s) selected for use. If the most prominent form of a 
ChE present is not identified, it is impossible to positively identify the cholinesterasic 
forms for which hydrolytic activity is being assayed. In general, cholinesterase char-
acterization involves using specific inhibitors to establish an inhibition profile of the 
enzymatic form under study; concurrently, it also involves the study of the substrates 
that the enzyme prefers.

ChEs belong to the family of enzymes designated as esterases that retain the 
capability of hydrolyzing carboxylic esters. ChEs can be distinguished from other 
esterases in that they exhibit a preference for hydrolyzing choline esters rather than 
other carboxylic esters; ChEs are generally inhibited by physostigmine (eserine) at 
concentrations in the range of 10−5 M (Nunes et al. 2005; Eto 1984). Eserine can 
also inhibit other esterases (e.g., carboxylesterases) that may be present in the same 
tissue, and this inhibitory effect is dependent on the substrate used in the enzymatic 
determinations (Laguerre et al. 2009), as has been reported in the snail species 
Xeropicta derbentina.

ChEs can be classified according to their preference for specific substrates: AChEs 
have a strong preference for acetylcholine; BChEs prefer butyrylcholine; propionyl-
cholinesterases are better at degrading propionylcholine. Accordingly, numerous 
studies have been conducted to define the most common types of ChEs that occur in 
living organisms. In spite of being present in virtually all organisms, marked differ-
ences in ChEs have been observed in terms of substrate preference and hydrolytic 
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activity. Drawing from the points made above, vertebrates and invertebrates possess 
different types of cholinesterases that must be fully characterized prior to their use as 
tools in environmental assessment.

3.1  Unicellular Organisms

Intermediate hydrolytic characteristics were found in the protozoan Dictyostelium 
discoideum (Falugi et al. 2002). These authors revealed that this protozoan had an 
enzymatic form with cholinesterasic activity, which preferred acetylcholine and 
propionylcholine as substrates, whereas butyrylcholine was not metabolized.

3.2  Earthworms

ChEs of different natures and structures may exhibit different properties, and the 
inhibitory effects of specific ones may differ from species to species. One must keep 
in mind the variability that exists among these enzymes when establishing ecotoxi-
cological assessments, particularly when assessing the toxic effects of pesticides in 
distinct organisms. The first efforts to characterize ChEs were made during the late 
1970s and early 1980s. Andersen et al. (1978) refers to the presence of a cholinest-
erasic form in tissues of Eisenia foetida that showed a marked preference for propio-
nylthiocholine (PSCh) as a substrate; consequently, this enzyme could neither be 
classified as an AChE nor as a BChE. However, this enzyme was inhibited by the 
presence of pesticides (both OPs and CBs), a finding that allowed researchers to 
conclude that it was a B-esterase. Principato et al. (1978) identified a cholinesterasic 
form in Allolobophora caliginosa that was inhibited by eserine, and it showed higher 
catalytic activity when in the presence of the substrate acetylthiocholine (ASCh). 
These findings led to the conclusion that tissues of this species were likely to have a 
predominance of AChE, rather than any other form. However, Principato et al. (1989) 
also characterized the other form as a propionylcholinesterase that could also exist in 
the same species. Stenersen (1980) found that the tissues of the earthworm E. foetida 
were rich in two cholinesterasic forms; the predominant form was a propionylcholin-
esterase, whereas the other form displayed the properties of a nonspecific ChE.

Stenersen et al. (1992) reported that ChEs of three species of earthworms 
(Eisenia fetida, E. veneta, and E. andrei) could be distinguished by their tendency 
to be inhibited by the carbamate pesticide carbaryl. E. andrei and E. fetida had dis-
tinct cholinesterasic forms, and one of these could be completely inhibited by car-
baryl. The remaining forms were extremely resistant to this pesticide, which may be 
accounted for by the lack of responsiveness of these species to carbamate exposure. 
Aamodt et al. (2007) reported the dual role of the ChEs in E. fetida. The authors 
distinguished two cholinesterasic forms, both of which were inhibited by carbaryl. 
However, one of the forms was promptly regenerated, whereas the second had not 
recovered, even after 21 days. Such findings are noteworthy, since toxicological 
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monitoring of anticholinesterasic effects in the wild account for such biological 
variations, which in turn may explain increased survivals of a particular species.

Modern soil ecotoxicologists may also assess pollution through the use of cho-
linesterasic inhibition. When doing so, they must provide a full characterization of 
the cholinesterasic forms present in the test organism that is to serve as the model 
for toxicological interaction. One example was described by Caselli et al. (2006), 
when attempting to characterize the cholinesterasic forms present in the earthworm 
Eisenia andrei. These authors discovered the hydrolytic preference of the ChE 
present was for ASCh and PSCh; simultaneous inhibition of this enzymatic form 
was more effective after exposure to BW284C51, a compound that strongly reduced 
ASCh and PSCh hydrolysis. This chemical, however, only caused a slight  inhibitory 
effect when the substrate used was BSCh. Exposure to tetra(monoisopropyl) 
 pyrophosphortetramide (iso-OMPA) did not elicit any significant inhibitory effect, 
for all tested substrates. These results suggest the presence of an intermediate cho-
linesterasic form that can, to a similar extent, simultaneously hydrolyze ASCh and 
PSCh, without affecting butyrylthiocholine (BSCh). A similar procedure was 
adopted by Rault et al. (2007), for characterizing the ChEs of several species of 
earthworms (namely, Lumbricus terrestris, L. castaneus, Aporrectodea nocturna, 
A. caliginosa, Allolobophora chlorotica, and Aporrectodea rosea). Some observa-
tions were extremely interesting: the enzymatic activities were stable during the 
sampling campaign (12 month), favoring the use of ChE inhibition as an effect 
criterion during all four seasons. All tested species, with the exception of A. chlo-
rotica, had AChE as the predominant form. This is an extremely important finding, 
because the quantification of biomarkers, including cholinesterasic activity, is a 
promising tool in soil ecotoxicity assessment (Scott-Fordsmand and Weeks 2000). 
However, the use of ChE inhibition as an effect criterion, when assessed in earth-
worms, is novel and must be further validated under field conditions (Rodríguez-
Castellanos and Sanchez-Hernandez 2007a). Earthworms respond to 
anticholinesterasic compounds, but their response is somewhat unpredictable; 
issues such as high inter-individual variation must be taken into account and clari-
fied for the successful use of cholinesterasic inhibition with earthworms.

3.3  Crustaceans

Varó et al. (2002) showed that the main cholinesterasic forms present in the crusta-
cean species Artemia salina and A. parthenogenetica were different, despite the 
phylogenetic proximity of the two species. In fact, the cholinesterasic forms present 
in these two invertebrates were classifiable neither as AChEs, nor as BChEs. 
Indeed, these two enzymes retained intermediate characteristics, since their maxi-
mum hydrolytic activity was recorded with PSCh.

Forget et al. (2002) studied the hydrolytic profile of the ChEs found in the estua-
rine copepod species Eurytemora affinis. The authors found that AChE was the 
predominant form among all ChEs, because it preferred ASCh as a substrate. Although 
it degraded PSCh and butyrylthiocholine, the hydrolysis rates were much slower. 
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Furthermore, a distinct profile existed for this enzyme form that exempted it from 
being a pseudocholinesterase (PsChE); it lacked responsiveness toward the inhibitor 
iso-OMPA, but was susceptible to significant inhibition by eserine. Similar results 
were obtained for the marine copepod Tigriopus brevicornis (Forget and Bocquené 
1999). These results underscore the importance of using autochthonous species that 
were previously characterized for cholinesterasic activity in environmental studies 
conducted in marine and estuarine environments. Stefano et al. (2008) indicated that 
the most important cholinesterasic form in gill and muscle tissues of the marine 
scallop Pecten jacobaeus was AChE, and this form shared common characteristics 
with mammalian AChE. The study results showed that the substrate preferred ASCh, 
and that the hydrolytic activity was almost fully inhibited by BW284c51, which is a 
specific AChE inhibitor.

The muscle tissue of the crayfish species Procambarus clarkii was shown to be 
rich in both AChE and BChE (Escartín and Porte 1996) but had higher AChE 
activity.

Key and Fulton (2002) showed that the grass shrimp Palaemonetes pugio, pos-
sessed AChE as the predominant ChE form, demonstrated by a higher preference 
for ASCh as a substrate. Furthermore, AChE activity in this species was inhibited 
by eserine, BW284c51, but not by iso-OMPA, showing that AChE was predomi-
nant over other ChEs.

Frasco et al. (2006) identified the main cholinesterasic form present in the eye 
tissues of the prawn Palaemon serratus as AChE. Similarly, the results obtained by 
Xuereb et al. (2007) showed that the most important ChE in the crustacean 
Gammarus pulex was AChE, because it preferred ASCh as a substrate and was 
inhibited by BW284c51.

3.4  Molluscs

Talesa et al. (2001) characterized the ChEs of M. galloprovincialis. These authors 
found that all forms of ChEs in the tissues of this mussel were likely to prefer ASCh 
as a substrate, and they found one form that did not hydrolyze butyrylthiocholine. 
The ChEs found were barely inhibited by compounds such as eserine and paraoxon, 
and no inhibition was observed for propoxur and diisopropylfluorophosphate. 
However, these ChEs were especially sensitive to BW284c51, which is a specific 
inhibitor of AChEs. This finding points to the intermediate hydrolytic characteris-
tics of these ChEs.

An extreme case has been reported by Valbonesi et al. (2003), who observed no 
cholinesterasic activity for the bivalve species Tapes philippinarum. However, the 
same work showed that AChE was the predominant cholinesterasic form in the tis-
sues of M. galloprovincialis and Ostrea edulis. These results were an important part 
of an effort to define an adequate battery of indicator organisms for use in the 
assessment of agricultural chemical residues (that were rich in anticholinesterasic 
agents) in the area of the Mediterranean. The authors suggested that both bivalves, 
M. galloprovincialis and O. edulis, can be used as suitable test organisms for this 
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purpose; in contrast, T. philippinarum is definitely not an adequate species for such 
biomonitoring of marine contamination by OP or CB pesticides.

AChE was found by Brown et al. (2004) in the gill homogenates of M. edulis. 
Despite being an invertebrate species, M. edulis gill ChE activity was significantly 
inhibited by exposure to the AChE-specific inhibitor compound BW284c51.

3.5  Fish

The concurrent presence of distinct forms of ChEs in the same organisms also 
occurs. Varó et al. (2003) showed that the main cholinesterasic form in the brain 
tissue of the fish Dicentrarchus labrax was AChE, whereas muscle tissue simulta-
neously possessed AChE and BChE. Similar results were obtained by Solé et al. 
(2008), when assessing the esterasic activity of muscle tissue from the marine fish 
Lipophrys pholis. The authors concluded that the predominant cholinesterasic form 
present was AChE. A comparable conclusion was obtained by Rodríguez-Fuentes 
and Gold-Bouchot (2004) for the most predominant ChE form present in brain of 
the freshwater fish tilapia (Oreochromus niloticus). AChE was more abundant in 
nervous tissue, while atypical forms were more evident in liver and muscle 
tissues.

Similarly, the study conducted by Arufe et al. (2007) showed that the predomi-
nant cholinesterasic form in the gilthead seabream (Sparus aurata) larvae was 
AChE. The authors determined the substrate preference of whole-body cholinest-
erasic activity of yolk sac seabream larvae and observed a noticeable preference for 
AChE, followed by propyonylthiocholine, and finally BChE. Additionally, the 
enzymatic activity of homogenized tissues was almost fully inhibited by BW284c51, 
indicating the presence of AChE. Jung et al. (2007) also discovered that a consider-
able portion of the cholinesterasic activity in the muscle tissue of the sole species 
Limanda yokohamae was attributed to BChE. However, the most important form 
identified in the nervous tissue was AChE.

Sturm et al. (1999a) reported the presence of AChE as the dominant cholinest-
erasic form in brain tissue of several marine fish species, such as L. limanda, 
Platichthys flesus, and Serranus cabrilla. This was an indisputable finding because 
AChE is predominant among all cholinesterasic forms that exist in vertebrate spe-
cies; however, muscle tissue is somewhat different, in that the simultaneous pres-
ence of butyryl- and acetylcholinesterase was observed. One of the major findings 
described in this paper for this tissue was the responsiveness of the characterized 
butyrylcholinesterase. This enzymatic form was much more sensitive toward OP 
pesticides than was AChE; this observation may be important in future marine risk 
assessment.

Sturm et al. (1999b) characterized the cholinesterasic forms present in the tis-
sues of the freshwater fish species Gasterosteus aculeatus. They observed that this 
enzyme form’s capacity to hydrolyze ASCh, and its near complete inhibition by 
eserine, indicated that this fish had a ChE in its muscle tissue. However, this 
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 cholinesterasic form was intermediate in terms of substrate preference, since it could 
degrade both ASCh and BSCh. The authors postulated that G. aculeatus muscle 
ChE was an atypical PsChE that had intermediate sensitivity to the inhibitory com-
pound BW284C51 (complete inhibitor of AChE in mammals).

Garcia et al. (2000) reported similar results when studying the ChE content of 
the freshwater fish species Poecilia reticulata. These authors found that the main 
cholinesterasic form present in head tissue of the mentioned species was AChE. In 
agreement with these results, Nunes et al. (2005) found that the most active cholin-
esterasic form that existed in nervous tissue of Gambusia holbrooki was AChE.

The characterization of the predominant ChE forms present in tissues of 
Pomatoschistus microps was performed by Monteiro et al. (2005). They reported 
that the ChEs present in the homogenized tissues from the head of the organism had 
a clear preference for ASCh as a substrate and the reaction was inhibited by 
BW284C51. The results obtained in the entire head homogenate with iso-OMPA 
(a common BChE inhibitor) showed that a significant inhibitory effect was possi-
ble. These two results are consistent with the possibility that an atypical form of 
ChE exists and seemed to indicate that there was an intermediate behavior of the 
ChE present in P. microps tissues.

ChEs may be present in tissues other than that of the nervous system and muscles. 
Wogram et al. (2001) showed that the responsiveness of the butyrylcholinesterase 
found in tissues (liver and axial muscle) of the freshwater fish species three-spined 
stickleback (G. aculeatus) was clearly higher than was AChE, following exposure to 
parathion. The importance of the significant inhibition of BChE in liver tissue is 
high: parathion requires a previous metabolic activation (with consequent formation 
of paraoxon, the active metabolite), namely, through cytochrome P450 oxidative 
activity to exert its anticholinesterasic activity. Because liver tissue is rich in cyto-
chrome P450, it is natural that the hepatic BChE form becomes immediately inhib-
ited after parathion metabolism. In general terms, hepatic BChE was 1,000-fold 
more sensitive than was AChE. This finding is important in terms of use of this spe-
cies in environmental assessment, since extremely short periods of exposure can be 
better assessed by the quantification of BChE, rather than AChE activity.

The assessment of the anthropogenic impact on reef ecosystems was also the 
main concern that drove Leticia and Gerardo (2008) to characterize the ChEs of the 
fish species Haemulon plumieri. These authors reported higher enzymatic activi-
ties, specifically measured as AChE, in brain and liver tissues.

3.6  Reptiles

Bain et al. (2004) characterized the plasma cholinesterasic forms that existed in the 
lizard species P. vitticeps. The authors observed that the predominant form present 
was butyrylcholinesterase. A similar result was obtained by Sanchez-Hernandez and 
Sanchez (2002) in plasma of the reptile species Gallotia galloti. Despite the presence 
of butyrylcholinesterase in serum, a residual amount of AChE was also  present. 



40 B. Nunes

The total amount of detected serum BChE constituted 74% of total cholinesterasic 
activity (Sanchez-Hernandez 2003). However, in this same study it was also shown 
that brain ChEs were exclusively composed of AChE.

An extensive study was conducted by Schmidt (2003) to characterize the ChE 
activity of reptiles, which included several species such as the spotted turtle 
(Clemmys guttata), river cooter (Pseudemys concinna), logerhead sea turtle (Caretta 
caretta), Texas hornet lizard (Phrynosoma cornutum), desert hornet lizard (P. 
platyrhinos), round-tailed hornet lizard (P. modestum), eastern cottonmouth rattle-
snake (Agkistrodon piscivorus), western diamondback rattlesnake (Crotalus atrox), 
American alligator (Alligator mississippiensis), and Morelet’s crocodile (Crocodylus 
moreletii). For all tested species, brain ChE was predominantly composed of AChE, 
while plasma was particularly rich in butyrylcholinesterase.

4  Usefulness of Cholinesterase Inhibition in Environmental 
Monitoring

4.1  Classic Use for Assessing the Environmental Effects  
of Anticholinesterasic Agents

The classic role attributed to AChE inhibition in environmental analysis has been 
related to the assessment of effects caused by exposure to the OP and CB pesticides. 
These classes of compounds share a common mechanism of toxicity, i.e., both 
classes exert their toxic action directly on the active catalytic site of AChE, thus 
preventing the in vivo physiological hydrolysis of the neurotransmitter acetylcho-
line that is needed to terminate the nerve impulse. Some OPs are initially inactive 
and require in vivo metabolic activation; such activation may dramatically increase 
toxicity, as observed by Jokanovic (2001). OPs are thus considered to be irrevers-
ible AChE inhibitors, requiring a full de novo synthesis of the inhibited enzyme, 
whereas CBs may be hydrolyzed and consequently removed from the active bind-
ing site (Zinkl et al. 1991). The most prominent consequences of exposure to these 
agents are neurotransmission/neuromuscular impairment. These agents are widely 
employed to control the unwanted presence of insect pests, and both classes of 
pesticides are characterized by their propensity to exert deleterious effects on non-
target species. The effects they induce have been extensively analyzed by quantify-
ing the actions of AChE in exposed organisms. Such effects (enzymatic inhibition) 
explain the significance of the classic role attributed to AChE inhibition as an effect 
criterion in Ecotoxicology. The need to define a sensitive marker for anticholinest-
erasic agents led Magnotti et al. (1994) to study the ChE activity of 28 fish species. 
Such ChE activity in fish may act as a sentinel for the presence of OP compounds 
in environmental assessment studies. This research team found that, among all 
tested species, sea bass and flatfish possessed the highest levels of ChEs, and these 
two species are thus construed to represent prime candidates for environmental 
assessment of neurotoxic compounds. In this study, the authors proposed the use of the 



41The Use of Cholinesterases in Ecotoxicology

two mentioned fish species as sentinels to monitor for the presence of anthropogenic 
agents, such as OP pesticides, hypochlorite-activated organothiophosphates and CB 
pesticides. Based on the high responsiveness of ChEs from these species, the pres-
ence of such compounds can be identified and monitored.

An extensive survey was performed by Chuiko (2000) on the effects of dimethyl 
2,2-dichlorovinyl phosphate (DDVP) on ChEs in 11 fish species, (C. carpio, Abramis 
brama, A. ballerus, Blicca bjoerkna, Rutilus rutilus, Alburnus alburnus, Leuciscus 
idus, Perca fluviatilis, Stizostedion lucioperca, Esox lucius, and Coregonus albula). 
The results of this study indicated that the inhibitory effects caused by DDVP on 
AChE and BChE activities in brain and serum were rapidly manifested in these spe-
cies, and brain and serum AChE was promptly inhibited by the insecticide in a man-
ner similar to that already observed for mammals. However, serum BChE was 
extremely sensitive to DDVP and was more sensitive than were mammalian ChEs.

ChE inhibition has been a widely applied endpoint to assess exposure of OP and 
related compounds. In addition to the utility of this biomarker in ecotoxicity, human 
toxicology investigators have quantified red blood cell ChE inhibition to diagnose 
OP exposure in humans. MacGregor et al. (2005) showed that human sensitivity to 
the insecticide dichlorvos was similar to that of other test organisms, such as 
rodents, primates, and dogs. This is important, because it shows that the physiologic 
role attributed to ChEs is well preserved among vertebrates and is an accurate and 
reliable marker of neurotoxicity.

Comparing the sensitivity of anticholinesterasic compounds in invertebrates has 
been a topic of interest to Sánchez-Hernandez (2007). In his review, several inver-
tebrate organisms were defined as possessing high levels of carboxylesterases 
(CbE), and the sensitivity of these enzymes to OP pesticides is much higher than 
that of the AChE present in the central nervous system. Therefore, the levels of CbE 
must be considered when characterizing the toxic response of such organisms to OP 
pesticides. Therefore, quantifying CbE, rather than AChE inhibition, after OP pes-
ticide exposure (Sánchez-Hernandez 2007) may be equally or more useful.

There are numerous research articles in the field of Ecotoxicology that address 
the use of AChE as a biomarker. Sancho et al. (2000) exposed eels (Anguilla 
anguilla) to the CB thiobencarb, and monitored the AChE activity in the eyes of this 
organism for a period of 1 week after exposure. The authors concluded that AChE 
inhibition could function as a sensitive and satisfactory biomarker for verifying the 
exposure of this organism to the tested carbamate. Moreover, the ocular tissues 
showed that sensory organs are also prone to the inhibitory effects of carbamates.

Varó et al. (2002) showed that AChE inhibition occurred after exposure of two 
 species of Artemia (namely A. salina and A. parthenogenetica) to the insecticides 
chlorpyrifos and dichlorvos. However, AChE inhibition in both of these crustaceans 
was not indicative of major toxicological implications AChE activity inhibition was not 
directly correlated with mortality, since death of exposed organisms only occurred at 
inhibitions exceeding ~80% of the initial enzymatic activity. These results indicate that 
this enzyme is extremely sensitive as a potential biomarker for pesticides exposure.

The use of OP and CB pesticides in common agricultural processes may have 
direct consequences on non-target species (Ferrari et al. 2007). These authors stud-
ied the inhibitory effects of the OP insecticide azinphos-methyl (AzMe) and the CB 
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pesticide carbaryl on juveniles of rainbow trout. They concluded that normal 
 patterns of use of both compounds can exert significant real effects on cholinestera-
sic forms of both head and muscle tissues in fish.

The effects of chlorpyrifos and carbaryl on AChE of hybrid catfish (Clarias mac-
rocephalus × C. gariepinus) were studied by Somnuek et al. (2007). In this work, test 
organisms having different body sizes were exposed to sublethal concentrations of 
the test compounds for a period of 4 days. The endpoint was AChE inhibition and 
was measured in several tissues: brain, liver, muscle, and gills. The authors observed 
a marked inhibition of enzyme activity in all tissues. Nevertheless and not surpris-
ingly, AChE inhibition was more prominent in brain tissues. The animals were 
subjected to a recovery period that was too short to permit a total recovery of the 
inhibitory effects. These results indicate that deleterious effects caused on non-target 
species may persist for long periods and may be permanent.

Marine environments are also prone to toxic damage by anti-cholinesterasic 
agents. Accordingly, Brown et al. (2004) showed that the main cholinesterasic form 
present in M. edulis gill homogenates was responsive to the insecticide azamethip-
hos (calculated IC

50
 of 100 mM). However, when M. edulis was used as a sentinel 

species in marine environmental assessment, the AChE present in its tissues was 
less susceptible to significant inhibition and was less responsive than in other marine 
species. The AChE present in eye tissues of P. serratus exhibited extreme sensitivity 
toward OP and CB pesticide exposure (Frasco et al. 2006). The authors tested expo-
sure to the CB carbofuran and the OP chlorpyrifos-oxon, and concluded that this 
crustacean could be useful for assessing pesticide contamination in saltwater.

The issue of sensitivity of ChEs was also assessed by Jung et al. (2007). They 
performed a study to quantify the inhibitory effect caused by the insecticide iproben-
fos on both acetyl- and butyryl-cholinesterase of L. yokohamae. The study results 
showed that sensitivity may not only relate to the type of ChE involved in the toxic 
response, but may also derive from a tissue-specific trend. Despite being extremely 
sensitive when present in muscle tissue of the test organisms, AChE from the nervous 
system was rather insensitive to the inhibitory effects caused by iprobenfos. Muscle 
butyrylcholinesterase activity was also sensitive to inhibition by the tested insecti-
cide. These findings suggest that the selection of the most appropriate tissue is man-
datory when assessing environmental effects caused by specific pesticidal agents.

The discussion concerning the sensitivity of cholinesterasic forms to be used in 
quantifying deleterious biological effects was also addressed by Rodríguez-Fuentes 
et al. (2008). In their study, these authors refer to the presence of atypical cholin-
esterasic forms in two species of marine fish, namely Pleuronectes vetulus and 
Pleuronichthys verticalis. The authors discovered that P. vetulus had a predomi-
nance of AChE over BChE in muscle tissue, and that the total length of the fish was 
a critical experimental variable, in that total cholinesterasic activity was negatively 
correlated with total body length. Furthermore, no significant effects resulted from 
gender differences or sampling sites. This later observation is extremely important, 
because, in this study, two quite different priority sampling sites were defined: (1) 
a sampling site near the wastewater release point coming from a sewage treatment plant 
and (2) an off-coast location, far from any apparent human influence. The situation 
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with P. verticalis was different, because the majority of the cholinesterasic activity 
in muscle derived from the presence of butyrylcholinesterase. Furthermore, the 
sensitivity of ChE to pesticide inhibition was higher in males than was the  sensitivity 
registered for females.

ChEs found in M. galloprovincialis, M. edulis, and C. fluminea exhibited a  similar 
pharmacological behavior, which was characterized as extremely refractory to OP 
compound exposure (Mora et al. 1999). This finding was significant, because the 
authors suggested that this species only be used when particularly heavy contamina-
tion of OP pesticides existed, rather than being employed in low-level  contaminant 
(chronic) surveys. A different result was obtained by Dauberschmidt et al. (1997) 
after exposing zebra mussel (Dreissena polymorpha) to anti-cholinesterasic agents, 
such as thiometon, disulfoton, and demeton-S-methyl. Despite having identified the 
presence of ChEs by radiolabeling of the serine residue in the active site, the authors 
observed an absolute lack of response of ChE to the tested compounds. Furthermore, 
the calculated ChE activity was extremely low when compared with cholinesterasic 
activities already reported for other mollusc species. The range of tested concentra-
tions did not elicit any significant effect in terms of cholinesterasic inhibition, even 
after the death of exposed organisms. These observations allow one to conclude that 
interspecific differences must always be taken into account, since similar organisms 
may retain large differences in the nature and levels of enzymes present.

The effectiveness of OP compounds as anticholinesterasic agents was also 
assessed in reptiles. Sánchez-Hernandez and Walker (2000) observed the inhibitory 
effects of the insecticides trichlorphon and parathion on serum and brain ChEs of 
the lizard G. galloti. Besides evaluating the potential inhibitory effects by these OP 
compounds, the authors also observed that the lizards were less sensitive than were 
certain other organisms (such as birds or mammals) to the inhibitory effects of the 
OPs. This same species was again used by Sanchez-Hernandez (2003) to assess the 
potential impact of agrochemicals on serum BChE activity. The inhibition levels of 
BChE in animals collected from highly impacted agricultural landscapes were 
studied in comparison with the results from organisms collected at pesticide-free 
sampling sites. Results were that the quantification of serum cholinesterase (BChE) 
in G. galloti was a reliable tool to assess the contamination by anticholinesterasic 
compounds under field conditions. Similarly, Bain et al. (2004) tested the anticho-
linesterasic effects of fenitrothion on the Australian lizard species P. vitticeps. This 
organism was responsive, in terms of ChE inhibition, to the presence of the insec-
ticide. Other than a significant and dose-dependent ChE inhibition, no other evident 
symptoms (e.g., changes in diurnal body temperature or alterations in standard 
metabolic rate) were correlated with exposure to this insecticide.

Effects on ChEs, following accidental exposures of non-target organisms in the 
wild, may not always be transient. Even if the effects derived from that exposure do 
not culminate in death, medium to long-term effects are likely to occur and are 
often not benign. This was shown by Sancho et al. (1998), in a study in which 
Europeans eels (A. anguilla) were acutely exposed to the insecticide fenitrothion. 
After exposure, a batch of organisms immediately analyzed for plasma AChE activ-
ity showed a marked inhibition. A second batch of exposed animals was allowed to 
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recover; however, recovery was only permitted for a limited period (1 week), after 
which quantification disclosed AChE activity to be lower than for non-exposed 
organisms. These results provided evidence that physiological impairment may 
derive from exposure to anthropogenic chemicals and may be sustained for long 
periods. These authors suggested that the type of inhibition they observed was not 
transient, and that a de novo synthesis of the impaired enzyme is required for 
 re-establishing normal levels of activity.

Serum BChE and CbE inhibition were used as effect criteria in a field survey 
conducted by Sanchez et al. (1997). The authors quantified the levels of these 
enzymes in plasma of the reptile species G. galloti. According to the results 
obtained, these enzymes could be effectively used as biomarkers to assess pesti-
cidal contamination in reptiles. The authors of this study described the significant 
inhibitory effects caused by parathion on serum BChE and CbE, for a period of 
23 days after the initial spraying and exposure. Consequently, the authors sustained 
the view that these markers can serve as long-term indicators of chemical contami-
nation if assessed in the serum of the mentioned lizard species.

AChE inhibition was also the criterion adopted by Gao and Zhu (2002), when 
studying the resistance to OP pesticides exhibited by the insect species Schizaphis 
graminum. The authors concluded that the efficacy of the insecticides (or their 
active metabolites) chlorpyrifos oxon, paraoxon, methyl paraoxon, malaoxon, 
demeton-S-methyl, and omethoate was similar in all organisms, but the ones that 
showed higher resistance had higher levels of AChE. In fact, the authors concluded, 
resistance came from the increased expression of a ChE gene.

Rahman et al. (2000) showed that OP compounds are unlikely to exert a simple 
inhibitory effect on the ChEs of exposed organisms. The novel phosphorothionate 
(2-butenoic acid)-3-(diethoxy phosphinothioyl)-methyl ester was shown to be effective 
on the AChE activity of rodents but could also affect the activity of several ATPases of 
the exposed animals. In addition, the authors obtained interesting data that pointed to 
a gender-selective toxicity (larger susceptibility of females) and a greater sensitivity of 
cholinesterasic forms to the tested compound. Inhibitory profiles of the effects on dif-
ferent enzymes were created by the authors, but it was clear that recovery of enzymatic 
activities had not occurred after a period of 28 days. These findings underline the 
importance of ChEs as putative markers for intoxication by OP compounds.

Hai et al. (1997) showed that the freshwater fish species C. carpio was sensitive 
to the inhibitory effects of the insecticide dichlorvos, with substantial AChE inhibi-
tion occurring following exposure. However, this compound not only elicited the 
common and expected effects related to AChE inhibition but also caused major 
redox impairment, such as effects on superoxide dismutase, catalase, and lipid 
peroxidation. It was interesting to note that it was possible to establish a relation-
ship between the two endpoints (neurotoxicity vs. oxidative stress). From these 
results, it is possible to observe that anthropogenic compounds may exert deleteri-
ous effects on biota by various pathways. It is absolutely mandatory to establish 
comprehensive batteries of biomarkers to fully understand the array of toxic 
responses that may occur in the wild. Risk assessment studies, based on biomarkers 
(such as quantification of cholinesterasic activity), may be influenced in unpredict-
able ways by various confounding factors in the real world.
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The use of ChE inhibition as an effect criterion was proposed by Sturm et al. 
(1999b) for assessing the presence of anti-cholinesterasic agents in streams. This 
research team selected muscle tissue of the freshwater fish species G. aculeatus to 
assess the combined effects of OP pesticide residues present in the area streams. 
Their results showed that it was possible to successfully use this biomarker to 
 monitor freshwater environments that are potentially contaminated by OP  compounds. 
The authors reported that the ChE activities measured at several sampling sites varied 
during the year according to a gradient that corresponded to amounts of organophos-
phates present. It was concluded that ChE inhibition is a sensitive tool for environ-
mental analysis. The use of fish in biomonitoring programs requires knowledge of 
the effect of environmental variables on the studied response. For example, cholin-
esterasic activity in sensitive fish may vary with fluctuations in salinity (Wang et al. 
2001). The authors also showed that the neurotoxicity of the CB insecticide aldicarb 
(evaluated in terms of ChE inhibition) was enhanced in rainbow trout (O. mykiss) but 
not in hybrid striped bass (Morone saxatilis × chrysops). This finding is important, 
because during the selection of test organisms for use in biomonitoring, some species 
possess distinct sensitivities to OPs, and these sensitivities may be affected by the 
abiotic conditions that exist during toxicant exposure.

The use of living organisms as sentinels of chemical contamination can also be 
confounded by intrinsic biologic characteristics, such as the age of the test individuals. 
To study the effects of age on the toxicity of anthropogenic contaminants, Sánchez-
Fortún and Barahona (2001) exposed groups of Artemia salina of different ages to 
the insecticide carbophenothion (ChE inhibitor). Increasing age was responsible for 
enhanced toxicity. Furthermore, the protective role that a specified compound (e.g., 
ChE-reactivating oxime 2-pyridine aldoxime methochloride; 2-PAM) exerted on 
carbophenothion toxicity was addressed in the same study. The results showed that 
by enhancing the regeneration rate of ChEs, 2-PAM significantly reduced the toxicity 
of this pesticide. The protection offered by compounds such as 2-PAM can also be 
used as an indirect biomarker of exposure to anticholinesterasic agents. McInnes 
et al. (1996) observed that wild birds captured in the vicinity of agricultural fields in 
which the OP insecticide chlorpyrifos was used had lower levels of ChE, AChE, and 
BChE, when compared with animals from non-contaminated areas. Furthermore, the 
tested wildfowl required higher amounts of 2-PAM to reactivate AChE activity, 
which had an unequivocal sign that the birds suffered OP poisoning. A similar study 
was conducted by Parsons et al. (1999) to assess the presence of anticholinesterasic 
pesticide residues that could affect bird colonies located mainly in northeast US estu-
aries. Evaluation of anticholinesterasic effects was again performed through the use 
of the reactivating oxime, 2-PAM, which gave positive results of the sort mentioned 
before: birds from agricultural areas were more likely to suffer symptoms of OP 
poisoning and to require 2-PAM for regenerating serum ChE levels.

Total AChE inhibition and reactivation were the toxicological parameters 
selected by Maul and Farris (2005) to show the potential impact of anticholinest-
erasic agrochemicals on Cardinalis cardinalis. The authors found that, despite large 
fluctuations among the groups of tested individuals, the majority of birds captured 
in OP-use areas had total ChE activities below the diagnostic threshold. Moreover, 
reactivation rates were also higher, indicating the usefulness of this parameter as an 
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indicator of OP or CB use. Birds were also the subject of a study undertaken by Iko 
et al. (2003). These researchers hypothesized that the population decline observed 
for the mountain plover (Charadrius montanus) was possibly associated with a 
toxic effect caused by agricultural use of OPs. To verify this hypothesis, the work 
team assessed the serum levels of ChE and found no recent contamination by OPs, 
as measured by ChE depression; furthermore, potential contamination of wild birds 
was not confirmed, since no significant differences were observed from animals 
that came from different areas.

The reactivation of plasma BChE by 2-PAM in G. galloti was the best criterion 
to diagnose exposure to OP and CB pesticides, as shown by Sánchez-Hernández 
et al. (2004). These authors monitored several populations of this species that 
existed in specific geographical locations. The organisms captured near agricultural 
fields had lower serum BChE activities and required higher amounts of 2-PAM.

The Antarctic Ocean is considered to be one of the last pristine environments, 
and the need to assess anthropogenic pollutant effects of species in it were under-
taken by Stefano et al. (2008). They studied the inhibitory effects caused by the 
pesticides azamethiphos and diisopropylfluorophosphate on the ChEs of P. jaco-
baeus. These authors found that azamethiphos was highly effective in inhibiting 
cholinesterasic activity, but diisopropylfluorophosphate did not have this effect.

Arufe et al. (2007) studied the effects of azinphosmethyl on the mortality in 
relation to AChE in S. aurata larvae. The study results demonstrated that this insec-
ticide could exert lethal effects in exposed larvae, and the effects were accompanied 
by a significant AChE inhibition. The relevance of the results obtained by Xuereb 
et al. (2007) was discussed after they assessed the effects of the OP insecticide 
chlorpyrifos on ChEs of G. pulex. They concluded that the mortality of individuals 
of this crustacean species occurred at AChE inhibitions of approximately 50% of 
the initial activity. This means that lethal results can be produced at ecologically 
relevant concentrations of chlorpyrifos.

The toxic effects of commercial formulations (mixtures), rather than only the 
 technical compounds are important in environmental toxicology. Gambi et al. 
(2007) showed the differences between the pesticide carbaryl and its commercial 
formulation on the enzyme kinetics of the earthworm Eisenia andrei. The effects of 
the single compounds and formulated pesticides were somewhat similar in inhibit-
ing AChE. However, when the inhibition was time- and dose-correlated, differences 
existed in the way the exposure occurred. Notwithstanding, the authors emphasized 
the importance of AChE inhibition as an effect criterion for pesticide exposure in 
earthworms. Earthworms are often the unintended targets of pesticides, and when 
they interact it often culminates in lethal effects. To evaluate the impact of pesti-
cides on earthworms, Panda and Sahu (2004) quantified the extent of AChE inhibi-
tion that occurred in tissues of the oligochaete Drawida willsi, after exposure to 
three common insecticides (butachlor, malathion, and carbofuran). These authors 
observed a significant decrease of AChE activity after exposure to the last two 
compounds, and this effect persisted for periods ranging from 45 to 75 days. This 
result indicates the potential deleterious effect that may be derived from pesticide 
use, even when the use is at levels that give ecologically relevant dosages.
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The environmental toxicity of OP pesticides is not limited to immediate or acute 
effects, as illustrated in a study of the interaction of OPs and ChEs to assess the eco-
toxicological impact of pesticides in earthworms (E. fetida and L. terrestris) 
(Rodríguez-Castellano and Sanchez-Hernandez 2007b). These authors observed the 
phenomenon of ChE “aging,” which depends upon the release of an alkyl group from 
the OP–ChE complex, following the inhibition of ChE activity by OPs. This release 
has a direct consequence: the enzyme can no longer be reactivated, neither spontane-
ously, nor by the activity of reactivating chemicals, such as pralidoximes. This 
“aging” of ChEs in earthworms is highly dependent on the chemical structure of the 
OP pesticide tested, and may possibly be reverted through the use of pralidoxime; 
consequently, the amount of the antidote used to reactivate inhibited ChEs in earth-
worms can serve as a contamination index to evaluate OP pesticidal contamination.

Intoxication and inhibition of ChEs by OP compounds is usually followed by a 
period of recovery. The study by Barata et al. (2004) reported such behavior sensi-
tivity and recovery efficacy of AChE and CbE in juveniles of the freshwater crus-
tacean D. magna. In general, CbE was most sensitive to the OPs malathion, and 
chlorpyrifos; however, both enzymes had equal sensitivity to the CB carbofuran. 
Recovery rates were similar for all three tested compounds and for both enzymes, 
since a period of 12–96 h was sufficient to mitigate the inhibitory effects. The envi-
ronmental significance of this research article was subsequently underscored by 
other observations that were clear in showing that exposure to OPs and CBs have 
different consequences. The mortality rates of D. magna juveniles increased after 
OP pesticide inhibition of about 50% of the basal AChE activity; in contrast, car-
bofuran caused a more pronounced response, since mortality was significantly 
increased after a very slight AChE inhibition. It is assumed that these results have 
ecological importance, because they demonstrate that mechanistically similar com-
pounds may have distinctly different outcomes in terms of lethality.

The cholinesterases present in muscle tissue of the crayfish P. clarkii were 
responsive to high concentrations of the insecticide fenitrothion (Escartín and Porte 
1996). Both AChE and BChE were significantly inhibited after exposure to a con-
centration of 20 mg/L. The AChE inhibitory response was dose-dependent; death 
resulted after reaching AChE inhibition rates of between 39 and 42%. The time 
course of the intoxication showed that the enzyme inhibition was long lasting. 
According to the mathematical model that described the recovery kinetics of this 
intoxication, the predicted time of recovery for muscle AChE was 29 days; there-
fore, the mode of action of OPs implies a definitive, irreversible inhibition of the 
affected enzyme, requiring de novo synthesis.

4.2  Use for Diffuse Contamination Sources

Malany et al. (1999) showed that AChE hydrolytic activity was highly dependent 
upon the electrostatic environment in which hydrolysis takes place. The enzyme 
itself shows a strong electrostatic dipole that is believed to be important for its 
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hydrolytic capacity. In most AChE forms, the movement of substrates into the 
 catalytic gorge is favored for cationic molecules, such as acetylcholine (Massoulié 
et al. 2008). It is thus licit to affirm that AChE activity may be theoretically modu-
lated by many ionic interactions with charged substances that may exist in the 
environment, namely those deriving from anthropogenic activities. In fact, several 
studies point to the establishment of an allosteric interaction, not in the active site, 
but in a distinct segment of the protein, that can explain the inhibition observed for 
some agents (Kitz et al. 1970). The use of AChE inhibition for environmental analy-
sis has been traditionally linked to pesticide contamination of the aquatic and ter-
restrial compartments. However, the alleged versatility of AChE inhibition, as an 
effect criterion after exposure to other non-specific classes of contaminants, has led 
researchers to employ this biomarker in broad studies for the assessment of effects 
of diffuse sources of contamination. Kopecka et al. (2004) offers a good example of 
this trend, since these authors suggested that AChE inhibition be used in selected 
species to evaluate the anthropogenic contamination status in the area of the Gulf of 
Gdansk (Baltic Sea, Poland). The authors found that, in general terms, AChE inhibi-
tion (measured in gill tissue of the mussel species Mytilus trossulus, and also in the 
muscle tissue of the fish P. flesus) followed the patterns and gradients of contamina-
tion, mainly resulting from the presence of hydrocarbon runoff (from accidental oil 
spills), port activities, and domestic and industrial sewage discharges.

4.2.1  Metals

Inhibition of ChEs was reported for a significant number of non-OP pesticides; 
compounds such as metals or detergents have been found to significantly inhibit 
in vitro AChE activity in sensitive species, such as P. reticulata (Garcia et al. 2000). 
However, these results seem contradictory with the results published by Romani 
et al. (2003), who showed that chronic exposure of the fish species S. aurata to 
sublethal concentrations of metallic copper could result in an increase of acetylcho-
linesterasic activity, both in muscle and brain tissue.

Despite the above-mentioned studies, the point concerning significant interfer-
ence of metals by AChE (Frasco et al. 2005) suggests that this trend may be an 
artifact. According to Frasco et al. (2005), AChE inhibition by metals may not be 
an actual inhibition and may not derive from interference with the catalytic activity 
of the enzyme. Rather, the inhibition may result from an interference with an 
important particle present in the reactive medium. The most common methodology 
employed for determining AChE activity was developed by Ellman et al. (1961). 
Their method is one in which the enzymatic catalytic activity is responsible for 
cleavage of the artificial substrate ASCh; this leads to the formation of thiocholine, 
which in turn reacts with Ellman’s reagent (5,5¢-dithiobis(2-nitrobenzoic acid; 
DTNB)) to form a colored complex that can be assessed at a wavelength of 412 nm. 
Metals, as observed by the authors, can react with all particles present in the reac-
tion media, reducing the formation of the colored complex, and, thereby, leading to 
the erroneous conclusion that AChE is being inhibited. These observations are only 
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relevant under in vitro conditions, because exposure in living organisms cannot be 
measured the same way. This may explain the results obtained by Cunha et al. 
(2007), when they studied the potential effects of metallic species on ChEs of the 
gastropods Monodonta lineata and Nucella lapillus. These authors observed that 
cadmium increased the ChE activity of N. lapillus, whereas no effects were 
observed on the ChE of M. lineata following in vivo exposure. However, in vitro 
copper exposure decreased the ChE activity of both species, but exposure in vivo 
was incapable of exerting any effects.

Several examples of published studies indicate the lack of in vivo response of 
ChEs to metals. Corsi et al. (2004) showed that the cholinesterasic forms present in 
the scallop Adamussium colbecki were refractory to zinc metal exposure, compro-
mising its use in biomonitoring programs for assessing metal contamination in 
Antarctica. Metallic compounds, such as zinc, copper, and cadmium, were inca-
pable of inducing any sensitive modification in ChE activity from the digestive 
gland of the snail species, Helix aspersa (Dahm et al. 2006). Lead was used to study 
the influence of metals on several parameters in the grasshopper species Aiolopus 
thalassinus (Schmidt and Ibrahim 1994); these authors observed that lead was 
capable of significantly inducing ChE activity in this insect. Stefano et al. (2008) 
reported a high refractory behavior of the ChEs of P. jacobaeus after in vitro expo-
sure to zinc; however, the same enzymes were dose-dependently inhibited by cad-
mium. These apparently contradictory results show that metallic inhibition of ChEs 
is entirely dependent on the chemical species tested.

The discussion on the feasibility of using ChE inhibition to assess metal  toxicity 
is directly connected to the dose needed to exert a deleterious effect. Sánchez-
Hernandez (2001) is quite clear about this point. The concentrations of a metallic 
species needed to cause a significant ChE inhibition in test organisms is incomparably 
higher than the amounts of pesticide needed to cause a similar effect. It is not plau-
sible that such high concentrations will ever, in fact, be commonly attained under 
normal environmentally relevant conditions. Hence, wild organisms are not expected 
to succumb to effects from metal exposure that results from ChE inhibition.

4.2.2  Surfactants, Detergents, and Other Organic Compounds

Guilhermino et al. (2000) reported a significant inhibition of AChE by surfactant 
agents in the crustacean species D. magna. The authors monitored the influence on 
these daphnids of the detergents dodecyl benzyl sulfonate, sodium dodecylsulphate 
(SDS), and a commercial domestic formulation and concluded that all agents were 
capable of inhibiting AChE, following both in vitro and in vivo exposures. However, 
Nunes et al. (2005) observed that the alleged inhibitory effect initially reported may 
derive from the specific physical effect of the detergent activity of such compounds. 
This work showed that after homogenizing the nervous tissue of a test organism, 
detergents (such as SDS) tend to form micelles that dissolve portions of cellular 
membranes. These micelles integrate AChE that is lipid-bound to cellular mem-
branes and prevent the enzyme from interacting with the chemicals used in the 
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Ellman assay. Such micelles can be reverted by modifying the dieletric constant of 
buffered media by adding ethanol. Ethanol destabilizes the micelles and results in 
the release of membrane-bound AChE. By adding ethanol the authors were able to 
reduce the inhibitory effects of SDS. This suggests that the inhibitory effects caused 
by exposure to detergents may be a protocol artifact. Li (2008) showed that inhibi-
tion of ChE of the planarian species Dugesia japonica by detergents or surfactants 
was clearly dependent on the chemical structure of the compound. This author 
found that ChE inhibition was possible after exposure of test organisms to Hyamine 
1622, pentadecafluorooctanoid acid, perfluooctane sulfonate, and four nonylphe-
nol. In contrast, exposure of planarians to Triton X-100 caused a significant increase 
in cholinesterasic activity. From these results, no clear pattern arose, indicating that 
any general conclusion of ChE inhibition by these chemicals is uncertain.

Gonçalves et al. (2010) showed that no effects occurred after acute in vivo expo-
sure of G. holbrooki to two types of detergents: anionic (sodium dodecyl sulfate) 
and cationic (benzalkonium chloride) compounds. Despite the different typology of 
the tested substances, no evidence existed to show AChE impairment. From these 
results, again no clear pattern emerged, which leaves doubt that these ChEs are 
actually inhibited by these chemicals.

The inhibition of AChE by nonspecific agents was referred to by Pham et al. 
(2010), when they were considering the biological and environmental effects 
caused by ionic liquids. These authors published an extensive review about the 
putative effects of ionic liquids, and observed that they could impair a large number 
of physiologic pathways, such as oxidative homeostasis, AMP deaminase, and most 
importantly, AChE inhibition.

Solé et al. (2008) showed the utility of AChE inhibition in marine Ecotoxicology. 
The authors observed a significant inhibition of muscle tissue AChE in the fish 
L. pholis, probably from exposure to neurotoxic compounds present in the marine 
environment that derive from urban and industrial pollution along the Portuguese 
Atlantic coast. Klumpp et al. (2007) employed ChE inhibition as a tool to assess 
anthropogenic effects on the marine fish Plectropomus leopardus taken from the 
Great Barrier Reef. They concluded that ChE was inhibited in fish captured at sam-
pling sites located near pontoons, indicating that man-made chemicals are impact-
ing these areas by exerting deleterious effects on wildlife. The fish species 
H. plumieri can be a sensitive species for assessing the effects of man-made chemi-
cals in reef ecosystems (Leticia and Gerardo 2008). The results of this study 
showed that the AChE present in the tissues of this species was inhibited by chlo-
rpyrifos and benzo(a)pyrene, which were used as model pollutants. This finding 
affirmed the potential role for this marine organism as a bioindicator species for 
monitoring organic chemical contamination.

With the aim of using standardized tools in a future biomonitoring programs 
adapted to the Antarctic region, Bonacci et al. (2009) studied the potential for using 
ChE activity in gill from the scallop species, A. colbecki. This project allowed the 
researchers to observe significant cholinesterasic inhibition following in vitro expo-
sure of gill tissue to a combination of Aroclor 1260 (a polychlorinated benzene 
mixture) and to EPA 610 (a mixture of 16 polyaromatic hydrocarbons).
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5  Future Perspectives for the Use of Cholinesterases  
in Environmental Assessment

From the studies reviewed in this article one can clearly conclude that ChE 
 inhibition may be a valid tool for ecotoxicological assessment of anthropogenic and 
natural chemicals. However, its valid use requires knowledge about the biological 
function, forms, and especially, the types of inhibitory interactions of CHEs that 
may derive from the presence of several chemical classes in the environment. 
A summary of the main points researchers should remember when employing ChE 
inhibition assays is as follows:

 1. Most important for researchers wanting to rely on ChE-based assessment is to 
characterize the catalytic properties of the enzyme(s) used; the details on the 
predominant form of ChEs present in a given tissue of a specific species must be 
known. As observed for a large number of research articles, ChE characteriza-
tion is an important underpinning for successful use, particularly when using an 
unknown species in field studies. Without a positive identification of the type and 
activity of the cholinesterasic form in tissues of a given species, it will be impos-
sible to express results in terms of a specific cholinesterasic form. Moreover, if 
one does not know, in detail, the predominant cholinesterasic form present in the 
evaluated organism, then quantifying the basal levels of enzymatic activities for 
all isozymes will be rendered impossible. After the forms present are known, one 
can also successfully test for sensitivity in field monitoring surveys, which may 
enhance the value of any ecotoxicity assessment.

 2. Results show that ChEs are not only different in their substrate affinity/inhibi-
tion, but can also be distinct in molecular terms; to differentiate ChE forms, 
electrophoresis analysis can be a useful tool to discriminate the trends in molec-
ular weight of the enzymatic forms present. Electrophoresis may also be useful 
for understanding the behavior of carboxylesterases and their isozymes, which 
are also sensitive to the presence of pesticides in the wild (Kristoff et al. 2010).

 3. Researchers must define the mechanisms by which ChE inhibition may occur if 
at all possible. Without knowing the inhibition mechanism one cannot be certain 
that results may be affected by artifacts. Indeed, it is possible to overestimate the 
importance of ChE inhibition as an effect criterion in environmental studies if 
one does not know the molecular mechanisms that underlie inhibition. What has 
been found to occur with metallic species and detergents are paradigmatic: some 
metals and tensioactive compounds are able to significantly inhibit ChE activity 
in several organisms but only when using in vitro approaches. This means that 
the enzyme, under in vivo conditions is a actual contaminated field, may or may 
not be inhibited, because in vitro results may or may not predict those that will 
occur in vivo. Furthermore, the use of standardized assays that are based on the 
catalytic activity of an enzyme and a colorimetric reaction (e.g., Ellman method), 
and occur in a water-based buffered medium, are subject to several confounding 
factors. When in vitro conditions are used to study the mechanistic aspects of the 
toxic response, it is common to incubate contaminants with cellular suspensions. 
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Under such conditions, the contaminant that is being tested may react (e.g., 
metallic compounds) or otherwise make unviable (e.g., detergents), the chemical 
 reactions that underlie the testing protocol.

 4. Researchers who employ cholinesterasic inhibition as an effect criterion must 
consider the different sensitivities that exist from organism to organism. One can 
find species that are refractory to common anticholinesterasic agents, whereas 
others are extremely sensitive.

 5. The biological implications of enzymatic inhibition must also be analyzed, 
because they may represent pronounced behavioral changes that possess eco-
logical relevance or may cause serious ecosystem imbalances in a test system.

The manifold data collected in recent years from the profusion of studies on ChE 
inhibition as an effect criterion is ample proof of the viability of this monitoring 
tool. Cholinesterasic inhibition has been used in laboratory-based bioassays, in 
field monitoring of OP and CB pesticide exposure, and as an indirect measure or 
diagnostic parameter of contamination. This method has also been used as an ana-
lytical tool to improve the understanding of the relationship between chemicals and 
biological structures present in different species. However, the diversity of ChEs 
(differentiated by their chemical nature, form, type, hydrolytic activity, inhibition 
profile, and sensitivity to common pesticides) sometimes confounds the under-
standing of how contaminants can threaten wildlife. To avoid confounding factors, 
it is mandatory that critical steps be developed to allow the correct and useful 
employment of ChE assessment in the environmental sciences.

6  Summary

Cholinesterase (ChE) is one of the most employed biomarkers in environmental 
analysis. Among ChEs, potentially the most significant in environmental terms is 
acetylcholinesterase (AChE), an enzymatic form that terminates the nerve impulse. 
Because of its physiological role, AChE has long been considered a highly specific 
biomarker for organisms exposed to anticholinesterasic agents, primarily agro-
chemicals (organophosphate and carbamate pesticides). The effects of these pesti-
cides depend upon their selective inhibition of AChE. Because large amounts of 
such pesticides are employed, it is plausible that they exert neurotoxic effects on 
some non-target species. Therefore, AChE is among the most valuable of diagnos-
tic tools that can be used to verify exposure to such chemical agents. It is well 
known that assays are available for use in quantifying AChE in multiple tissues of 
several test organisms. Enzymes other than AChE (e.g., butyrylcholinesterase and 
carboxylesterases) have also been used as putative markers for detecting the envi-
ronmental presence of contaminating compounds. Researchers must use a step-by-
step approach to identify the most prominent cholinesterasic form present in a 
given species, so that this form can be distinguished from others that may interfere 
with its use. Such fundamental work must be completed prior to using ChEs for any 
monitoring to assess for anticholinesterasic effects.
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Despite massive employment in environmental analysis, using ChE inhibition 
as an endpoint or effect criterion has been unsettled by the discovery that ChEs 
may interact in the environment in previously unknown ways. Several chemicals, 
in addition to anticholinesterasic pesticides, are now known to inhibit ChE  activity. 
Such chemicals include detergents, metals, and certain organic compounds such as 
hydrocarbons. The situation is made worse, because the literature is contradictory 
as to the ability of such chemicals and elements to interact with ChEs. Some 
results indicate that ChE inhibition by metals, detergents, and complex mixtures 
do not or are unlikely to occur. These problems and contradictions are addressed 
in this review.

It is our purpose in this review to address the following practical issues related 
to the ChEs:

 1. The situations and organisms in which ChEs have been employed as biomarkers 
in laboratory trials, and the need to fully characterize these enzymatic forms 
before they are used for environmental assessment purposes.

 2. The ways in which the ChEs have been used in field monitoring, and the potential 
for use of other complimentary markers to diagnose organophosphate exposure, 
and how drawbacks (such as the absence of reference values) can be overcome.

 3. What requirements must be satisfied prior to implementing the use of ChEs as 
biomarkers in species not yet studied.

 4. How direct linkages have been established between ChE inhibition and effects 
from inhibition observed at higher levels of integration (e.g., behavioral changes 
and population effects, or other indices of ecological relevance).

 5. The potential for ChE inhibition to be applied as an effective parameter of toxic-
ity to detect for the environmental presence of compounds other than the organo-
phosphate and carbamate pesticides, and the limitations associated therewith.
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1  Introduction

Ozone (O
3
) is known to have existed in the atmosphere since ancient times and has 

played a critical role in the survival of life on the Earth. In the stratosphere, O
3
 plays an 

extremely important and beneficial role in screening the lower layers of the atmosphere 
and the surface of the Earth from the sun’s harmful ultraviolet radiation. In the tropo-
sphere, and especially near the surface of the Earth, O

3
 is not beneficial. Ozone has been 

shown to be harmful to human health, vegetation and crop productivity (Dentener et al. 
2006). In the past few decades, tropospheric O

3
 has emerged as a major secondary 

 pollutant due to increased emissions of its precursors, e.g., nitrogen oxides (NO
x
; x = 1 

or 2) and volatile organic compounds (VOCs) (Ashmore 2005). High concentrations of 
O

3
 are associated with hot sunny weather. Such high concentrations of O

3
 are frequently 

observed in tropical areas where conditions are favorable for O
3
 formation (Jain et al. 

2005; Tiwari et al. 2008). The adverse effects of O
3
 were first identified in grapevines 

(Richards et al. 1958), and it is now recognized as the most important rural air pollutant 
affecting human health, vegetation, or material that is susceptible to oxidation (Ashmore 
2005; Fuhrer and Booker 2003; Karnosky et al. 2007; Karlsson et al. 2003; Laurence 
and Andersen 2003; Matyssek and Sandermann 2003).

The studies conducted with ozone on different crops to date have used diverse 
approaches, and results clearly indicate that O

3
 is causing a significant reduction in 

agricultural productivity worldwide; hence, global food security is being affected by the 
presence of O

3
. However, it should be noted that the magnitude of response to O

3
 varies 

significantly from crop to crop (Mills et al. 2007) and even cultivar to cultivar (Sarkar 
and Agrawal 2010a, b; Singh and Agrawal 2009). O

3
 generally enters plants through the 

stomata where it can be dissolved in the apoplastic fluid and can directly react with the 
plasma membrane or be converted into different reactive oxygen species (ROS). ROS 
are capable of altering cellular functions that cause cell death, premature senescence, 
and up- or down-regulation of specific genes (Long and Naidu 2002). With this in mind, 
the present review is designed to address all aspects of O

3
 and plant interactions, starting 

from its absorption and continuing to the responses it elicits, and the resulting conse-
quences. We place special emphasis on the mechanism of action by which O

3
 induces 

its effects. We hope that the present review will be useful for students and established 
researchers alike, in the context of plant responses to environmental atmospheric pol-
lutants. We also hope that the review will be of use to policy makers, who face the task 
of designing better, and more sustainable approaches for combating O

3
 pollution.

2  Current Status and Trends of Worldwide Ozone Levels

2.1  Formation of Tropospheric Ozone

Ozone concentrations build up in the atmosphere as a result of several natural and 
anthropogenic processes and through several sources. These include (1) downward 
transport of stratospheric O

3
 sources through the free troposphere to near ground level, 
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(2) in situ O
3
 production from methane emitted from swamps and wetlands that react 

with natural NO
x
, (3) photochemical production of O

3
 from reactions of VOCs with 

NO
x
s (4), and long-range transport of O

3
 from distant pollution sources (Kondratyev 

and Varotsos 2001a, b; Varotsos et al. 2004); these key processes and sources are 
illustrated in Fig. 1.

In the upper layer of the troposphere, O
3
 may persist for a period of many days 

to 2 weeks. This is because the major loss processes, i.e., scavenging by nitric oxide 
and dry deposition, occur at or very near the surface of the Earth. This means that 
O

3
 produced in one region, if lifted to higher atmospheric levels, can travel to 

another region, and then can add to existing background O
3
 concentrations there, 

even if the sources of O
3
 precursors are absent. It has been shown that Western 

North America receives a background O
3
 contribution from Asia and Europe (Fiore 

et al. 2002; Jaffe et al. 2003), while Europe receives O
3
 transported from both North 

America and Asia (Auvray and Bey 2005).
Fusco and Logan (2003) have shown that since 1970, increased surface emissions of 

NO
x
s from fossil fuel combustion have had the largest effect on O

3
 levels in the lower 

troposphere, and have accounted for a 10% increase in the annual O
3
 levels over Canada, 

Europe and Japan. In contrast, hydrocarbon emissions have not significantly contributed 
to increasing tropospheric O

3
 concentrations over the USA in summer time (Fiore et al. 

2002). An increment of about 3–4% in worldwide O
3
 concentrations can be ascribed to 

increased methane levels from the late 1970s to 1980s (Fusco and Logan 2003).
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Fig. 1 Cycle showing formation of ground-level ozone (O
3
) in the troposphere and the emission 

sources of different precursor molecules. The sources, which make a major contribution to 
increasing O

3
 concentration in the troposphere, are shown. Abbreviations: HO∙

2
 hydroperoxy 

radical,·NO nitrous oxide, NO
2
 nitrogen dioxide, OH hydroxyl radicals, O

2
 oxygen, RH organ-

icperoxy radicals, RO alcoxy radical, RO
2
 reactive oxygen



64 K. Cho et al.

2.2  Concentrations and Trends of Ozone in the Troposphere

Ozone occurs naturally at low concentrations ranging from 5 to 15 ppb (Marenco 
et al. 1994). The earliest O

3
 measurements were made in the mid 1800s, when O

3
 

concentrations were measured at more than 300 recording stations in different parts 
of Europe and the USA. However, a continuity of O

3
 monitoring was maintained only 

at a few stations, and hence long-term data are limited. These existing data provide a 
general indication of what the natural background levels of O

3
 would be in the 

absence of significant anthropogenic influences. Re-evaluation of daily O
3
 concentra-

tions over Athens (Greece) during the period from 1901 to1940 gave an average 
concentration of about 20 ppb (Varotsos and Cartalis 1991). Measurements taken 
from the Great Lakes area of North America yielded an average daily maximum of 
approximately 19 ppb during the late nineteenth century (Bojkov 1986). European 
measurements between 1850 and 1900 were found to be in the range of 17–23 ppb 
(Bojkov 1986). Analysis of O

3
 data collected at Montsouris, France between 1876 

and 1910 (Volz and Kley 1988) provided an annual (data were collected over a period 
of only 11 months) average range of values between 5 and 16 ppb.

Background O
3
 concentrations have more than doubled in the last century (Meehl 

et al. 2007), and there is evidence of an increase in annual mean values ranging from 
0.1 to 1 ppb year−1 (Coyle et al. 2003). In the UK, the annual average O

3
 concentrations 

are predicted to reach 30–40 ppb in rural areas. This will result in a doubling of AOT40 
(accumulated exposure over a threshold of 40 ppb) values by 2030 (Coyle et al. 2003). 
Clean Air Status and Trends Network recorded O

3
 concentrations from 11 National 

Parks in the USA (designated as protected areas), and these showed that annual median 
values ranged from 13 to 47 ppb, whereas maxima ranged from 49 to 109 ppb 
(CASTNet 2004). In Canada, the Canadian Air and Precipitation Network (CAPMoN) 
has recorded annual median O

3
 concentrations at Canadian background sites that range 

between 23 to 34 ppb, while annual maxima ranged from 63 to 108 ppb (Vingarzan 
2004). Using a Community Multiscale Air Quality Model researchers have calculated 
the highest O

3
 concentrations (ranging from 55 to 70 ppb) during May and June in the 

boundary layer over East China and Japan (Yamaji et al. 2006). The rate of increase of 
tropospheric O

3
 concentrations over East Asia is larger than in any other area of the 

Northern mid latitudes (Akimoto and Narita 1994; Kaneyasu et al. 2000). This unusual 
increase can be attributed to elevated anthropogenic emissions of O

3
 precursors that are 

released from the rapidly emerging industrialization of the Asian continent (Hoell 
et al. 1997). Ozone, along with its precursors, is therefore transported over the Pacific 
Ocean and occasionally reaches North America (Hoell et al. 1997; Derwent et al. 
2004; Mauzerall et al. 2000).

Permadi and Oanh (2008) reported high surface O
3
 levels in Jakarta during 

January 2002–March 2004, which frequently exceeded the hourly national ambient 
air quality standard (120 ppb). They recorded a maximum 1-h O

3
 concentration of 

as high as 243 ppb during the dry season of 2002. Wang et al. (2009) analyzed the 
variations in the concentrations of tropospheric O

3
 from 1994 to 2007 at a coastal 

site in Hong Kong and reported an increase of 0.87 ppb year−1. In the same study, a 
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linear fit to a 14-year-duration record shows that the O
3
 concentration increased by 

0.58 ppb year−1 (Wang et al. 2009). Authors, who employed global photochemical 
models, projected that under current legislation emission scenarios, parts of Asia 
will experience a significant increase in O

3
 concentrations by 2030 (Dentener et al. 

2006). From these results of monitoring studies it is suggested that a mean monthly 
O

3
 concentration of 50 ppb is of common occurrence in several parts of Asia, espe-

cially during the growing seasons of important agricultural crops (EANET 2006).
In India, despite favorable climatic conditions for O

3
 formation, very few data 

from systematic monitoring for O
3
 levels are available. Pandey and Agrawal 

(1992) recorded O
3
 concentrations (24 h) ranging from 6.0 to 10.2 ppb during 

1989–1990 in the urban areas of Varanasi. During the same period, daytime O
3
 

concentrations (daytime 9 h mean) were reported to vary from 9.4 to 128.3 ppb at 
an urban site in Delhi (Varshney and Aggarwal 1992). It was observed that 10-h 
ground level mean O

3
 concentrations in Delhi varied between 34 to 126 ppb, dur-

ing the winter of 1993 (Singh et al. 1997). An annual average daytime O
3
 concen-

tration of 27 ppb and hourly concentration of 2–69 ppb at Pune (India), during 
August 1991 to July 1992, was reported by Khemani et al. (1995). Lal et al. 
(2000) studied the pattern of O

3
 concentrations from 1991 to 1995 at an urban site 

at Ahmedabad (India), and reported that daytime mean O
3
 concentrations exceed-

ing 80 ppb were rarely observed. Jain et al. (2005) reported that the monthly aver-
age O

3
 concentration in summer varied between 62 and 95 ppb, whereas in 

autumn (October to November), it was found to be between 50 and 82 ppb.
Mittal et al. (2007), using the Regional Episodic Chemical Transport Model 

(HANK), estimated that 8-h daily average O
3
 concentrations varied between 33 and 

40 ppb in Varanasi during the period February–April 2000. A similar range of variation 
in O

3
 concentration was recorded from an urban and rural site in the state of Maharashtra, 

India (Debaje and Kakade 2008). Roy et al. (2009) used a Regional Chemistry Transport 
Model (REMO-CTM) to study the distribution of AOT40 over regions of India (most 
of the fertile Indo Gangetic Plains of India), and observed high AOT40 values that 
exceeded the threshold set by the World Health Organization (WHO; 3 ppm h for 
3 months) for agricultural crops . Elevated monthly AOT40 values were primarily found 
between November and May, while the highest value was recorded in March (Roy et al. 
2009). Continuous measurements over a period of 6 months (November–April) have 
shown that AOT40 values exceeded the critical level set for the protection of forests by 
almost 3.6 times (the actual level was 36 ppm h; Roy et al. 2009).

Monitoring studies performed at a suburban site of Varanasi, India from 2002 to 
2006 showed that the daytime 12-hourly mean monthly O

3
 concentrations varied 

from 45.18 to 62.35 ppb during summer, from 28.55 to 44.25 ppb during winter, 
and from 24 to 43.85 ppb during the rainy season (Tiwari et al. 2008). At the same 
site, 12-h average O

3
 concentrations ranging from 41.65 to 54.2 ppb were recorded 

during November 2006 to March 2007 (Singh et al. 2009a). Sarkar and Agrawal 
(2010a) reported that mean monthly ambient O

3
 concentrations varied from 

41.3 ppb in July 2007 to 59.9 ppb in October 2007 at the same site.
The number of measurement sites in India at which valid and long-term repre-

sentative measurements of surface O
3
 were performed is too small to allow for a 
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reliable assessment of the regional distribution of AOT40 values. However, recently, 
a new gridded emission inventory of O

3
 precursors over the Indian geographical 

region have been prepared by Roy et al. (2008). They employed an emission inven-
tory in the regional 3D Chemistry Transport Model for Indian region, but the impact 
of cumulative O

3
 exposure (AOT40) over the entire Indian region has not yet been 

reported. Rai et al. (2010) have calculated 3-month AOT40 values of 2.1 ppm h for 
the rice growth period during 2005 at a rural area of Varanasi, India. Sarkar and 
Agrawal (2010b) have reported 7.9 ppm h and 8.7 ppm h 3-month AOT40 values 
for the wheat growth period during 2007–2008 and 2008–2009, respectively.

2.3  Ozone Exposure Indices for Vegetation

One of the difficulties in assessing the impact of O
3
 on vegetation is the wide range 

of methods used to describe the effects of O
3
 exposure. Concentration, exposure 

duration, shape of exposure curve, and frequency of peak exposures are all impor-
tant in determining a plant’s response to O

3
 (Musselman and Massman 1999). To 

date, O
3
 exposure has been commonly expressed as the accumulated exposure over 

a threshold of 40 nl L−1 (AOT40; Fuhrer et al. 1997). There have also been sugges-
tions that AOT30 be used in some cases (Pleijel et al. 1997). However, taking into 
account the fact that phytotoxicity will depend on the actual O

3
 flux within the 

mesophyll through the stomata of plants, recent studies have utilized a flux-based 
concept (Karlsson et al. 2007; Tausz et al. 2007; Weiser and Matyssek 2007). This 
concept uses a modified version of the Deposition of Ozone and Stomatal Exchange 
(DO

3
SE) model (Emberson et al. 2007; Karlsson et al. 2007). This model, operated 

at hourly time steps, is used to calculate the rate of O
3
 uptake as the product of O

3
 

concentrations that exist near the leaf surface and the inverse sum of resistances 
along the transport pathway to the leaf interior; the model also takes the O

3
 deposi-

tion to external surfaces into account (Emberson et al. 2000).

3  Plant Responses to Ozone Stress

3.1  Mechanism of Action of Ozone

Chronic long-term exposure to low O
3
 concentrations affects the physiological and 

biochemical processes of plants prior to any visible injury (Heath and Taylor 1997). 
The degree of sensitivity of the foliar cells depends on the actual amount of pollut-
ant that reaches the target sites, as well as the capacity of the cells to restore homeo-
static equilibrium by adapting to metabolic changes. Ozone affects a number of 
processes in plants through direct or indirect mechanisms, and an illustration of 
these processes is shown in Fig. 2.
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3.1.1  Ozone Uptake

Because O
3
 entry through the leaf cuticle is negligible, stomata play a fundamental role 

in determining the flux of O
3
 into the apoplastic region of plants (Kersteins and 

Lendzian 1989; Leitao et al. 2003). The flux of O
3
 from the troposphere into plants 

depends on what resistance (inverse of conductance, 1/[conductance]) exists at different 
morphological or physiological levels. Conductance is defined as flux per unit driving 
force (e.g., concentration gradient). The total resistance for the O

3
 flux from the atmo-

sphere into plant cells consists of the following: aerodynamic resistance that depends 
upon atmospheric resistance, the boundary layer resistance caused by a layer of laminar 
air adjacent to leaves, the stomatal resistance exerted by the stomatal pores, and the 
internal resistance caused in the leaves after O

3
 uptake through stomata (Guderian 

1985). It should be noted that internal structures, like the cell wall and inter- and intra-
cellular apparatus, also contribute significantly to the O

3
 resistance of any plant.

The sensitivity of plants to O
3
 is often correlated with their stomatal response. 

Because O
3
 exposure generally results in a decline in stomatal aperture, plants that 

show more rapid stomatal closure are reported to be resistant to O
3
 in population-

level studies (Sarkar et al. 2010; Winner et al. 1991). However, O
3
-induced declines 

in stomatal apertures may be of limited protective value, because stomatal closure is 
generally a consequence of damage to the photosynthetic apparatus (Farage and 
Long 1995). Martin et al. (2000) modeled the data from earlier literature and showed 
that, in most cases, closure of the stomatal aperture that results from acute O

3
 expo-

sure can be predicted by the changes occurring in rates of mesophyll  photosynthesis. 
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Fig. 2 Effects of O
3
 stress on plants. Abbreviations: ACC synthase 1-aminocyclopropane-1- carboxylate 

synthase, Ca2+ calcium ion, ET ethylene, JA jasmonic acid, MAPK mitogen-activated protein 
kinase, ROS reactive oxygen species, RuBisCO Ribulose-1,5-bisphosphate carboxylase oxyge-
nase, rbcL RuBisCO large subunit, rbcS RuBisCO small subunit, SA salicylic acid
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Joo et al. (2005) have also correlated O
3
-induced stomatal response to photosynthesis  

and showed that the oxidative stress generated by O
3
 was first detectable in the chlo-

roplast of guard cells. Stomatal closure, however, is not a universal response to O
3
 

exposure (Sanders et al. 1992). Reiling and Davison (1995) suggested that the pat-
tern of stomatal response may be considerably more complex on the basis of the 
experiments they performed on Plantago major L.

3.1.2  Ozone-induced Signal Transduction

Ozone appears to act as a gaseous signaling molecule whose effects are similar to 
those of fungal elicitors (Ebel and Cosio 1994). It is well known that O

3
 elicits 

responses in the cell, which can lead to drastic changes in gene expression (Kubo 
2002), even before any visible damage to the plant is evident (Mahalingam and 
Fedoroff 2003; Mahalingam et al. 2005). Certain transcripts are induced and others 
are repressed in response to O

3
 exposure (Sandermann 1996). These observations 

were surprising, because nearly all of the O
3
 taken up through the stomata is believed 

to be decomposed in the apoplast (Heath and Taylor 1997). Therefore, the concept 
of membrane-bound receptors and signal chains to the chloroplast and nucleus was 
proposed by Sandermann (1996). The exact nature of these receptors is still unknown. 
Certain plasma membrane lipids may serve as general receptors, since unsaturated 
lipids could be oxidized by O

3
 to initiate lipid signaling (Baier et al. 2005).

3.1.3  Ozone Sensing by the Plant Cell

Earlier studies suggest that O
3
 sensitivity is generally correlated with the ascorbate 

status of leaf tissue (Conklin and Barth 2004). However, recent experimental work 
strongly indicates that ascorbate is not the only signal initiation point in O

3
 sensing 

(Fig. 3) (Baier et al. 2005). Figure 3 also elaborates on how ROS, generated in the 
apoplast, can activate calcium (Ca2+) channels and further induce the intracellular 
O

3
-responsive signaling pathways. Clayton et al. (1999) showed a specific increase 

in the intracellular Ca2+ concentration, if atmospheric O
3
 reached concentrations 

above 70 ppb. In terms of signaling, Ca2+ channels of the plasma membrane could 
also function as ROS sensors (Fig. 3). Because ROS and free radicals can affect the 
ion channel, redox-dependant alterations in ion conductance may be a more general 
signaling pathway under conditions of oxidative stress. It is tempting to assume that 
ROS interact directly with plasma membrane-bound receptors and trigger down-
stream events in the cytoplasm (Dat et al. 2000). Nonenzymatic or lipoxygenase-
mediated breakdown of lipids (Munnik and Meijer 2001), ROS (in particular 
hydrogen peroxide (H

2
O

2
) as diffusible messenger (Laloi et al. 2004)), and modula-

tion of cytosolic ascorbate and glutathione (Gomez et al. 2004; Noctor and Foyer 
1998), are well established regulatory and signaling components that may represent 
other routes of O

3
-triggered signaling from sites of O

3
 chemical reaction in the 

apoplasm or plasma membrane to cytosol (Baier et al. 2005).
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3.1.4  Role of ROS in O3 Signaling

Studies have shown that ROS can play a role as a second messenger in signal trans-
duction cascades (Apel and Hirt 2004; Dat et al. 2000; Foyer and Noctor 2005; 
Opden Camp et al. 2003). Dat et al. (2003) have observed reduced levels of antioxi-
dant enzymes like catalase (CAT) and ascorbate peroxidase (APX), along with an 
accumulation of ROS, in transgenic tobacco plants upon O

3
 exposure. Programmed 

cell death (PCD) was triggered by changes in H
2
O

2
 homeostasis and a signaling 

cascade was induced, which led to an NADPH oxidase-dependant burst (Dat et al. 
2003). Involvement of plasma membrane NADPH oxidase in O

3
-triggered ROS 

accumulation has been shown in Arabidopsis thaliana L. (Heynh) rcd1 (Overmyer 
et al. 2000). Overmyer et al. (2000) showed that application of diphenylene iodo-
nium, an inhibitor of NADPH oxidase, inhibited ROS accumulation and reduced leaf 
damage in rcd1 mutant, indicating that O

3
 initiates active cellular ROS production.

The kinetics of ROS production in sensitive tobacco plants, exposed to O
3
, resem-

bled the hypersensitive response (HR) from the oxidative burst that was observed 
during incompatible pathogen–plant interactions (Schraudner et al. 1997). The 
O

3
-sensitive tobacco cultivar Bel W3 exhibited a strong biphasic oxidative burst in 
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Fig. 3 A simplified representation of the possible O
3
-dependant signaling pathways. Reactive 

Oxygen Species (ROS) generated in the apoplast activate the Ca2+ channels, which trigger the Ca2+ 
influx in the cytosol. This leads to the activation of MAPK in the cytosol. MAPK activation, in 
turn, seems to be involved in the up-regulation of ET, SA, and JA signaling pathways, which are 
responsible for changes in gene expression. Hydrogen peroxide (H

2
O

2
) present in the apoplasm, 

diffuses into the cytosol through the plasma membrane, and leads to the oxidation or modulation 
of certain cytosolic proteins. Abbreviations: NADPH oxidase Nicotinamide adenine dinucleotide 
phosphate-oxidase
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response to O
3
 exposure that was similar to the HR, but the tolerant cultivar Bel B had 

only a modest rise in the first phase of endogenous radical production (Schraudner 
et al. 1997). Pasqualini et al. (2002) reported that treatment of O

3
-sensitive tobacco 

(Nicotiana tabacum L. cv. Bel W3) with an O
3
 pulse (150 ppb for 5 h) triggered a cell 

death program, which was accompanied by an increase in mRNA level of pathogen-
esis related (PR) protein 1a, a typical HR marker. Ozone treatment induced a deposi-
tion of autofluorescent compounds and callose at 24 h and stimulated the phenolic 
content at 10 and 72 h after treatment started; concomitantly there was enhanced 
expression of phenylalanine ammonia lyase (PAL) a and b (Pasqualini et al. 2002). 
Increased protease activity accompanied by chromatin  condensation indicated that 
oxidative stress induced by ROS initiated PCD (Pasqualini et al. 2002). Vollenweider 
et al. (2003) performed a study in which 10 of 49 woody plant species displayed typi-
cal O

3
 injury symptoms at AOT40 exposure levels that varied from 14 to 28 ppm h. 

Ozone response was characterized by the induction of oxidative stress in the meso-
phyll resulting in discrete and light- dependant hypersensitivity-like responses and 
accelerated cell senescence (Vollenweider et al. 2003). The responses included poly-
phenolic or callose cell wall deposits, starch pattern changes and ultrastructural 
alterations, especially in the structure of chloroplasts and vacuoles (Günthardt-Goerg 
et al. 2000; Pääkkönen et al. 1998).

In chloroplast, ROS production has emerged as an important mechanism 
involved in acclimation of plants to various abiotic stresses (Mullineaux and 
Karpinski 2002). It was shown that in Arabidopsis, O

3
-induced ROS production 

started first in the chloroplasts of the guard cells and then spread to the adjoining 
cells (Joo et al. 2005). The substance 3-(3,4-dichlorophenyl)-1,1-dimethylurea 
(DCMU), an inhibitor of chloroplast electron transport, suppressed early chloro-
plastic ROS production, but did not interfere with ROS production in the cytoplasm 
and membranes of guard cells (Kangasjarvi et al. 2005). The early chloroplastic 
oxidative burst was a result of signaling through the heteromeric G-protein (Gbg 
complex), and was different from the Ga-mediated activation of membrane-bound 
NADPH oxidase, which was necessary for intercellular signaling during cell death 
(Joo et al. 2005; Kangasjarvi et al. 2005). The first peak of the biphasic oxidative 
burst by elevated O

3
 in wild-type Arabidopsis plants was entirely missing in 

mutants lacking a and b subunits. The late ROS production in the cells next to 
guard cells was normal in plants lacking Gb proteins but was missing in plants 
lacking Ga proteins (Joo et al. 2005). It has also been shown that H

2
O

2
 accumula-

tion in tobacco apoplast after O
3
 exposure is a result of dismutation of NADPH 

oxidase-generated superoxide (˙O
2
−) to H

2
O

2
 (Langebartels et al. 2002). However, 

the role of ROS produced by NADPH oxidase is more important for cell-to-cell 
signaling, which ultimately led to an actual cell death process (Joo et al. 2005).

3.1.5  Membrane-bound Receptors

Miles et al. (2002) have shown that the oxidative signaling in cultured tobacco 
 suspension cells involved membrane receptor-mediated signaling. Use of a membrane 
nonpermeable reagent that interferes with membrane receptor-mediated  signaling 
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prevented the activation of tobacco Salicylic Acid-induced Protein Kinase (SIPK) 
(Miles et al. 2002). Although activation of these membrane-associated receptors does 
not require G proteins, Ca2+ influx and ROS may be required (Miles et al. 2004). Ca2+ 
ions released by oxidation of redox-sensitive Ca2+ channels (Clayton et al. 1999) 
cause rapid changes in protein phosphorylation pattern (Agrawal et al. 2002a, b), 
which is mediated by Mitogen-Activated Protein Kinase (MAPK) (Morris 2001; 
Samuel et al. 2000).

MAPK cascades are a conserved signal transduction system in all eukaryotes and 
their importance for plants is well known (Baier et al. 2005; Jonak et al. 2002; 
Agrawal et al. 2003a). Plant-O

3
 sensitivity and the expression of antioxidant genes 

are affected by these kinase classes, since both suppression and over expression of 
tobacco SIPK led to increased O

3
 sensitivity and changes in expression of APX 

(Samuel and Ellis 2002). Activation of MAPK by phosphorylation generally leads to 
nuclear localization, and phosphorylated MAPKs are translocated to nucleus within 
30 min of initiating O

3
 exposure (Ahlfors et al. 2004). The role and function of these 

MAPKs in O
3
-exposed plants are, however, still unknown, although there is evidence 

that they are connected to hormonal responses (Kangasjarvi et al. 2005).

3.1.6  Membrane Lipids

Formation of hydroxyl radicals in the apoplast from the presence of H
2
O

2
 and O

2
− 

can initiate lipid peroxidation, which results in lipid hydroperoxide (LOOH) forma-
tion (Schraudner et al. 1997). Various lipid hydroperoxides and other lipid-based 
signaling molecules such as jasmonates are biologically active substances that con-
trol a variety of downstream processes. Thus, formation of these plasma membrane 
lipids-based molecules may also be regarded as O

3
 perception as a result of O

3
 

action in the apoplast (Kangasjarvi et al. 2005).

3.1.7  Role of Phytohormones

Plant hormones play an important role in O
3
-induced signal transduction. The lev-

els of salicylic acid (SA), ethylene, and jasmonic acid (JA) are important in deter-
mining the degree of plant O

3
 sensitivity, O

3
 lesion initiation, propagation, and 

containment (Overmyer et al. 2003). This is illustrated by the fact that some 
mutants of Arabidopsis and other species, first described as O

3
 sensitive, have 

turned out to be either partially JA insensitive or ethylene overproducers (Kanna 
et al. 2003; Koch et al. 2000; Overmyer et al. 2000; Rao et al. 2000). Regulation of 
the induction and spreading of oxidative stress symptoms by phytohormone ethyl-
ene, SA and JA has been reported in several recent studies (Moeder et al. 2002; 
Vahala et al. 2003a, b). Some of the biosynthetic enzymes for ethylene and their 
transcripts have been shown to respond to O

3
 within a period of less than 60 min 

(Tuomainen et al. 1997). The hormonal action of ethlylene promotes leaf damage 
and senescence when exposed to O

3
 (Bae et al. 1996; Miller et al. 1999). Under 

acute conditions, O
3
 triggers leaf necrosis, but it induces senescence of leaves under 

chronic exposure conditions (Nakajina 2002).
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Ethylene and SA can thus be considered as second or third messenger molecules 
for O

3
, depending on whether they are induced by O

3
 itself or by O

3
-derived active 

oxygen species (Sandermann 2000). In general, ethylene and SA amplify the oxidative 
signal, while JA constricts O

3
-induced damage (Kangasjarvi et al. 2005; Langebartels 

et al. 2002). It has been hypothesized that early accumulation of ethylene stimulates 
spreading of cell death and suppresses protection by JA. Late accumulation of JA, 
however, inhibits the ethylene pathway and propagates cell death (Tuominen et al. 
2004). Physiological analysis of Arabidopsis mutant oji1 (O

3
 sensitive and JA 

 insensitive) demonstrated that JA signaling antagonizes O
3
-induced induction of ACC 

synthase catalyzed ethylene biosynthesis (Kanna et al. 2003). Rao et al. (2002) 
observed that NahG and npr1 plants of Arabidopsis depend on SA for O

3
-induced 

ethylene production. When potato plants were exposed to 80 ppb O
3
 for 5 h day−1, 

levels of rbcS mRNA declined at least five-fold in expanding leaves after 3 days of O
3
 

exposure, and ethylene levels increased six to ten-fold. The expression of OIP-1, and 
ACC synthase cDNA from potato, correlated with increased production of ethylene 
and decreased levels of rbcS mRNA in foliage of plants treated with O

3
 (Glick et al. 

1995). Vahala et al. (2003a) reported that ethylene evolution correlated best with O
3
-

induced cell death and that a decrease in ethylene sensitivity, together with high eth-
ylene biosynthesis, can potentially cause cell death through a deficient detoxification 
of cyanide in birch (Betula pendula Roth).

3.2  Morphological Responses

Ozone symptoms usually occur between the veins on the upper leaf surface of older 
and middle-aged leaves but may also involve both leaf surfaces (bifacial) for some 
species. Schmieden and Wild (1995) have reported that cells damaged from O

3
 expo-

sure are often near stomata or stomatal cavities. The palisade parenchyma cells of the 
leaves are the most sensitive to O

3
, and their collapse in the leaves of morning glory, 

spinach, and radish are associated with transformation of cell wall intercellular spaces 
(Nouchi 2002). Foliar symptoms of O

3
 damage in the graminaceous and leguminous 

plants, and broadleaf woody species, such as Japanese zelkova (Zelkova serrata) and 
platanus (Platanus acerifolia), are numerous reddish-brown stipples. The reddish-
brown stipples that develop on the leaves of the above-mentioned plants are the result 
of the accumulation of black or red pigments in dead cells of the palisade tissue 
(Nouchi 2002). Sanders et al. (1992) have also reported damaged chloroplast mem-
branes, plasmalemma, and tonoplasts as a result of O

3
 exposure. Swelling of thyla-

koid membranes, leading to breakdown of chloroplast integrity, was shown to be the 
result of O

3
 exposure (Crang and McQuattie 1986). Tonneijk and van Dijk (1997) 

found that elevated O
3
 caused dark brown blemishes mainly on the adaxial leaf sur-

face of Phaseolus vulgaris L. cv. Pros. The results of several bioindication/biomoni-
toring studies involving the use of tobacco cultivars have shown the presence of O

3
 

injury in Po valley (Mignanego et al. 1992), in Italy and in Eastern Spain (Gimeno 
et al. 1995). Benton et al. (2000) have reported the presence of O

3
-induced visible 
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injury on watermelon, tomato, and clover. Sarkar and Agrawal (2010a) also observed 
interveinal yellowing or chlorotic stippling in the leaves of mature rice plants, under 
both ambient and elevated O

3
 exposure conditions in open-top   

chambers (OTCs), and found that the magnitude of visible foliar injury formation 
depends on the cumulative effect of both concentration and duration of O

3
 exposure.

Tropospheric O
3
 stress reduces carbon acquisition by plants and the subsequent 

allocation of carbon to roots (McCrady and Andersen 2000; Andersen 2003). 
Decreased carbon assimilation and altered carbon partitioning to O

3
-induced meta-

bolic pathways result in altered allocation and lower biomass accumulation (Laurence 
et al. 1994). Previous studies have shown that chronic O

3
 exposure can cause consid-

erable biomass and seed production losses, even at low concentrations, and often in 
the absence of visible symptoms (Fiscus et al. 1997; Long and Naidu 2002). Pell et al. 
(1994b) showed that a decrease in above-ground carbon allocation by O

3
 is less than 

below ground, but the magnitude of the decrease varies widely. A meta-analysis study 
carried out by Morgan et al. (2003) for assessing the response of soybean (Glycine 
max (L.) Merr.) to an average chronic O

3
 exposure of 60 ppb showed that reduction 

in shoot and root dry biomass was approximately equal at 21%. In many tree species, 
carbon retention is increased in leaves and carbon allocation to roots is reduced after 
O

3
 exposure (Andersen et al. 1997). This higher retention of carbon in leaves is 

explained by higher carbon demands for repair of damaged foliage by reduced trans-
port in phloem, or by decreased phloem loading (Landolt et al. 1997). Reduced root 
growth can alter the functioning of rhizospheric organisms and could make trees more 
susceptible to drought or nutrient deficiency (Woodbury et al. 1994). Andersen et al. 
(1997) reported lower carbohydrate (starch, sucrose, fructose, and glucose) levels in 
new roots of Ponderosa pine (Pinus ponderosa) seedlings after O

3
 exposure, which 

may result in reduced plant growth over time. In addition, O
3
 exposure over a 1-year 

period resulted in reduced plant growth over time and lower new root growth in the 
year following exposure (carryover effect). Vorne et al. (2002) reported a decreased 
concentration of reducing sugars (glucose and fructose) in potato tubers upon expo-
sure to elevated O

3
, perhaps as a consequence of decreased assimilate supplies or a 

reduction in phloem loading, which may be particularly sensitive to O
3
 (Grantz et al. 

2006). Kollner and Krause (2002) reported that glucose and starch concentration in 
the leaves of potato increased during the first few weeks of O

3
 exposure, suggesting 

that damage to cellular membranes led to a reduction in phloem loading.
The impact of O

3
 on the growth and biomass of plants is variable and this 

 variability results from species or cultivar differences, in nutrient and moisture 
conditions between experiments, and differences resulting from the developmental 
stage of the plant (Morgan et al. 2003). For the O

3
-tolerant soybean cultivar Essex, 

elevated O
3
 stimulated total dry weight during flowering (Miller et al. 1998; 

Robinson and Britz 2000), but later in the growing season, total biomass was 
decreased in the same cultivar (Fiscus et al. 1997; Miller et al. 1998). Meta-analysis 
performed by Morgan et al. (2003) on soybean showed that the largest response of 
O

3
 exposure was on final plant mass, suggesting that O

3
 damage accumulates over 

the growing season. In fact, the impact of O
3
 treatment was not significant in the 

vegetative stage and was greatest during pod filling, with effects at flowering stage 
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being intermediate (Morgan et al. 2003). Dermody et al. (2006) found no effect of 
elevation of O

3
 on the leaf area index of soybean during early vegetative growth, 

but the effect was pronounced during the late grain-filling stage. This increased 
response with time could result from the compounding of O

3
 effects over the life 

span of the plants (Adams et al. 1996; Miller et al. 1998), or from an increase in 
susceptibility during seed filling (Tingey et al. 2002). Britz and Robinson (2001) 
found that leaf growth was affected in different ways in an O

3
-tolerant and an O

3
-

sensitive soybean cultivar. Leaf area was significantly reduced for O
3
-sensitive 

cultivar and specific leaf mass increased significantly in O
3
-tolerant cultivar.

Many researchers have reported that O
3
 exposure alters a specific measure of carbon 

allocation, the root shoot biomass ratio (R/S) (Cooley and Manning 1987; Franzaring 
et al. 2000; Grantz and Yang 1996). The R/S ratio changed predictably with plant develop-
ment (ontogenetic drift) (Farrar and Gunn 1998), as well as with altered arial or 
edaphic environmental conditions (van Noordwijk et al. 1998). The ambiguity of R/S 
as a measure of allocation may be overcome by evaluation of an allometric coefficient 
k (Troughton 1955). This value of k compares the relative growth rates of the competing 
plant parts, and therefore, exhibits a nearly constant magnitude over the period of rapid 
development in plants exposed to stress condition (Gunn and Farrar 1999). Although O

3
 

has been reported to alter R/S in many studies (Cooley and Manning 1987), changes in 
k have been documented in only one subset (Reiling and Davison 1995). Grantz et al. 
(2006) demonstrated that mean k declined significantly by 5.6% following O

3
 exposure 

by using meta-analysis. The diversion of biomass to shoot growth in O
3
 exposed plants 

occurs, and acts to facilitate plant defense against ROS generated by O
3
 (Sandermann 

1996), and ultimately to enable repair of O
3
-induced foliar wounding (Grulke and 

Balduman 1999; Sandermann 1996).

3.3  Physiological Responses

The results from many studies, conducted to evaluate the effects of O
3
 on physio-

logical processes, have shown a decrease in the photosynthetic capacity of plants. 
Reductions in stomatal conductance (gs), net photosynthetic CO

2
 assimilation and 

carboxylation efficiency have all been associated with O
3
 exposure (Fiscus et al. 

1997; Guidi et al. 2001; Morgan et al. 2003). A decline in the photosynthesis rate 
of O

3
-exposed plants is associated with damage to the photosynthetic machinery 

that leads to reduced fixation, and increased CO
2
 concentration (Ci), resulting in 

reduced gs (Fiscus et al. 1997; McKee et al. 1997). Elevated O
3
 (82 ppb O

3
, 

7 h day−1 for 21 days) depressed the photosynthesis rate and gs by 24 and 8%, 
respectively, but stimulated dark respiration and intercellular CO

2
 concentration by 

28 and 39%, respectively, in 20 varieties of wheat released in the last 20 years 
(Biswas et al. 2008). This study revealed that sensitivity to O

3
 in cultivars of wheat 

progressed with the year of release and was correlated with gs of O
3
-exposed plants. 

Ozone-induced loss in photosynthetic rate was attributed to impaired activity of the 
mesophyll cells and loss of integrity of the cellular membrane as evidenced by 
increased CO

2
 concentrations and lipid peroxidation (Biswas et al. 2008).
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The light reaction system of photosynthesis was found to be more stable under O
3
 

exposure conditions (Heath 2008). During photosynthesis, ROS are produced and 
destroyed in such a manner that they contribute to the regulation of electron transport 
(Asada 1997; Foyer 1997). Operation of the complete pathway involves H

2
O oxida-

tion at PS II, accompanied by production of equimolar amounts of H
2
O at PS I 

(Noctor and Foyer 1998). ATP can therefore be formed without concomitant genera-
tion of reducing power. The ascorbate pool of the chloroplast plays an important role 
in maintaining the equilibrium between ROS generation and destruction (Noctor and 
Foyer 1998). However, when ROS generation exceeds the quenching capacity of 
ascorbate in plant chloroplasts that were exposed to O

3
 or any other stressors, the 

electron transport chain is also affected. Ozone has been shown to alter photosyn-
thetic electron transport in some plants via reduction in efficiency of excitation cap-
ture (Calatayud and Barreno 2001; Guidi et al. 2001). Guidi et al. (2000) exposed 14 
Italian cultivars of P. vulgaris to a single pulse of O

3
 (150 ppb for 3 h) and their sen-

sitivity was assessed on the basis of visible symptoms, effects on chlorophyll content, 
and changes in chlorophyll a fluorescence parameters. Ozone significantly depressed 
the total chlorophyll content in most of the cultivars and a significant correlation was 
found between chlorophyll content and visible symptoms. Most cultivars showed 
significant changes in the Fv/Fm ratio, even when no visible injury symptoms were 
observed (Guidi et al. 2000). The sensitive cultivars showed visible injury symptoms 
2–4 h after the end of fumigation, along with significant alterations in chlorophyll 
content and chlorophyll a fluorescence parameters (Guidi et al. 2000). Guzy and 
Heath (1993) exposed 12 varieties of P. vulgaris to 40–50 ppb O

3
 for 75–135 min and 

reported that sensitive varieties showed higher O
3
-induced chlorophyll loss and/or 

inhibition of photosynthesis as compared to tolerant ones. Calatayud and Barreno 
(2001) showed that long-term exposure to elevated O

3
 caused significant declines in 

Fm, Fv, and the Fm/Fv ratio in tomato leaves, compared to control plants.
Two poplar clones (Populus × euramericana I-214 and P. deltoides × maximow-

iczii Eridano) were exposed to 60 ppb O
3
 (5 h day−1 for 15 day), and a reduction in 

net CO
2
 assimilation rate (A), compared to control leaves, was observed (Guidi 

et al. 2001). In I-214, a decrease in A was accompanied by a strong reduction in gs 
along with altered mesophyll activity, which was ascribed to the limitation of the 
dark reaction of photosynthesis. A reduction in the quantum yield of I-214 can be 
considered to be a mechanism to downregulate photosynthetic electron transport so 
that the production of ATP and NADPH is maintained in equilibrium with the 
decreased demand of the Calvin cycle in ozonated leaves (Guidi et al. 2001). In 
clone Eridano, however, Gw did not change with O

3
 exposure, although the internal 

CO
2
 levels increased significantly. This suggests that the avoidance mechanism in 

response to O
3
 stress that was evident in I-214 was absent in Eridano, and reduced 

A was solely attributed to changes in mesophyll limitations of photosynthesis 
(Guidi et al. 2001). Similar observations were recorded in two clones (NC-R and 
NC-S) of clover (Trifolium repens L. cv. Regal), wherein a reduction in CO

2
 fixing 

ability was attributed to mesophyllic limitations in NC-S and nonstomatal compo-
nents in NC-R (Francini et al. 2007).

Disturbances of light reactions can be detected through chlorophyll  fluorescence 
(Fv/Fm) to quantify the impact of stress plants (Buschmann et al. 2000; Chaerle et al. 2004). 
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The Fv/Fm ratio typically ranges from 0.80 to 0.83 under normal  conditions (Kitajima 
and Butler 1975) and its decrease under stress is indicative of photoinhibition of photo-
synthesis (Baker and Rosenqvist 2004). In crop plants, O

3
 stress has been shown to 

negatively affect the maximum (Fv/Fm) and effective (Ф
PSII

) quantum yield of PS II 
photochemistry. A reduction in the relative fraction of the open PS II reaction center 
(photochemical quenching coefficient, qP) and an increase in heat dissipation (nonpho-
tochemical quenching, NPQ) have also been observed in plants suffering from O

3
 stress 

(Castagna et al. 2001; Guidi et al. 2001; Rosenqvist and van Kooten 2003). Rai and 
Agrawal (2008) reported a significant reduction in the photosynthetic rate (i.e., 18 and 
28.3%, respectively) in two rice cultivars, NDR 97 and Saurabh 950, grown in nonfil-
tered chambers compared to filtered chambers at a rural site in India. The mean O

3
 

concentrations in this study varied between 30.5 and 45.4 ppb. Similar observations have 
also been made in several tree species (Gielen et al. 2007; Ribas et al. 2005), although 
a lack of response was also reported (Löw et al. 2007; Maurer et al. 1997). However, the 
effects of O

3
 stress on chlorophyll fluorescence have also been interpreted as a down-

regulation of linear electron transport to compensate for O
3
-induced reduction in the 

activity of the Calvin–Benson cycle (Guidi et al. 2001; Heath 2008).
The reductions in net photosynthetic rates and carboxylation efficiency, after 

exposure to O
3
, have been related to reduced levels and activity of RuBisCO 

(Nouchi 2002). RuBisCO is regarded as a key protein, and it functions to produce 
negative O

3
 effects on plant productivity (Leitao et al. 2008). RuBisCO is made 

up of two types of subunits: these are designated as the large subunit (LSU) 
encoded for by chloroplastic DNA and the small subunit (SSU) encoded for by 
nuclear DNA (Dizengremel 2001). The quantity of LSU was found to be dimin-
ished in the foliage of trees that were exposed to O

3
 (Pelloux et al. 2001). 

Decreased levels of rbcS (small subunit) and rbcL (large subunit) mRNA tran-
scripts were reported in leaves of O

3
-treated trees (Pelloux et al. 2001). 

Transcription of chlorophyll a/b-binding protein (cab) and glyceraldehyde 
3-phosphate dehydrogenase (gapA and gapB) was also reduced in O

3
-exposed 

plants (Glick et al. 1995). Sarkar and Agrawal (2010a) calculated 44.6 and 48.6% 
foliar injury in two cultivars of rice, Shivani and Malviya Dhan, respectively, 
when they were exposed to mean O

3
 concentration of 69.3 ppb. These authors 

also observed reductions in the abundance of the LSU and SSU of RuBisCO by 
using one-dimensional gel electrophoresis (1-DGE or commonly called SDS-
PAGE; sodium dodecyl sulfate polyacrylamide gel electrophoresis) protein 
profiling.

Although O
3
 exposure reduced the amount of RuBisCO, it is not clear whether 

the loss in transcripts is a result of mRNA degradation or from reduced transcrip-
tion (Pell et al. 1994a). An O

3
-induced decrease in the quantity of RuBisCO may 

involve several mechanisms. These include an increased rate of protease-mediated 
protein degradation, an alteration of protein through an oxidative process, or an 
inhibition of protein synthesis (Brendley and Pell 1998; Pell et al. 1994a). These 
processes could occur simultaneously or separately, depending on the O

3
 concentra-

tion, exposure time, and leaf age (Junqua et al. 2000).
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Another carboxylase involved in CO
2
 fixation in plants is phosphoenol pyruvate 

carboxylase (PEPC). PEPC is not directly implicated in C
3
 photosynthesis and is 

known to be involved in the “anaplerotic pathway” (Jeanneau et al. 2002). Studies 
in which the impact of O

3
 is assessed on both RuBisCO and PEPC are less common 

and were conducted exclusively on woody plants (Kolb and Matyssek 2001). An 
increase in PEPC activity, along with a decrease in RuBisCO activity has been 
evident under O

3
 stress conditions in various trees (Gaucher et al. 2003; Landolt 

et al. 1994; Lutz et al. 2000). Leitao et al. (2008) reported a similar response in 
P. vulgaris exposed to NF + 80 ppb O

3
 in OTCs

.
 In primary leaves, elevated O

3
 

reduced RuBisCO activity by 33%, whereas it stimulated PEPC activity by 376% 
(Leitao et al. 2008). The stimulation of PEPC activity is closely related to an 
increase in the activities of several enzymes of the glycolysis and pentose phos-
phate pathways, which would produce greater reducing power (NADPH and 
NADH) (Dizengremel 2001). Ozone-induced changes in the cell ultrastructure is 
manifested by several factors: reduction in chloroplast size, disintegration of the 
thylakoid and cellular organelles (Günthardt-Goerg et al. 2000), increased size and 
number of plastoglobuli, and appearance of exudates on the walls of mesophyll 
cells and mesophyll collapse (Britvec et al. 2001; Selldén et al. 1997). Pino et al. 
(1995) reported that maize (Zea mays) leaves, exposed to high O

3
 concentrations 

(360 ppb for 5 h for 3 week), showed increases in several thylakoid membrane-
associated proteins, whereas a 32 kDa polypeptide (D1) associated with thylakoid 
membrane was reduced, along with a reduced incorporation of [35S] methionine 
into proteins (Pino et al. 1995).

3.4  Cellular Responses

The generation of stress response leads to observable cellular or tissue changes such 
as water loss (waterlogging); this, in turn, leads to cell death with associated chlo-
rosis and necrosis (Heath 2008). Temporal shifts in development are often observed 
as an “accelerated senescence” or loss of certain proteins earlier than expected dur-
ing plant growth (Yang and Poovaiah 2000). In lentil (Lens culinaris), it has been 
shown that O

3
 controls the expression of certain enzymes at the transcriptional 

level, including down-regulating the amine oxidase gene and up-regulating the 
lipoxygenase gene (Maccarrone et al. 1997). Turcsányi et al. (2000) reported 
decreased ascorbate concentration, which plays an important role in the intercep-
tion of O

3
 in the leaf cell walls of O

3
-treated Vicia faba. Ozone produces rapid 

accumulation of certain specific proteins, such as OsPR5, OsPR10s, APX, MnSOD, 
and ATP-dependent CLP protease, which could serve as potent markers to monitor 
O

3
-related damage in rice or other plants (Agrawal et al. 2002b, c). The expression 

of OsEDR1 varied significantly in vegetative and reproductive tissues of rice after 
O

3
 exposure, suggesting the involvement of this protein in defense/stress signaling 

pathways and in general plant growth and development (Kim et al. 2003).
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Ozone exposure induced increases and decreases in the accumulation of some 
newly synthesized proteins in the leaves of Zea mays L. (Pino et al. 1995). Tang 
et al. (1999) reported exposure-dependent accumulation of a small group of O

3
 

responsive proteins (ORPs) in two clones of white clover (Trifolium repens L. cv. 
Regal), NC-R (O

3
 resistant), and NC-S (O

3
 sensitive) plants. They exposed the 

plants in the chamber of a continuously stirred tank reactor (CSTR) to a step func-
tion O

3
 profile for 3 days (8 h day−1) (minimum and maximum concentrations were 

50 and 150 ppb, respectively). More ORPs accumulated in NC-R than in NC-S, 
under similar exposure conditions. There were no detectable OPRs in control plants 
(Tang et al. 1999). Pääkkönen et al. (1998) exposed saplings of O

3
 sensitive and 

tolerant clones of birch (Betula pendula Roth) to 100 ppb O
3
 for 43 days and stud-

ied the genes that encode the stress-related proteins PR-10, PAL, and late embryo-
genesis abundant (LEA) group protein BP8. It was observed that the appearance of 
visible injury (necrotic flecks) and enhanced yellowing of leaves coincided with the 
induction of PR-10 and PAL genes. Increased PR-10 mRNA levels can also be 
related to premature senescence in O

3
-exposed plants, especially in sensitive clones 

(Pääkkönen et al. 1998).
In birch (Betula pendula Roth), an induction of Mpt1 (mitochondrial phosphate 

translocator) mRNA was detected during oxidative stress imposed by O
3
 on the 

plants (Kiiskinen et al. 1997). Accumulation of Mpt1 mRNA was first detectable 
after 2 h of O

3
 exposure and its maximum concentration was recorded 12 h after the 

beginning of an 8 h O
3
 exposure (150 ppb) (Kiiskinen et al. 1997). Chiron et al. 

(2000) observed enhanced levels of transcripts of stilbene synthase (STS) and PMT 
(S-adenosyl-l-methionine: pinosylvin-O-methyltransferase) in Scots pine (Pinus 
sylvestris) upon exposure to 300 ppb O

3
 (10 h day−1 for 2 days), compared to the 

control. Scots pine stilbene formation appeared to be induced via STS and PMT 
gene expression upon O

3
 fumigation, fungal stress, and wounding (Chiron et al. 

2000). Koch et al. (1998) also reported increased levels of PAL and 
O-methyltransferase in O

3
 exposed sensitive and tolerant clones of hybrid poplar 

(Populus maximowizii × P. trichocarpa). The levels of these mRNAs, however, were 
higher in tolerant clones (245) than in O

3
-sensitive ones (388).

3.5  Biochemical Responses

Although the stomatal resistance serves as a main obstacle to O
3
 flux (Kollist et al. 

2000), direct reaction of the pollutant with apoplastic ascorbate is commonly 
reported (Plochl et al. 2000). Ozone dissolves in the intercellular spaces and gives 
rise to a series of potentially damaging ROS, triggering an antioxidant response 
(Baier et al. 2005; Junqua et al. 2000). These oxidative processes also produce H

2
O

2
 

in the humid environment of the leaf interior. H
2
O

2
 is one of the most important 

O
3
-derived oxidants and may lead to the formation of other ROS such as ˙O

2
− and 

hydroxyl (˙OH) radicals (Langebartels et al. 2002). The ROS oxidize cellular 
 constituents such as lipids, proteins, sulfhydryl groups, and nucleic acids and can 
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initiate radical chain reactions (Kangasjärvi et al. 1994). Ozone-tolerant varieties 
appeared to reduce chlorophyll loss, either by blocking O

3
 entry through decreased 

gs, or through the action of the antioxidants ascorbate and nonprotein sulfhydryls 
(Guzy and Heath 1993). It was suggested that, in sensitive varieties, damage 
appeared to derive from either comparatively high gs or comparatively low levels 
of antioxidants in spite of low gs (Guzy and Heath 1993). Other workers have also 
associated O

3
 tolerance of plants to the capability of maintaining high ratios of 

reduced ascorbate (AA)/total ascorbate (AA + dehydroascorbate DHA) (Burkey 
et al. 2003; Iriti et al. 2003).

The apoplastic antioxidants scavenge O
3
 and its derivatives, and serve as the first 

detoxifying barrier of the cells (Fig. 4); presumably, this protects the next organiza-
tional level (membranes) from injury (Heath 2008). The level of ascorbate, 
 especially apoplastic ascorbate, is considered to be a good indicator of O

3
 tolerance 

2

O3

ROS

AA MDHA

SOD

APX

GSSG

GSH

DHAR NADP +

NADPH

PEPC
Stimulation of

glycolysis

2nd detoxifying response
SYMPLAST

GR

NADPH

AA

O2
-O2

-

H2OH2O2

H2O

O2
CAT

DHA

AA

AA
DHA

C3
cycle

Enhanced ROS production

RuBisCO
APOPLAST

MDAR
CHLOROPLAST

POD

AA

NAD(P)H

Ascorbate-
glutathione 

cycle

Triose phosphate

1st detoxifying barrier

H2O2

Fig. 4 A model that shows the antioxidant- and carbon metabolism-dependant detoxification 
process in cells. Antioxidants, such as ascorbic acid (AA), present in the apoplasm serves as the 
first detoxification barrier against ROS generated under O

3
 stress. The ascorbate-glutathione 

cycle, which takes place in the cytosol and chloroplasts, serves as a second detoxification barrier. 
Oxidized glutathione that is generated through this cycle is reduced by glutathione reductase (GR) 
using the reduced form NADPH. Excess ROS affects the tricarboxylic acid cycle (C3 cycle), 
wherein the activity of RuBisCO is depressed and that of phosphoenolpyruvate carboxylase 
(PEPC) is stimulated. These series of events stimulate the enzymes of glycolysis, which eventually 
leads to more production of NADPH and acceleration of the ascorbate-glutathione cycle. 
Abbreviations: APX ascorbate peroxidase, CAT catalase, DHA dehydroascorbate, DHAR reduced 
dehydroascorbate; GSH reduced glutathione, GSSG oxidized glutathione, H

2
O water, MDAR 

reduced monodehydroascorbate radical, MDHA monodehydroascorbate radical, POD peroxidase, 
SOD superoxide dismutase
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(Tausz et al. 2007; Turcsányi et al. 2000). The antioxidant ascorbate accumulates in 
millimolar concentrations in leaf apoplasts and may scavenge significant amounts 
of O

3
 (Plochl et al. 2000). Study results have shown that tolerance to O

3
 was 

increased in an O
3
-sensitive genotype of Raphanus sativus L., when its l-ascorbate 

content was increased by feeding hydroponically cultivated plants the biosynthetic 
precursor, l-galactono-1,4-lactone (Maddison et al. 2002). Van Hove et al. (2001) 
exposed sensitive (Populus nigra “Brandaris”) and tolerant (P. euramericana 
“Robusta”) species to filtered and ambient air for 30 days in fumigation cabinets 
and observed a reduction in gs and an increase in apoplastic water volume (V

apo
). 

They also observed reduced ascorbate levels from O
3
 treatment. However, these 

responses could not prevent a reduction in photosynthesis or early senescence in 
leaves that had prolonged exposures. These results suggest that the increase in apo-
plastic ascorbate concentration was a general stress reaction of the affected poplar 
leaves, rather than a defense reaction induced by O

3
 (van Hove et al. 2001).

Depletion of antioxidants from the apoplastic region of cells, or a rapid entry of 
O

3
, reduces protection and leads to the membrane injury (Conklin and Barth 2004; 

Zheng et al. 2000). Membranes are believed to be the initial sites of O
3
 injury 

(Heath and Taylor 1997). Any change in the membrane leads to some membrane 
leakage (Marre et al. 1998), or shifts in signal transduction proteins within the 
membrane (Cerana et al. 2006; Rossard et al. 2006). These are initial causes of 
changes that can lead to internal cellular events. Nouchi and Toyama (1998) 
observed that O

3
 exposure affected the lipid metabolic processes in morning glory 

during the initial exposure stages. Metabolic decomposition of glycolipids, 
increased amounts of triacylglycerol (TG) being synthesized from acyl moieties of 
monogalactosylglycerol (MGDG), and increased amounts of free fatty acid, pro-
duced by decomposition of MGDG, were observed in O

3
-exposed plants (Sakaki 

et al. 1990a, b, c, 2008). Francini et al. (2007) studied the metabolic response of 
two clover clones (NC-S and NC-R) at 200 ppb O

3
 for 5 h in the form of a square 

wave. NC-S exhibited a significant increase in membrane permeability, whereas no 
alteration was observed in NC-R. Barth and Conklin (2003) reported that the reces-
sive O

3
-sensitive Arabidopsis mutant lcd-1 exhibited an increased amount of the 

lipid peroxidation product malondialdehyde (MDA) in leaves, compared to the 
wild-type, when exposed to O

3
.

ROS trigger the exchange of antioxidants between the symplastic detoxification 
system and the apoplasm (Dizengremel et al. 2008). Luwe et al. (1993) observed 
that, when subjected to fumigation at high concentrations of O

3
 (300 ppb), the cel-

lular ascorbate redox state was unaltered. Ascorbate regeneration was tightly cou-
pled to GSH (reduced glutathione) within the cell and transport activity was induced 
to replenish the reduced ascorbate pool in the apoplast (Baier et al. 2005). The 
capacity of the plants to regenerate the antioxidants within the cell serves as the 
second detoxification barrier (Fig. 4), which depends on carbon metabolism changes 
and alteration in gene expression (Foyer and Noctor 2005). The reducing power 
required to drive this process is supplied by NAD (P) H (Dizengremel et al. 2008).

Efficient destruction of ˙O
2
− and H

2
O

2
 requires the action of several antioxidant 

enzymes. Superoxide radicals (˙O
2
−) that are produced in different compartments of 

the plant cells are rapidly converted to H
2
O

2
 by the action of superoxide dismutase 
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(SOD) (Bowler et al. 1991). H
2
O

2
 is a strong oxidant that rapidly oxidizes thiol 

groups, and its accumulation in the chloroplast can be harmful, because photosynthe-
sis depends on many thiol-regulated enzymes (Kaiser 1979). Catalase converts H

2
O

2
 

to water and molecular oxygen. The absence of this enzyme in the chloroplast pre-
cludes protection to the thiol-regulated enzymes of the Calvin cycle. An alternative 
mode of H

2
O

2
 destruction is via peroxidases (POXs), which include either the specific 

APX or the unspecified POX. Glutathione present in the symplast also plays an 
important role in this protective mechanism (Noctor and Foyer 1998). The reduction 
of GSSH (oxidized glutathione) to GSH occurs through the functioning of glutathi-
one reductase. The GSH/GSSH couple plays a redox sensor role (Foyer and Noctor 
2005), allowing further reduction of ascorbate to occur. GSH not only serves as a 
reducing cofactor for several enzymes involved in ROS detoxification but could also 
conjugate to proteins to prevent their oxidation (Rouhier et al. 2004). Ranieri et al. 
(2000) have shown an enhancement in ascorbate-dependent POX activity at both the 
apoplastic and symplastic levels and extracellular syringaldazine-dependent POX 
activity. These changes occurred despite the fact that both extracellular and intracel-
lular guaiacol-dependent and stromal and thylakoid-bound ascorbate-dependent POX 
activities remained unchanged in the sunflower plants exposed to O

3
. Dizengremel 

et al. (2008) proposed reducing power [NAD(P)H] as one of the additional indicators 
for O

3
 tolerance in plants. Ruzsa et al. (1999) studied the response of maize seedlings 

to a single, acute 6 h exposure to O
3
, and observed that CAT (Cat1 and Cat3), gluta-

thione S-transferase (Gst1), SOD (Sod3, Sod4, and Sod4A) transcript levels generally 
increased, whereas Cat2, d-  ribulose-1,5-bisphosphate carboxylase/oxygenase (RbcS), 
and Sod1 levels decreased. Transgenic tobacco (N. tabacum L. cv. Xanthi) expressing 
for cucumber ascorbate oxidase (AO) revealed up to a 380-fold increase in AO activ-
ity, with expression predominantly associated with leaf cell walls in response to 
100 ppb O

3
 (7 h day−1 for 28 days) (Sanmartin et al. 2003). Levels of ascorbic acid 

and glutathione in the symplast were not affected by the AO overexpression, but the 
redox state of ascorbate was reduced and that of glutathione increased (Sanmartin 
et al. 2003). Biswas et al. (2008) exposed 20 varieties of wheat plants, released over 
the last 20 years in China, to elevated O

3
 (82 ppb O

3
, 7 h day−1) levels for 21 days in 

OTCs. The results observed were that O
3
 significantly reduced foliar ascorbate (14%) 

and soluble proteins contents (27%) but increased POX activity (46%) and the malon-
dialdehyde content (38%). Variations in the responses of both enzymatic as well as 
 nonenzymatic antioxidants are shown in Table 1.

3.6  High-throughput Analyses of Ozone Responses  
at the Omics Level

Many studies of O
3
 stress responses have been reported in several plant species 

 during the last decade, and such studies have used typical research approaches. 
Although the demonstration of complicated mechanisms of O

3
 response in plants has 

been attempted, much work still remains to be done in this area. In recent years, the 
decoding of the genomic sequences of several plant species has opened the  functional 
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genomics era, and new integrative and systemic analytical approaches have emerged; 
such approaches permit the rapid analysis of gene (one or many) function, and analy-
sis at the level of the transcript (transcriptomics), the protein (proteomics) and the 
metabolite (metabolomics). In recent years, analyses have been performed to obtain 
information on O

3
-triggered responses in plants; to this end, many high-throughput 

omics approaches were performed in Arabidopsis (Mahalingam et al. 2006; Tamaoki 
et al. 2003), aspen (Bohler et al. 2007; Gupta et al. 2005), bean (Torres et al. 2007), 
birch (Kontunen-Soppela et al. 2007; Ossipov et al. 2008), maize (Torres et al. 2007), 
pepper (Lee and Yun 2006) and rice (Agrawal et al. 2002c; Cho et al. 2008). In the 
model tree plant, poplar, the contribution of transcriptomics, proteomics, and metab-
olomics, in enhancing the understanding of mechanistic cellular responses to O

3
, has 

been recently reviewed (Renaut et al. 2009). Some examples are presented below of 
the O

3
-responsive gene, protein, or metabolite components.

3.6.1  Transcriptomics Approach

Tamaoki and coworkers found that 157 and 48 genes were induced and suppressed, 
respectively, in Arabidopsis wild-type (Col-0) plants exposed to 200 ppb O

3
 for 

12 h, using cDNA macroarray filters containing 12,028 nonredundant EST clones 
(Tamaoki et al. 2003). Furthermore, analysis of gene expression in O

3
-exposed 

ethylene-, JA-, and SA-signaling mutants was performed using a subset macroarray 
containing the 157 induced genes, and the results revealed interaction among eth-
ylene, JA, and SA-signaling pathways in the induction of gene expression in 
response to O

3
 exposure (Tamaoki et al. 2003).

Studies were performed on the response to O
3
 (using DNA microarrays) of aspen 

(Gupta et al. 2005), pepper (Lee and Yun 2006), Arabidopsis (Mahalingam et al. 
2006), and rice (Cho et al. 2008). In these experiments, microarray analyses were 
used to collect new information on the O

3
 response of these species to gene expres-

sion changes among different species. Moreover, identification of cellular responses 
between cultivars with different O

3
 sensitivity was also examined in these studies.

The analysis of the trembling aspen tree (using a 4,608-element nylon cDNA 
array) after long-term O

3
 exposure indicated that 88 and 7 genes, respectively, are 

up- and down-regulated (Gupta et al. 2005). Their functional categorization showed 
that O

3
 exposure induces expression of genes involved in signaling, defense, senes-

cence and the flavanoid pathway, and represses expression of genes related to 
photosynthesis and energy.

The comparative analysis of O
3
 transcriptomes between O

3
-sensitive and - tolerant 

peppers, using a 5 K pepper cDNA microarray, showed that 180 genes are O
3
 

responsive and most of them are involved in transcription, defense and ROS-
scavenging, photosynthesis, and metabolism (Lee and Yun 2006).

Moreover, the study on oxidative signaling induced by O
3
, in the O

3
-sensitive 

Wassilewskija (Ws-0) ecotype of Arabidopsis, was reported using an Arabidopsis 
70-mer oligonucleotide microarray (Mahalingam et al. 2006). A total of 371 genes 
were differentially expressed at 1, 4, 8, 12, and 24 h after O

3
 exposure for 6 h.  
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The observations of early induction of proteolysis and hormone-responsive genes 
and down-regulation of carbon utilization, energy, and signaling-related genes 
indicated that O

3
 rapidly triggers oxidative cell death and induces an inefficient 

defense response in the Ws-0 ecotype. Comparative analyses with other microar-
ray data showed some overlap between O

3
-responsive genes and ethylene-induced 

genes, or between O
3
-responsive genes and methyl jasmonate-repressed genes, 

indicating a relevance of ethylene and jasmonate in O
3
 response.

Recently, a transcriptomics approach was applied to investigate the molecular 
responses to O

3
 (0.2 ppm) of 2-week-old rice leaves (Cho et al. 2008). Expression 

profiles of genes on a 22 K rice DNA microarray chip were evaluated in O
3
-exposed 

rice leaves for 1, 12, and 24 h. In total, 1,535 genes were differentially expressed 
by a factor of more than five-fold vs. control. The results suggested that the follow-
ing genes played a crucial role in the response to O

3
: transcription, pentose phos-

phate pathway and signal transduction at 1 h, and genes related to antioxidant 
enzymes, ribosomal protein, posttranslational modification, signal transduction, 
jasmonate, ethylene and secondary metabolism at 12 and 24 h. In Fig. 5, the 
responses of rice-ozone omics are presented as an example.

3.6.2  Proteomics Approach

The first study performed on O
3
 responses in rice were conducted in 2-week-old rice 

seedling, and used typical two-dimensional gel electrophoresis (2-DGE), amino acid 
sequencing and immunoblot analysis to characterize the effects on proteins. The 
results were that O

3
 caused drastic changes of 37 proteins, including a decrease in 

RuBisCO and increases in various defense/stress-related proteins such as a PR class 
5 protein, three PR 10 class proteins, APX(s), SOD, calcium-binding protein, calre-
ticulin, and a novel ATP-dependent CLP protease (Agrawal et al. 2002c). In a later 
study, integrative and systematic analyses of molecular responses at the gene, protein, 
and metabolite levels in O

3
-exposed rice (2-week-old) leaves for 24 h (using parallel 

transcriptomics, proteomics, and metabolomics approaches) were undertaken to 
obtain more information about responses to O

3
 (Cho et al. 2008) (Fig. 5). This inte-

grated analysis resulted in the identification of 1,535 genes, 21 proteins, and 24 
metabolites. The identified proteins were mainly related to cellular processing, sig-
naling, defense, and photosynthesis. Sarkar and Agrawal (2010a) also demonstrated 
a change in the mature leaf proteome of two Indian rice cultivars grown in OTCs 
(Malviya Dhan 36 and Shivani) after elevated O

3
 exposure (ambient +20 ppb).

Sarkar et al. (2010) employed in-depth proteomics approaches (1-/2-DGE 
 coupled with protein sequencing through MS and western blotting) to reveal the 
effect of O

3
 on mature wheat plants under near natural field conditions. Results 

showed a significant decrease in some major photosynthetic (i.e., RuBisCO, 
RuBisCO activase, etc.) and carbon metabolism-related proteins, and an increase in 
some defense/stress-related proteins. However, the study also pointed toward a dif-
ferential cultivar response between two wheat cultivars at the proteome level, under 
elevated O

3
 stress conditions.
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One-DGE was used in conjunction with western blot analysis to identify changes 
in proteins upon exposure to O

3
 in beans (P. vulgaris L. cv. IDIAP R-3) and maize 

(Zea mays L. cv. Guarare 8128) (Torres et al. 2007). In this study, 2-DGE was also 
used in combination with mass spectrometry (MS) to identify leaf proteome changes. 
Western blot analysis in O

3
-exposed bean and maize leaves showed dramatic 

changes in expression of SOD, APX, small heat-shock protein and naringenin 
7-O-methyltransferase. Furthermore, 2-DGE and electrospray ionization-tandem 
mass spectrometry (ESI-MS/MS) analysis revealed that the decreased protein spots 
are mainly involved in glycolysis and photosynthesis, implying inefficiency of 
energy supply and photosynthesis; many of the increased protein spots are implicated 
as antioxidant enzymes and PR proteins.

Bohler et al. (2007) investigated the response to ozone in poplar with 2-DGE. 
Approximately 50% of O

3
-responsive 144 protein spots were identified and most of 

these proteins were involved in carbon metabolism.

3.6.3  Metabolomics Approach

Recently, the alterations in plant metabolites from O
3
 stress were evaluated in 

 different birch tree genotypes (Kontunen-Soppela et al. 2007; Ossipov et al. 2008). 
Birch trees were subjected to long-term O

3
 exposure (for 7 years) under open-field 

condition. Changes in metabolites such as phenolics, polar, and lipophilic  compounds, 

O
3 o

r 
fil

te
re

d 
ai

r 
(C

)-
ex

po
se

d 
ri

ce
 le

av
es

Grind  to a very fine 
powder in liquid nitrogen

C O3

Soluble protein

2-DGE

C

Organic/Aqueous
Phase

GC-& LC-MS
& CE-MS

Metabolites

DNA microarray 
& RT-PCR

C

40

30
25

20
15

10

22
K

 
ri

ce
 D

N
A

 c
hi

p 

Total RNA

Proteomics
(21 proteins)

OsPR10
O3

Metabolomics
(24 metabolites)

O3C

Transcriptomics
(1535 genes)

10

20

30

0

Bioinformatics Analyses

“The Rice-Ozone Response OMICS”

24 48 24 480 0 h

O
3

(P
hy

to
al

ex
in

 (n
g/

50
m

g 
FW

)

(R
el

at
iv

e 
In

te
ns

ity
 (%

)
(O

sP
R

10
)

Fig. 5 Integrated transcriptomics, proteomics, and metabolomics approaches to investigate the 
effect of O

3
 in rice. Essentially, starting from a single sample (powdered rice leaf), our approach 

is to study in parallel the changes in expression of genes (at mRNA level), proteins, and 
metabolites, after exposure occurs. More details are presented in Cho et al. (2008). Abbreviations: 
C control, CE capillary electrophoresis, GC gas chromatography, LC liquid chromatography, 
MS mass spectrometry, OsPR10 Oryza sativa pathogenesis related protein 10, RT-PCR reverse 
transcriptase-polymerase chain reaction, 2-DGE two-dimensional gel electrophoresis
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and pigments were analyzed using HPLC and GC/MS. The results showed that O
3
 

causes increases in quercetin–phenolic compounds and leaf cuticular wax layer-
related compounds, whereas decreases occurred in several compounds involved in 
carbohydrate metabolism, chloroplast membranes, and pigments.

Quantitative changes of amino acids, glutathione, gamma-aminobutyric acid 
(GABA), and a phytoalexin were investigated in O

3
-exposed rice leaves (Cho et al. 

2008) (Fig. 5). Integrative analysis between these metabolites and the transcriptome 
of O

3
-exposed leaves indicated that glycolysis, the citric acid cycle, the skimate 

pathway, and biosynthesis of phenolic secondary metabolites and glutathione were 
activated in rice leaves exposed to O

3
 (0.2 ppm) for 12 and 24 h. Moreover, these 

studies demonstrated the potential suitability of glutamate and GABA as biomark-
ers for indexing damage to rice from O

3
 exposure.

3.7  Yield

The productivity of several agricultural and horticultural crops in many regions of 
the world is adversely affected by current and anticipated atmospheric concentra-
tions of O

3
. The results of using various approaches to evaluate O

3
 effects concur 

on the point that current yield losses range from 5 to 15% for sensitive crops. The 
use of emission models of the O

3
 precursor, NO

x
, in eastern USA, Europe, and East 

Asia imply that 9–35% of the world’s cereal crops are exposed to seasonal O
3
 con-

centrations that reduce yields by at least a few percent (Chameides et al. 1994). In 
2002, more than 20% of Europe’s crop production land was estimated to be at risk 
for yield losses of 5% or more from O

3
 pollution, and this does not consider effects 

on grasslands or effects on forage nutritive value (Mills et al. 2007). Modeled 
ground-level O

3
 concentrations combined with an experimentally derived yield loss 

function indicated that ambient O
3
 levels reduced US soybean (Glycine max (L.) 

Merr.) production by 10% in 2005 (Tong et al. 2007). Simulations of cumulative O
3
 

concentrations in China suggested that soybean and wheat (Triticum aestivum L.) 
yields were suppressed by 12–19%, respectively, in 1990 (Wang and Mauzerall 
2004). Climate models were used to forecast that the areas with the greatest produc-
tion of peanuts (Arachis hypogaea L.), rice and soybeans, namely China, Japan, 
India, central Africa, the USA, and Indonesia, will continue to experience phyto-
toxic concentrations of ground-level O

3
 in the coming 50 years (Emberson et al. 

2009; Dentener et al. 2006; Wang and Mauzerall 2004).
Forty-one studies were conducted during the National Crop Loss Assessment 

Network (NCLAN) involved 14 crop species grown across the USA during a 7-year 
period; results indicated an approximate yield loss of 5%, equaling a value loss of 
$1 billion in the annual national economy (Heagle 1989; Murphy et al. 1999). The 
total production loss from ambient O

3
 concentrations in the Kanto district of Japan 

ranged from 16,000 metric t in 1981, to 78,500 metric t in 1985, correspond-
ing to 1.1–4.6% declines, respectively (Kobayashi and Okada 1995). Combining 
NCLAN data obtained from 12 species comprising 38 cultivars, it was found that 
cultivars of seven species [cotton, peanut, spinach, soybean, tomato, turnip 
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(Brassica rapa rapa L.) and wheat] would exhibit 10% yield reductions when 
exposed to an average O

3
 concentration below 50 ppb (7 h day−1) (US EPA 1996). 

Species such as maize, sorghum, barley, and some wheat cultivars showed a 10% 
yield loss when average O

3
 concentration (7 h day−1) exceeded 80 ppb (Booker et al. 

2009). An extensive survey of season-long field studies conducted in OTCs found 
that O

3
-sensitive crops, such as bean, cotton, lettuce, onion, soybean, tomato, tur-

nip, watermelon, and wheat, suffered 5% yield losses at seasonal AOT40 values of 
6 ppm h or less (Mills et al. 2007). Yields of moderately O

3
-sensitive crops such as 

broccoli, grape, maize, potato, rape, rice, sugar beet, and tobacco were suppressed 
by 5% at seasonal AOT40s of 8.6–20 ppm h (Mills et al. 2007).

Ambient O
3
 concentrations in the Mediterranean region induced yield losses on 

crops such as watermelon (19–39%) and tomatoes (17–24%) (Fumagalli et al. 
2001a, b). Mills et al. (2000) have reported reductions of 20–40% in total dry 
weight of clover under ambient O

3
 conditions. Velissariou (1999) reported a 100% 

crop loss for lettuce and chicory in Greece following an O
3
 exposure episode. 

Ozone-induced losses on horticultural crops can be greater than expected as O
3
 

effects may enhance the sensitivity of plants to pathogens (Gimeno et al. 1999). 
Gimeno et al. (1999) reported that watermelon (Citrullus lanatus) exposed to O

3
 

concentrations (10 h) of 45 and 61 ppb in OTCs showed significant reductions of 
19 and 39%, respectively, as compared to charcoal-filtered air. Reduction in fruit 
yield predominantly resulted from a decline in fruit number rather than average 
fruit weight (Gimeno et al. 1999). Heagle et al. (2003) reported significant reduc-
tions in both total tuber yield and number in two pot grown potato cultivars, Dark 
Red Norland, and Superior.

Asian countries have experienced tremendous increases in O
3
 concentrations in 

the last decade and the potential impact of elevated O
3
 on agricultural productivity 

of this region is important, because it is the home to approximately 60% of the 
world’s undernourished people (MEA 2005), and Asia will experience a further 
population increase by 2030 (FAO 2003). Several studies conducted in OTCs have 
shown adverse effects of O

3
 on productivity of crops in different areas such as East 

Asia (Jin et al. 2001; Zheng et al. 1998), India (Rai et al. 2007; Rai and Agrawal 
2008; Singh et al. 2009a; Singh and Agrawal 2009; Tiwari et al. 2005), China (Zeng 
et al. 2008) and Pakistan (Wahid 2006a, b) (Table 2). Wang and Mauzerall (2004) 
have indicated that crop losses from elevated O

3
 would increase by 2–16% for 

wheat, rice, and corn and to 28–35% for soybeans in China, Japan, and South Korea. 
Aunan et al. (2000), in a study on the impact of O

3
 on agriculture in China, utilized 

a global three-dimensional chemical tracer model to calculate the surface O
3
 concen-

tration, and then applied the NCLAN or European OTC Programme (EOTCP) dose–
response data to Chinese crops. Reduction in crop yields were less than 3% for most 
of the test plants, except soybean (Aunan et al. 2000). It has been suggested that crop 
losses for soybean and spring wheat may reach up to 20 and 30%, respectively, by 
2020 (Aunan et al. 2000). In the Yangtze River Delta (YRD) region of China, yield 
losses from O

3
 pollution in 1999 were estimated from dose–response functions and 

were based on local OTC studies and monitoring data in that region; 10 and 2.8% 
losses in yield for wheat and rice, respectively, were reported (Feng et al. 2003). 
A study that was based on dose–response functions in China disclosed that the Relative 



90 K. Cho et al.

Ta
bl

e 
2 

R
ed

uc
tio

n 
in

 th
e 

yi
el

d 
of

 s
el

ec
te

d 
ag

ri
cu

ltu
ra

l a
nd

 h
or

tic
ul

tu
ra

l p
la

nt
s 

gr
ow

n 
un

de
r 

O
3 

st
re

ss

Pl
an

t s
pe

ci
es

C
ul

tiv
ar

E
xp

er
im

en
ta

l t
yp

e
O

3 
co

nc
en

tr
at

io
n

Y
ie

ld
 r

ed
uc

tio
n 

(%
)

R
ef

er
en

ce
s

Tr
it

ic
um

. a
es

ti
vu

m
 L

.
D

ra
go

n
Fu

m
ig

at
io

n
57

 p
pb

 (
8 

h 
d−

1 )
40

Pl
ei

je
l e

t a
l. 

(2
00

6)
L

an
tv

et
e

Fu
m

ig
at

io
n

52
 p

pb
 (

8 
h 

d−
1 )

21
Pl

ei
je

l e
t a

l. 
(2

00
6)

M
 2

34
Fi

lte
ra

tio
n

40
 p

pb
 (

8 
h 

d−
1 )

20
.5

R
ai

 e
t a

l. 
(2

00
7)

B
lu

eb
oy

 I
I

Fu
m

ig
at

io
n 

(p
ot

te
d 

m
ed

iu
m

)
13

0 
pp

b 
(7

 h
 d

−
1 )

20
.3

H
ea

gl
e 

et
 a

l. 
(1

97
9)

(g
ro

un
d 

m
ed

iu
m

)
31

.1
6

C
ok

er
 4

2-
72

Fu
m

ig
at

io
n 

(p
ot

te
d 

m
ed

iu
m

)
13

0 
pp

b 
(7

 h
 d

−
1 )

22
.5

H
ea

gl
e 

et
 a

l. 
(1

97
9)

(g
ro

un
d 

m
ed

iu
m

)
42

.8
2

H
ol

ly
Fu

m
ig

at
io

n 
(p

ot
te

d 
m

ed
iu

m
)

13
0 

pp
b 

(7
 h

 d
−

1 )
47

H
ea

gl
e 

et
 a

l. 
(1

97
9)

(g
ro

un
d 

m
ed

iu
m

)
33

.3
O

as
is

Fu
m

ig
at

io
n 

(p
ot

te
d 

m
ed

iu
m

)
13

0 
pp

b 
(7

 h
 d

−
1 )

14
.6

4
H

ea
gl

e 
et

 a
l. 

(1
97

9)
(g

ro
un

d 
m

ed
iu

m
)

26
.2

9
A

lb
is

Fu
m

ig
at

io
n

57
–5

8 
pp

b 
(8

 h
 d

−
1 )

37
.4

; 3
0.

9a
Fu

hr
er

 e
t a

l. 
(1

98
9)

78
–9

0 
pp

b 
(8

 h
 d

−
1 )

6.
4;

 6
5.

4;
 6

5a
Fu

hr
er

 e
t a

l. 
(1

98
9)

R
ib

an
d

Fu
m

ig
at

io
n

80
 p

pb
13

O
lle

re
ns

ha
w

 a
nd

 L
yo

ns
 

(1
99

9)
Pa

k-
81

Fi
lte

ra
tio

n
35

.6
 p

pb
 (

6 
h 

d−
1 )

46
.7

W
ah

id
 e

t a
l. 

(1
99

5)
C

ha
kw

al
-8

6
Fi

lte
ra

tio
n

35
.6

 p
pb

 (
6 

h 
d−

1 )
34

.8
W

ah
id

 e
t a

l. 
(1

99
5)

In
qi

la
b-

91
Fi

lte
ra

tio
n

72
 p

pb
 (

8 
h 

d−
1 )

18
W

ah
id

 (
20

06
a)

Pu
nj

ab
-9

6
Fi

lte
ra

tio
n

72
 p

pb
 (

8 
h 

d−
1 )

39
W

ah
id

 (
20

06
a)

Pa
sb

an
-9

0
Fi

lte
ra

tio
n

71
 p

pb
 (

8 
h 

d−
1 )

43
W

ah
id

 (
20

06
a)

G
em

in
i

Fi
lte

ra
tio

n
43

 p
pb

 (
7 

h 
d−

1 )
 7

.6
 p

pm
 h

b
21

.2
Fu

m
ag

al
li 

et
 a

l. 
(2

00
1a

, b
)

49
 p

pb
 (

7 
h 

d−
1 )

 6
.7

 p
pm

 h
b

17
.9

54
 p

pb
 (

7 
h 

d−
1 )

 
11

.1
 p

pm
 h

b

22
.8

51
 p

pb
 (

7 
h 

d−
1 )

 8
.3

 p
pm

 h
b

27
.4

46
 p

pb
 (

7 
h 

d−
1 )

 7
.9

 p
pm

 h
b

21
.7

53
 p

pb
 (

7 
h 

d−
1 )

 9
.6

 p
pm

 h
b

20



91Tropospheric Ozone and Plants: Absorption, Responses, and Consequences

(c
on

tin
ue

d)

Pl
an

t s
pe

ci
es

C
ul

tiv
ar

E
xp

er
im

en
ta

l t
yp

e
O

3 
co

nc
en

tr
at

io
n

Y
ie

ld
 r

ed
uc

tio
n 

(%
)

R
ef

er
en

ce
s

O
ry

za
 s

at
iv

a 
L

.
Sa

ur
ab

h 
95

0
Fi

lte
ra

tio
n

30
.5

–4
5.

4 
pp

b 
(8

 h
 d

−
1 )

11
.5

R
ai

 a
nd

 A
gr

aw
al

 (
20

08
)

N
D

R
 9

7
Fi

lte
ra

tio
n

30
.5

–4
5.

4 
pp

b 
(8

 h
 d

−
1 )

15
.9

R
ai

 a
nd

 A
gr

aw
al

 (
20

08
)

SY
63

O
3 

FA
C

E
25

0 
pp

b 
(7

 h
 d

−
1 )

17
.5

Sh
i e

t a
l. 

(2
00

9)
LY

PJ
O

3 
FA

C
E

25
0 

pp
b 

(7
 h

 d
−

1 )
15

Sh
i e

t a
l. 

(2
00

9)
SY

63
Fi

lte
ra

tio
n

13
.8

–7
4.

2 
pp

b 
(7

 h
 d

−
1 )

20
.7

Pa
ng

 e
t a

l. 
(2

00
9)

Pa
th

um
th

an
i

Fu
m

ig
at

io
n

15
0 

pp
b 

(7
 h

 d
−

1 )
78

A
ri

ya
ph

an
ph

ita
k 

et
 a

l. 
(2

00
5)

H
or

de
um

 v
ul

ga
re

 L
.

H
ai

de
r-

93
Fi

lte
ra

tio
n

71
 p

pb
 (

8 
h 

d−
1 )

13
W

ah
id

 (
20

06
b)

H
ai

de
r-

91
Fi

lte
ra

tio
n

71
 p

pb
 (

8 
h 

d−
1 )

30
W

ah
id

 (
20

06
b)

Jo
u-

87
Fi

lte
ra

tio
n

71
 p

pb
 (

8 
h 

d−
1 )

34
W

ah
id

 (
20

06
b)

Jo
u-

 8
5

Fi
lte

ra
tio

n
71

 p
pb

 (
8 

h 
d−

1 )
44

W
ah

id
 (

20
06

b)
B

ar
be

ro
us

se
Fi

lte
ra

tio
n

49
 p

pb
 (

7 
h 

d−
1 )

 6
.7

 p
pm

 h
b

11
.2

Fu
m

ag
al

li 
et

 a
l. 

(2
00

1a
, b

)
Fi

lte
ra

tio
n

43
 p

pb
 (

7 
h 

d−
1 )

 7
.6

 p
pm

 h
b

15
.5

Fi
lte

ra
tio

n
51

 p
pb

 (
7 

h 
d−

1 )
 7

.9
 p

pm
 h

b
20

.1
P

ha
se

ol
us

 v
ul

ga
ri

s 
L

.
B

B
L

-2
90

Fi
lte

ra
tio

n
40

 p
pb

 (
12

 h
 d

−
1 )

21
.8

B
ur

ke
y 

et
 a

l. 
(2

00
5)

S1
56

Fi
lte

ra
tio

n
40

 p
pb

 (
12

 h
 d

−
1 )

36
Ta

yl
or

’s
 

H
or

tic
ul

tu
ra

l
Fi

lte
ra

tio
n

49
 p

pb
 (

7 
h 

d−
1 )

 6
.8

 p
pm

 h
b

24
.3

Fu
m

ag
al

li 
et

 a
l. 

(2
00

1a
, b

)
43

 p
pb

 (
7 

h 
d−

1 )
 6

.6
 p

pm
 h

b
26

.4
51

 p
pb

 (
7 

h 
d−

1 )
 6

.4
 p

pm
 h

b
31

.5
46

 p
pb

 (
7 

h 
d−

1 )
 7

.3
 p

pm
 h

b
21

.8
L

in
gu

a 
di

 f
uc

o
Fi

lte
ra

tio
n

49
 p

pb
 (

7 
h 

d−
1 )

 6
.8

 p
pm

 h
b

16
.9

Fu
m

ag
al

li 
et

 a
l. 

(2
00

1a
, b

)
51

 p
pb

 (
7 

h 
d−

1 )
 6

.4
 p

pm
 h

b
28

.6
Sa

lu
gg

ia
Fi

lte
ra

tio
n

49
 p

pb
 (

7 
h 

d−
1 )

 6
.8

 p
pm

 h
b

19
.1

Fu
m

ag
al

li 
et

 a
l. 

(2
00

1a
, b

)
51

 p
pb

 (
7 

h 
d−

1 )
 6

.4
 p

pm
 h

b
30

.8
L

it
Fi

lte
ra

tio
n

59
 p

pb
 (

7 
h 

d−
1 )

 
20

.1
 p

pm
 h

b

28
.5

Fu
m

ag
al

li 
et

 a
l. 

(2
00

1a
, b

)

Vi
gn

a 
ra

di
at

a 
L

.
M

-J
yo

ti
T

ra
ns

ec
t s

tu
dy

58
.5

 p
pb

20
.4

5
A

gr
aw

al
 e

t a
l. 

(2
00

3b
)

M
-2

8
Fi

lte
ra

tio
n

61
.6

 p
pb

47
.0

6
A

hm
ed

 2
00

9
M

-6
60

1
Fi

lte
ra

tio
n

61
.6

 p
pb

51
.1

2



92 K. Cho et al.

Pl
an

t s
pe

ci
es

C
ul

tiv
ar

E
xp

er
im

en
ta

l t
yp

e
O

3 
co

nc
en

tr
at

io
n

Y
ie

ld
 r

ed
uc

tio
n 

(%
)

R
ef

er
en

ce
s

G
ly

ci
ne

 m
ax

 L
.

C
er

es
ia

Fi
lte

ra
tio

n
50

 p
pb

 (
8.

7 
pp

m
 h

)b
5.

6
Fu

m
ag

al
li 

et
 a

l. 
(2

00
1a

, b
)

B
ra

ss
ic

a 
co

m
pe

st
ri

s 
L

.
Pu

sa
 J

ai
ki

sa
n

T
ra

ns
ec

t s
tu

dy
58

.5
 p

pb
20

.4
5

A
gr

aw
al

 e
t a

l. 
(2

00
3b

)
K

ra
nt

i
Fi

lte
ra

tio
n

41
.6

–5
4.

2 
pp

b 
(1

2 
h 

d−
1 )

16
.4

Si
ng

h 
et

 a
l. 

(2
00

9a
)

B
ra

ss
ic

a 
na

pu
s 

ss
p.

 
ol

ei
fe

ra
B

ie
nn

is
Fu

m
ig

at
io

n
75

 p
pb

 (
6.

6 
h 

d−
1 )

14
O

lle
re

ns
ha

w
 e

t a
l. 

(1
99

9)

Tr
if

ol
iu

m
 

su
bt

er
ra

ne
um

 L
.

W
oo

ge
ne

llu
p

Fu
m

ig
at

io
n

90
 p

pb
 (

4 
h 

d−
1 )

37
H

or
sm

an
 e

t a
l. 

(1
98

1)

Tr
if

ol
iu

m
 r

ep
en

s 
L

.
N

.Z
. W

hi
te

Fu
m

ig
at

io
n

90
 p

pb
 (

4 
h 

d−
1 )

28
Ly

co
pe

rs
ic

on
 

es
cu

le
nt

us
 L

.
N

ik
ita

Fu
m

ig
at

io
n

(3
5.

9 
+

 7
0)

 p
pb

 (
8 

h 
d−

1 )
48

C
al

vo
 e

t a
l. 

(2
00

7)
A

lis
a 

C
ra

ig
Fu

m
ig

at
io

n
(3

5.
9 

+
 7

0)
 p

pb
 (

8 
h 

d−
1 )

57
M

on
ey

 M
ak

er
Fu

m
ig

at
io

n
(3

5.
9 

+
 7

0)
 p

pb
 (

8 
h 

d−
1 )

63

L
ac

tu
ca

 s
at

iv
a 

L
.

V
al

la
do

lid
Fu

m
ig

at
io

n
83

 p
pb

 (
12

 h
 d

−
1 )

54
C

al
at

ay
ud

 a
nd

 B
ar

re
no

 
(2

00
1)

M
or

el
la

Fu
m

ig
at

io
n

83
 p

pb
 (

12
 h

 d
−

1 )
33

So
la

nu
m

 t
ub

er
os

um
 

L
.

D
ar

k 
R

ed
 

N
or

la
nd

Fi
lte

ra
tio

n
45

 p
pb

 (
12

 h
 d

−
1 )

14
H

ea
gl

e 
et

 a
l. 

(2
00

3)
Fu

m
ig

at
io

n
80

 p
pb

 (
12

 h
 d

−
1 )

31

A
bb

re
vi

at
io

ns
: A

O
T

40
 A

cc
um

ul
at

ed
 o

zo
ne

 o
ve

r 
a 

th
re

sh
ol

d 
co

nc
en

tr
at

io
n 

of
 4

0 
pp

b,
 d

−
1  

pe
r 

da
y,

 h
 h

ou
r, 

pp
b 

pa
rt

s 
pe

r 
bi

lli
on

, p
pm

 p
ar

ts
 p

er
 m

ill
io

n
a Y

ie
ld

 r
ed

uc
tio

n 
in

 s
ec

on
d 

ye
ar

b A
O

T
40

 v
al

ue
s

Ta
bl

e 
2 

(c
on

tin
ue

d)



93Tropospheric Ozone and Plants: Absorption, Responses, and Consequences

Yield Loss (RYL) for rice in the Chongqing region from 1990 to 1995 was 1.1–5.8%, 
and would reach 10.8% in 2020; in winter wheat, losses were estimated to be 
 0.2–9.8% in 1990, and are expected to reach ~12% in 2020 (Liu et al. 2009). In this 
same study, the RYL in the YRD region for rice was estimated at 2.5–6.6% from 
1990 to 1999, and was projected to reach 9.2% in 2020. Similarly in winter wheat, 
the RYL was estimated to be 7.1–8.4% (based on simulated O

3
 doses), whereas, 

when based on monitored O
3
 doses, it was ~12% in 1999 (Liu et al. 2009).

Results of a meta-analysis assessment indicated that elevated O
3
 levels, in the 

range of 31–200 ppb, decreased wheat grain yields by 29%, and the harvest index 
(HI) by 9% (Feng et al. 2008). The large yield loss was caused by a combination of 
decreases in individual grain weight (18%), ear number plant−1 (6%) and 
grain  number ear−1 (11%) (Feng et al. 2008). In the same meta-analysis study, reduc-
tions of 19 and 22%, respectively, were recorded in RuBisCO activity and gs, which 
led to a decrease of 20% in leaf photosynthetic rate (Feng et al. 2008). Based on 22 
independent measurements across 10 cultivars and 7 countries, it was concluded 
that, under current ambient O

3
 level scenarios, wheat grain yield was depressed by 

17.5% (Feng et al. 2008). Wahid et al. (2001) reported a yield reduction of 53% at 
75 ppb O

3
 concentration in soybean at a remote rural site in Pakistan. Mulchi et al. 

(1988) exposed 12 cultivars of soybean to charcoal-filtered and -nonfiltered air plus 
40 ppb O

3
 for 6 h day−1, 5 days week−1 for 13 weeks, using OTCs, and reported that 

plant growth rates and relative growth rates were reduced by 17 and 14.4%, respec-
tively (based on the average over cultivars). Christ et al. (2006), however, found that 
increased assimilate partitioning to the pods prevented any yield loss when soybean 
was exposed to O

3
, although at the cost of decreased leaf growth. Dermody et al. 

(2006) hypothesized that exposure to elevated O
3
 levels of 1.2 times normal during 

the seed-filling stage of soybean growth would lead to reduced growth and photo-
synthesis in the upper leaf canopy and would eventually reduce yield. Morgan et al. 
(2003) reported a mean yield loss of about 10% in soybean exposed to 30–60 ppb 
O

3
, through a meta-analysis study. Free air gas concentration enrichment (FACE) 

experiments result in a yield loss in soybean by 20%, when a 23% enriched O
3
 

concentration was used (Morgan et al. 2006). Significant yield reductions of 20 and 
33.6% and 12 and 30% were recorded in two varieties of soybean grown in cham-
bers fumigated with 70 and 100 ppb O

3
 for 4 h day−1, respectively (Singh et al. 

2010). Feng and Kobayashi (2009), through their meta-analytical approach, com-
pared yield losses of several crops by exposing them to O

3
 concentrations at existing 

(31–50 ppb) or future levels (51–75 ppb). They found that current O
3
 concentrations 

reduced the yield of potato, soybean, barley, wheat, rice, and bean by 5.3, 7.7, 8.9, 
9.7, 17.5, and 19.0%, respectively. However, future levels of O

3
 resulted in further 

yield loss by 10%, in soybean, wheat and rice, and by 20% in bean.
Ainsworth (2008) reported that, compared to charcoal-filtered air, elevated O

3
 

decreased rice yield by 14%, which involved a 5% decrease in individual grain 
weight and 20% decrease in grain number, without significantly affecting the panicle 
number. Zeng et al. (2008) showed reductions in rice yield per square meter of 14.3% 
and 20.2%, for plants exposed to lower or higher O

3
 concentrations, respectively, in 

OTCs. According to these authors, a decrease in secondary rachis was the main cause 
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that led to yield loss from O
3
 exposure. Shi et al. (2009) used a FACE system to 

investigate the yield loss of rice from O
3
 exposure, and found that two cultivars 

showed yield losses of 17.5 and 15% (Table 2), whereas the other two cultivars 
showed no yield reduction. Pang et al. (2009) reported that photosynthesis of flag 
leaves in an O

3
-sensitive rice cultivar, grown in a FACE field, was inhibited much 

larger than that of a tolerant one. Sawada and Kohno (2009) investigated the differ-
ence in O

3
 sensitivity among many rice cultivars using OTCs, and found that the 

sensitivity, as evaluated by visible injury, did not coincide with the injury evaluated 
by yield loss. In two recent studies, Rai et al. (2010) and Sarkar and Agrawal (2010b) 
also showed significant negative effects on rice and wheat plants from ambient O

3
 

level exposure in a Northern Indian region, wherein near natural conditions existed.

4  Amelioration of Ozone Effects on Plants

4.1  Chemical Protectants

A diverse group of chemical compounds are known to provide various degrees of 
short-term protection to plants from O

3
 injury. These include antioxidants,  antisenescent 

agents, growth regulators, growth retardants, pesticides, among  others. Results from 
various studies have proved the usefulness of these chemicals in preventing effects 
from acute exposure to O

3
 (Agrawal et al. 2005; Manning 2000; Singh and Agrawal 

2009; Tiwari and Agrawal 2009). Use of protective chemicals to ameliorate the 
harmful  effects of O

3
 has several advantages over other techniques. Establishing the 

experimental setup is simple and uncomplicated, and requires little equipment. These 
experiments can be done under ambient field conditions, wherein plant number, plot 
size, and replication can be varied according to experimental requirements. This tech-
nique also has certain disadvantages, such as the fact that the O

3
 dose response cannot 

be evaluated, unless it is coupled with the use of OTCs. Moreover, repeated applica-
tions of the chemical could cause phytotoxicity, especially under dry conditions.

The antiozonant, ethylenediurea (N-[2-(2-oxo-1-imidazolinidyl) ethyl]-N¢ phe-
nylurea), abbreviated as EDU, has been extensively used in the recent years to 
ameliorate the negative effects of O

3
. It is evident from the exhaustive literature that 

EDU, if properly used, can serve as a very powerful tool for verifying the incidence 
of phytotoxic concentrations of ambient O

3
, and detecting yield and growth losses 

under field conditions (Bortier et al. 2001; Paoletti et al. 2008; Singh and Agrawal 
2009; Tiwari et al. 2005; Tonneijk and van Dijk 1997; Wang et al. 2007).

Carnahan et al. (1978) reported that EDU was effective in protecting P. vulgaris 
L. from acute foliar O

3
 injury. In an EDU dose–response study, it was found that 

increasing EDU concentrations resulted in increasing protection against O
3
. 

Weidensaul (1980) reported safe use of EDU up to 5,000 ppm as a foliar spray. In 
recent years, EDU has also been applied as a soil drench or potting medium, as 
stem injections or gravitational infusion (Bortier et al. 2001; Manning 2000; 
Paoletti et al. 2008).
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To be effective, EDU must be applied on a regular basis (Manning 2000). EDU 
is known to be rapidly transported acropetally, probably via the xylem stream, and 
accumulates in the apoplastic space of the leaves (Gatta et al. 1997; Weidensaul 
1980). No mobilization of EDU from old to new leaves has been detected, so 
repeated EDU applications are needed at 7–14 days intervals (Weidensaul 1980).

The mode of action of EDU is not completely understood. Bennett et al. (1978) 
found that EDU does not affect stomatal behavior of plants, suggesting that the 
anti-ozonant activity of EDU is of biochemical rather than biophysical in nature. 
Agrawal and Agrawal (1999), however, found that stomatal resistance increased in 
snap bean plants treated with EDU + O

3,
compared to plants treated with O

3
 alone. 

In a recent study, it has been shown that both biochemical and biophysical pro-
cesses may be modified under EDU treatment (Paoletti et al. 2008).

EDU does not act directly as an antioxidant, but helps to maintain cellular anti-
oxidants during O

3
 stress (Hassan 2006; Lee et al. 1997). Lee and Bennett (1982) 

reported enhancement of SOD activity after EDU treatment. However, no signifi-
cant variation in SOD activity was observed by other workers (Lee et al. 1997; 
Pitcher et al. 1992). Lee et al. (1997) have reported that total POX activity was not 
affected by EDU, while others have indicated an increase in apoplastic APX activ-
ity (Batini et al. 1995). Hassan (2006) applied 300 mg L−1 EDU to potato plants 
growing at suburban and rural sites. These plants were exposed to O

3
 concentra-

tions of 78 and 95.5 ppb, respectively, for 10 h. Results were that the activities of 
certain enzymes (CAT, guaiacol POX, and APX) did not vary significantly upon 
EDU treatment. However, SOD and glutathione POX activities increased by 58 and 
55%, respectively, at the suburban site, and by 100 and 54%, respectively, at the 
rural site (Hassan 2006). In a recent study, Singh et al. (2009b) found significant 
increments in the activities of protective enzymes that included SOD, POX, and 
APX, in different cultivars of wheat plants treated with 400 ppm EDU.

The use of protective chemicals allows the treated as well as control plants to grow 
under natural conditions. The advantage of this technique is that no chambers or 
artificial enclosures are necessary to evaluate O

3
 effects. Therefore, EDU may also 

serve as a potential research tool in remote areas where electricity is not available and 
is especially recommended for use in developing countries (Bytnerowicz et al. 1993; 
Tiwari et al. 2005). However, Singh and Agrawal (2010) have shown that an opti-
mized concentration of EDU (400 ppm) can most efficiently ameliorate the effect of 
O

3
. Results of this study revealed that application of 400 ppm EDU increased the 

yield in wheat by 27% under ambient O
3
 concentrations (Singh and Agrawal 2010).

4.2  CO
2
 Amelioration of O

3
 Impact

In the past few years, elevated CO
2
 concentrations have been utilized to ameliorate 

the adverse effects of tropospheric O
3
 in plants (Fiscus et al. 2002; Olszyk et al. 

2002). Elevated CO
2
 concentrations in the troposphere are known to increase plant 

growth and yield (Franzaring et al. 2008; Ramo et al. 2006). Tropospheric O
3
, on 
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the other hand, is high enough to suppress plant growth and yield in several parts 
of the world (Emberson et al. 2009; Liu et al. 2009). Because O

3
 and CO

2
 cause 

opposite plant responses, numerous studies have been performed over the past 
decade to address the effects of O

3
–CO

2
 mixtures. Most of these studies have 

revealed that apparent stimulation caused by CO
2
 enrichment is much greater when 

O
3
 concentrations are also high (Heagle et al. 2000; Idso and Idso 1994; Olszyk 

et al. 2002; Poorter and Perez-Soba 2001). Further, at a given O
3
 level, O

3
-sensitive 

plants may be more responsive to CO
2
 enrichment than O

3
-tolerant ones (Heagle 

et al. 2003). Booker et al. (2007) have also demonstrated that elevated CO
2
 sup-

pressed the inhibitory effects of O
3
 on photosynthesis and biomass of peanuts. 

Cardoso-Vilhena et al. (2004) demonstrated that ameliorative effects afforded by 
CO

2
 enrichment mainly results from the exclusion of O

3
 from the leaf interior, 

which is caused by the decline in gs of the plants upon CO
2
 enrichment.

5  Summary

Ozone is now considered to be the second most important gaseous pollutant in our 
environment. The phytotoxic potential of O

3
 was first observed on grape foliage by 

B. L. Richards and coworkers in 1958 (Richards et al. 1958). To date, unsustainable 
resource utilization has turned this secondary pollutant into a major component of 
global climate change and a prime threat to agricultural production. The projected 
levels to which O

3
 will increase are critically alarming and have become a major 

issue of concern for agriculturalists, biologists, environmentalists, and others. 
Plants are “soft targets” for O

3
. Ozone enters plants through stomata, where it dis-

solves in the apoplastic fluid. O
3
 has several potential effects on plants: direct reac-

tion with cell membranes; conversion into ROS and H
2
O

2
 (which alters cellular 

function by causing cell death); induction of premature senescence; and induction 
of and up- or down-regulation of responsive components such as genes, proteins, 
and metabolites. In this review, we attempt to present an overview picture of plant–
O

3
 interactions. We summarize the vast number of available reports on plant 

responses to O
3
 at the morphological, physiological, cellular, biochemical levels, 

and address effects on crop yield, and on genes, proteins, and metabolites.
It is now clear that the machinery of photosynthesis and its associated components 

are the primary target of O
3
. Ultimately, O

3
 affects photosynthesis, thereby decreas-

ing the economic yield of most plants and inducing a common morphological symp-
tom, called the “foliar injury.” The “foliar injury” symptom can be authentically 
utilized for biomonitoring of O

3
 under natural conditions. Elevated O

3
 stress has been 

convincingly demonstrated to trigger an antioxidative defense system in plants. The 
past several years have seen the development and application of high-throughput 
omics technologies (transcriptomics, proteomics, and metabolomics) that are capable 
of identifying and profiling the O

3
-responsive components in model and nonmodel 

plants. Such studies have been carried out and have generated an inventory of O
3
-

responsive components – a great resource to the scientific community.
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Recently, it has been shown that certain organic chemicals and elevated CO
2
 

levels are effective in ameliorating O
3
-generated stress. Both targeted and high-

throughput approaches have advanced our knowledge concerning what  O
3
-triggerred 

signaling and metabolic pathways exist in plants. Moreover, recently generated 
information, and several biomarkers for O

3
, may, in the future, be exploited to better 

screen and develop O
3
-tolerant plants.
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1  Introduction

The manufacture of pulp and paper is a resource-intensive industry that requires a 
large quantity of water, energy, and lignocellulosic materials of plant origin. Presently, 
the high cost of energy inputs, and realization of increased environmental concerns are 
the driving forces behind the need for the pulp and paper industry to seek more cost-
effective and environmental-friendly alternatives for pollution abatement. This indus-
try currently constitutes one of the largest contributors to air and water pollution.

The three main component groups of lignocellulosic plant materials are cellulose, 
hemicelluloses, and lignin. Pulp and paper mill effluent is highly colored and imparts 
a dark brown/black appearance to the receiving waterbody. The color of these waste-
waters primarily results from the presence of lignin and its derivatives that are released 
from the substrate, and discharged in such effluents. The color mainly derives from 
various processing steps undertaken during paper manufacture (Prouty 1990; Esposito 
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et al. 1991; Bergbauer and Eggert 1992). The major source of phenolic compounds in 
pulp and paper mill wastewater is lignin (Amat et al. 2005), whereas pentachlorophe-
nol is generated in the effluent as a by-product from chlorine bleaching of pulp (Steinle 
et al. 1998; Vallecillo et al. 1999). The chlorinated phenols, chlorinated dibenzo-p-
dioxin and dibenzofuran, chlorinated hydrocarbon, etc., that are released from lignin 
during chlorine bleaching of pulp are largely responsible for the toxic compounds 
released in pulp mill effluents. In addition, extractives are also present in such efflu-
ents. Although the concentration of extractives is lower than that of the phenolic 
compounds, some are relatively more toxic, and significantly reduce water quality and 
degrade the aquatic habitat of lakes and rivers receiving paper mill effluents.

In general, colored effluents are not only aesthetically unacceptable, but also 
reduce the transmission of light in contaminated waterways, thereby reducing aquatic 
plant photosynthesis. This, in turn, reduces the dissolved oxygen content and ulti-
mately causes the death and putrefaction of aquatic fauna (Sahoo and Gupta 2005).

The decolorization and detoxification of paper mill effluents has been the 
 subject of several studies performed in recent years (Raj et al. 2007). Several physi-
cal and chemical methods (e.g., precipitation, sorption, ozonation, ultrafiltration, 
reverse osmosis, and electrochemical treatment) have been attempted to decolorize 
pulp and paper mill effluents. Other physicochemical treatment methods, viz., 
incineration of black liquor lignin (Harila and Kivilinna 1999), titanium oxide oxi-
dation systems (Chang et al. 2004; Yeber et al. 2007), Fenton and photo-Fenton 
reactions (Perez et al. 2002; Kazmi and Thul 2007; Zahrim et al. 2007), and chemi-
cal coagulation of lignin (Ganjidoust et al. 1997) have also been reported to be 
effective for reducing color in, and toxicity of paper mill wastewaters.

Other treatment procedures have also been evaluated. Garg et al. (2004) studied 
the removal of nonbiodegradable and toxic compounds in pulp and paper mill efflu-
ent by wet air oxidation (WAO), using a heterogeneous catalyst (CuO–ZnO) sup-
ported on alumina and ceria. The authors recorded a maximum chemical oxygen 
demand (COD) reduction of 83% for this (CuO–ZnO)/CeO

2
 catalyst; the concen-

tration of the pulp–paper mill wastewater was 5 kg/m3 (2-h retention time), and the 
initial pH was 3.0. Recently, Mishra et al. (2009) compared the efficacy of activated 
charcoal and heat-treated coal for decolorizing pulp and paper mill effluent.

However, these latter methods have not been implemented at an industrial scale, 
mainly because they are energy intensive, and too expensive per unit volume of the efflu-
ent. Therefore, alternative biotreatment processes are being considered (Boman et al. 
1988). Physical and chemical processes are capable of removing only coloring agents, 
toxicants, suspended solids, COD, and high molecular weight lignins. But biological 
oxygen demand (BOD) is not reduced and low molecular weight compounds are not 
efficiently removed by such physical and chemical treatments (Singh and Singh 2004). 
The biological color-removal processes are particularly efficient, attractive, and cost and 
energy effective, because they reduce color, COD, BOD, and toxic low molecular 
weight chlorinated lignin derivatives (Barton et al. 1996; Nagarathnamma et al. 1999).

At present, conventional biological treatment methods employed in the industry 
include use of aerated lagoons and activated sludge processes. These biological treat-
ment methods are employed to ensure that effluents meet the BOD discharge limits, and 
pass fish toxicity tests. Such treatment processes usually remove 85–90% of the readily 
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biodegradable fraction of the BOD from these effluents. However, such systems are 
generally less effective in removing color, COD and chlorinated phenolic compounds 
(Saunamaki 1989; Raj et al. 2007). Therefore, more advanced alternative biological 
wastewater treatment strategies will be required to meet the new and more stringent 
discharge limits set for absorbable organic halogens (AOX). Such new biological treat-
ment technologies must be designed to degrade halogenated chemicals in effluents that 
pose the greatest threat to human health. Dealing effectively with the AOX chemicals is 
important, because they are toxic and/or mutagenic, can bioaccumulate in primary and 
secondary consumers of the food chain, and are difficult to degrade.

Microorganisms, such as fungi, bacteria, and algae, are suitable biological  candidates 
for treating wastewaters. The role of white-rot (Basidiomycetes) and other fungi in 
lignin/phenolics-laden wastewater treatment is gaining momentum, because of their 
potential for degrading lignin and its derivatives (Eriksson et al. 1980; Eaton et al. 1981; 
Driessel and Christov 2001; Christian et al. 2005; Saritha et al. 2010). Biodegradation 
of lignin is of ecological significance and also has wide industrial application 
(Bhoominathan and Reddy 1992). Since fungi cannot utilize lignin either as a carbon or 
energy source, basic nutrients (i.e., carbon and nitrogen) are added to the medium to 
stimulate fungal growth and to advance the breakdown of lignin in the effluent (Kirk 
et al. 1976; Keyser et al. 1978; Archibald et al. 1990; Wang et al. 2003; Sahoo and 
Gupta 2005; Sukumar et al. 2006; Jaganathan et al. 2009). However, an increased car-
bon supply stimulates, whereas increased nitrogen inhibits, lignin degradation. 
Therefore, the C:N ratio is considered to be a better predictor of lignin degradation than 
are the absolute levels of carbohydrates and nitrogen (Reid 1979). However, fungi are 
able to remove chromophoric constituents and lignin compounds during aerobic treat-
ment but are not efficient in degrading chloroorganic compounds. Vora et al. (1988) 
have reported that many bacteria, viz., Pseudomonas, Flavobacterium, Xanthomonas, 
Nocardia, Aeromonas, and Arthrobacter are able to utilize several lignocellulosic com-
pounds of the bleached plant effluent, including organochlorine constituents.

Anaerobic biological treatment of effluents also plays a pivotal role in cleaning 
wastewaters. Anaerobic treatment efficiently destroys chlorophenolic compounds, 
and reduces mutagenicity and toxicity caused by the effluents (Hickey et al. 1995). 
Therefore, the development of advanced biological treatment processes, particu-
larly hybrid or dual systems may offer advantages, wherein both anaerobic and 
aerobic digestion approaches are used.

In the near future, the paper industry will face more severe legal restrictions, having 
mainly to do with the toxicity and level of environmental pollution caused by their 
effluents. New regulations are expected that will improve the  environmental quality, and 
will reduce human health associated with the pulp and paper industry. The present laws 
around the world have already forced paper manufacturing companies to implement 
relevant manufacturing improvements and end-of-pipe biological treatment processes.

It is the aim of this paper to present an overview of the advanced technologies 
that are used by the pulp and paper mill industries, in some developed countries, 
and are suggested for use by other nations, to decolorize and remediate the toxic 
pollutants that exist in mill effluents. In addition, we endeavor to summarize and 
consolidate the scattered literature on removing harmful constituents and color 
from paper mill effluents.
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2  The Structure of Woody Materials  
and Other Lignocellulosics

Insights into the primary substrate from which pulp and paper are made will help 
to understand the sources of the resulting manufacturing pollutants. Paper is made 
from waste paper, agricultural residues, and wood. The respective amounts of paper 
made from each of these is 29, 28, and 43%. In earlier times, small paper mills were 
dependent upon linen and cotton rags and recycled rope, jute cloth, flax wastes, 
hemp, ramie, kenaf, straw, bagasse, etc., for their raw feedstocks in paper making. 
All such substrates either had the advantage of being already processed cellulosic 
materials, or were raw substrates from which cellulosic fibers could be easily 
extracted (Van Roekel 1994). The mills of yesteryear were not equipped with the 
machines, or economically viable alternative technology, for grinding wood, and 
therefore wood was not preferred as the substrate for paper manufacturing. The use 
of wood as a cellulosic feedstock for paper making was therefore a technological 
breakthrough. This occurred in 1850 by Don Valley Paper Mill, Toronto, Canada, 
which almost completely transformed the paper making industry. However, the use 
of wood-based paper manufacture has gradually declined, particularly in India, 
from the constraints of cost and raw material availability. The share of waste paper 
and agro-residue-based technology will increase as future feedstocks in paper 
manufacturing, because they require less energy input.

Although the proportion of the three main components of wood, cellulose, hemi-
cellulose, and lignin is about 50, 25, and 25%, respectively, the content of these 
constituents varies among wood species. Cellulose is a very long molecule and is 
composed of repeating d-glucose units joined through a linear linkage of b, 1-4 
glycosidic units. The extent of polymerization varies from species to species. This 
long natural polymer is variously folded, bundled, and stabilized by hydrogen 
bonding (Ranby 1969). The degree of order created within the bundle determines 
whether it is in a crystalline or amorphous cellulosic form. The cellulose units are 
assembled to first form microfibrils, then fibrils, and finally through hydrogen 
bonding between linear molecules produces a strong microcrystalline structure. 
This structure for cellulose is amenable to biodegradation by a variety of microor-
ganisms. However, in their natural state, cellulose fibrils are associated with lignin, 
hemicellulose, and other materials in a complex and heterogeneous structure. 
Therefore, many bacteria and mold species are generally discouraged by the 
 presence of the hemicellulose and lignin, which effectively provide a protective 
covering to cellulosic fibers.

Hemicellulose is composed of five-carbon sugars, which are randomly arranged 
to form long branched molecules. These hemicellulosic molecules cover the cel-
lulosic fibers and also enter the pores of cellulose. This layer acts as an anchoring 
agent between cellulose and lignin, because hemicellulose forms chemical bonds 
with the adjoining layer of lignin. Lignin is both the most abundant aromatic (phe-
nolic) polymer and the second most abundant raw material (Li et al. 2009). The 
lignin layer is a complex phenylpropanoid polymer responsible for imparting 
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strength to cellulose–hemicellulosic structures and is also described as a 
 heterogeneous polymer comprising substituted cinnamyl alcohols.

A large portion of the lignin in woody plants is always associated with cellulose 
and hemicellulose, not only in intimate physical admixture, but through ether, ester, 
acetyl, ketal, and hydrogen bonds. Lignin forms a matrix that surrounds cellulose, 
the most abundant natural polymer. Lignin is basically composed of three randomly 
polymerized phenol-based building blocks, which is very difficult to degrade 
because of its random arrangement. The biodegradative recalcitrance of lignin is 
believed to result from its high molecular weight and three dimensional structure 
(Zeikus et al. 1982). The presence of this intractable polymer creates an obstacle to 
the efficient use of cellulose for a wide range of industrial applications. However, 
lignin may be slowly degraded to release toxic phenolic compounds. The aromatic 
content of lignin, expressed as monomeric phenol, is ~51%. It is the phenolic com-
pounds released from lignin during the chlorine bleaching of pulp that are respon-
sible for a large percentage of the toxic compounds released into pulp mill effluents. 
Only a limited number of microorganisms derive benefit from the biological break-
down of lignin.

In addition to cellulose, hemicellulose, and lignin, which constitute the major 
components, wood contains approximately 1.5–5.0% of compounds that are 
extractable with organic solvents. Some of these extractable compounds include 
resin acids, fats, waxes, terpenoids, tannins, flavanoids, stilbenes, and troppolines.

3  Hazardous Colored and Toxic Compounds Released  
During Pulping and Bleaching

The sole purpose of pulping is to separate cellulose fibers from other hemicellulosic 
and lignin components that comprises the lignocellulosic substrate. Certain pulping 
procedures, such as mechanical stone-grinding and chemical sulphite pulping, were 
employed until the Kraft chemical pulping process was introduced. Kraft pulping 
involves cooking woodchips in a high concentration of sodium hydroxide and 
sodium sulfide for 2–4 h at 170°C (Gellerstedt 2001). The advantage of Kraft pulp-
ing is to produce a high quality cellulose fiber. In addition, fatty and resin acids, 
turpentine, bioenergy, etc., collectively called tall oil, can be recovered from the 
spent-liquors. The flow chart for a Kraft pulping process is illustrated in Fig. 1.

Approximately 55% of the original wood is dissolved in the Kraft pulping 
 process and is released as “black liquor.” The black liquor contains 90–95% lignin, 
nearly all hemicellulose, wood extractives, and a small quantity of soluble  cellulosic 
oligo- and polysaccharides, derived from the original wood. In most developed 
countries that have stringent emission standards, by-products are recovered from 
the black liquor, remaining amounts of the black liquor is evapoconcentrated, and 
the solids are burned for energy, although some inorganic chemicals are sometimes 
also recovered from the solids (Fig. 1).



118 S.K. Garg and M. Tripathi

The pulping process is terminated when about 5–10% lignin remains in the pulp. 
Further delignification at this stage is avoided because it damages fiber quality 
(Kringstad and Lindstorm 1984). The process is often performed differently in 
some underdeveloped and developing countries. In these cases, the black liquor is 
indiscriminately mixed with bleachery effluent (pooled wastewater released from 
various bleaching steps) and is discharged into nearby streams or other waterbod-
ies. Such release of untreated material threatens aquatic organisms and depending 
on how local water supplies for human use are handled, may threaten human health 
as well. Some lignin-degradates that are released in the black liquor during the 
pulping stage are toxic, and more specifically may be mutagenic; moreover, these 
compounds may be bioaccumulated in the tissues of animals, particularly fish, and 
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Fig. 1 Flow chart depicting the (Kraft) pulping process
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in humans (Bajpai et al. 2000). Currently, many mills do not opt to utilize recovery 
plants, and thereby release a load of lignin waste directly to local streams or water 
bodies. The rivers or streams that receive pulp and paper mill wastes usually 
acquire a blackish or coffee color, and display a considerable amount of surface 
foam (Bharati et al. 1992).

In the bleaching process, a slurry (3%) of pulp is made and is usually serially 
treated with chlorine, alkali, hypochlorite, chlorine dioxide, alkali, and finally, with 
chlorine dioxide (Fig. 2). Each treatment process is followed by filtration, and 

Filtration

Filtration

Treatment with chlorine @
60-70 kg/t (pH 1.5-2.0) 

Filtration 

Alkali treatment @ 35-40 kg/t
(pH 11.0, 55-70 °C) 

Hypochlorite treatment 

Chlorine dioxide  
treatment 

Unbleached pulp (3% slurry) 
from pulping process 

Alkali treatment 

Chlorine dioxide  
treatment 

Filtration 

Filtrate 

Filtrate 

Filtrate 

Filtrate Filtration

Filtrate Filtration

Filtrate 

Bleachery Effluent

Fig. 2 Flow chart depicting the bleaching process
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 ultimately all filtrates are combined and discharged as bleachery effluent (Kringstad 
and Lindstorm 1984). The chlorine present during the pulp bleaching process reacts 
with organic wastes (wood extractives, polysaccharides and remaining amounts of 
lignin), to form several organochlorine compounds. Such compounds are toxic and 
include simple monoaromatic lignin derivatives (e.g., chlorinated phenol, quaia-
cols, catechols, and chlorolignins). The effect of chlorolignins in receiving water 
systems is not well understood. Therefore, chlorolignins are considered not to be 
acutely toxic, because they are of large molecular size and do not penetrate cyto-
plasmic membranes. However, it is possible that they are degraded to release 
smaller compounds that are toxic. There is a real danger to human health from the 
presence in drinking water of chlorinated organic compounds that come from pulp–
paper mill effluents. Such compounds not only pollute drinking water but are bioac-
cumulated by and contaminate fish, which, if consumed, could be another source 
of human exposure (Neilson et al. 1983; Eriksson et al. 1985).

4  Pulp and Paper Mill Effluent

Pulp and paper mills are one of the five major contributors to environmental pollu-
tion by industrial wastewaters. Approximately 160 million t of wood pulp was 
produced worldwide in 2006 (Metso Corp. 2006); production was expected to 
increase to ~260 million t for the current year 2010. For every t of paper pro-
duced, the mills are estimated to generate ~220–380 m3 of highly colored and 
potentially toxic wastewater (Eriksson and Kohler 1985; Chuphal et al. 2005). In 
the year 1951, there were only 17 paper mills in India, and they had a combined 
production capacity of ~0.13 million t paper per annum. The number of paper 
mills has increased to 406 in 2002, and their annual combined capacities now equal 
~1.9 million t of paper (Singh and Thakur 2006). The world’s population now 
uses a minimum of 300 million t of paper annually, and this is likely to increase 
in the coming years.

In the pulping process, the debarked wood chips are treated at 160–180°C in a 
“white liquor” solution of sodium sulfide (Na

2
S) and sodium hydroxide (NaOH), 

which dissolves 90–95% of lignin, nearly all hemicellulose and wood extractives 
and a small amount of cellulose-derived polysaccharides (Garg et al. 2004). 
Approximately 55% of the original wood is dissolved in the form of “black liquor.” 
The pulp is then mixed with water and is filtered. The resultant unbleached pulp is 
made into a slurry, which is then treated with chlorine at the charging rate of 
60–70 kg/t, and at a pH of 1.5–2.0. After filtration, the bleached pulp is treated 
with alkali @ 35–40 kg/t, at 55–70°C, followed by series of bleaching treatments 
with hypochlorite, chlorine dioxide, alkali, and chlorine dioxide. After each treat-
ment step, the pulp is filtered and the resultant liquids are pooled as bleachery 
effluent. During the bleaching process, ~50 kg of lignin, ~19 kg of polysaccharides, 
and ~1 kg of extractives are dissolved, and thereby released, from 1 t of the soft-
wood pulp. Chlorine reacts with these organic wastes to produce structurally 
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diverse organochlorine compounds. Chlorinated lignin is formed during the 
 bleaching of pulp with chlorine chemicals. Most of the remaining lignin in pulp is 
dissolved during the first two chlorine and alkali extraction steps. Reactions at these 
stages lead to the formation of chlorolignin (as mentioned above) that has a high 
content of carboxyl, hydroxyl, and conjugated carbonyl groups, and a low content 
of aromatic moieties (Lindstorm and Osterberg 1984; Osterberg and Lindstrom 
1985). Such effluents impose coloration and toxicity problems in the receiving 
waters that can cause serious environmental hazards. This problem of toxicity and 
color, and its removal from pulp–paper mill effluents, has been a subject of much 
study during the last few decades. Although the pollution load derived from other 
factors can be satisfactorily reduced, color removal is more difficult and has been a 
matter of great concern.

Most of the chlorinated organics that are randomly synthesized during pulp 
bleaching are toxic xenobiotics and tend to persist. The reason is that many native 
microorganisms have not evolved the enzymatic machinery to rapidly degrade these 
chlorinated organics. If they did, or do develop such capacity, the conditions favor-
ing degradation of lignin and its chlorinated derivatives would also be suitable to 
decolorize the lignin-based effluents.

Several color-removal strategies have been developed which rely on either 
physicochemical or biological techniques (Fig. 3). The former includes ultrafiltra-
tion, lime coagulation, rapid land filtration, adsorption on activated carbon and 
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+aerobic) 
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Fig. 3 Different strategies for pulp and paper mill effluent treatment
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polymeric adsorbants (Springer 1985). However, such methods have operational 
difficulties and are prohibitively expensive for application on an industrial scale 
(Royer et al. 1991). Further, the conventional biological methods employed in 
paper industries, such as use of aerated lagoons, and activated sludge process are 
usually able to remove 85–90% of the readily biodegradable fraction that contrib-
utes to BOD. However, these biological systems are generally less efficient and 
scarcely effective in removing color, COD, and chlorinated phenolic compounds 
(Saunamaki 1989). This may be attributed to the low content of nutrients (nitrogen 
and phosphorus) in these wastewaters, and to the toxicity caused by the phenolic 
compounds present. It is, therefore, necessary to develop new, more advanced treat-
ment technologies that degrade such chemicals.

The colored and potentially toxic chemicals are also known to possess muta-
genic and carcinogenic characteristics, have a tendency to bioaccumulate, and are 
difficult to degrade. Therefore, the focus of future treatment processes should also 
effectively address the degradation of the mutagenic/carcinogenic compounds, 
resin acids and chlorinated phenols, guaiacols, catechols, and chlorinated aliphatic 
hydrocarbons.

Saravanan and Sreekrishnan (2005) suggested that the problem of sludge dis-
posal, cost, and toxicity can be reduced if a biological treatment step is combined 
with appropriate physicochemical treatment. The authors reported that, when pulp 
and paper mill effluent was treated with Trichoderma sp. in batch studies, 72% 
color reduction was achieved within 24 h. When the effluent was treated in continu-
ous mode by this fungus in a fluidized bed reactor, ~27% color reduction was 
achieved. Color reduction further increased to 81%, when the biological and physi-
cochemical treatments (using poly-electrolyte (potash alum)) were combined.

5  Microbial Decolorization of Effluent

Attempts have been made to decolorize or degrade toxicants in pulp and paper mill 
effluents with variety of microorganisms, including bacteria, fungi and algae 
(Table 1). Wood degrading white-rot fungi have been found to be effective in treat-
ing effluent. Their effectiveness derives from their ability to degrade lignin and its 
chlorinated compounds, which are mainly responsible for the color and toxicity of 
pulp and paper mill effluent (Prouty 1990; Bergbauer et al. 1991; Sayadi and Ellouz 
1992; Bajpai et al. 1993; Martin and Manzanares 1994; Prasongsuk et al. 2009; 
Saritha et al. 2010). Garg and Modi (1999) and Tripathi et al. (2007) have reviewed 
various aspects of papermill wastewaters, including decolorization by white-rot and 
other fungi. Fukuzumi and coworkers (1977) were first to use white-rot fungi for 
wastewater treatment. They inoculated effluent with a variety of fungi, and discov-
ered that Tinctoporia sp. was the best fungus for wastewater treatment. Eaton et al. 
(1982) performed similar experiments using Phlebia brevispora, P. subserialis, 
Poria cinerascens, and Tremetes versicolor. All of these were capable of efficiently 
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decolorizing the effluent. Livernoche et al. (1983) isolated and screened 15 strains 
of white-rot fungi and reported that several of them, viz., T. versicolor, Phanerochaete 
chrysosporium, Pleurotus ostreatus, Polyporus versicolor, and one unidentified 
strain were capable of decolorizing pulp–paper mill effluent.

White-rot fungi, such as P. chrysosporium (Pellinen et al. 1988; Mittar et al. 
1992; Celal and Filiz 1994; Sukumar et al. 2006), Trametes versicolor (Manzanares 
et al. 1995; Pallerla and Chambers 1995; Modi et al. 1998; Garg et al. 1999; 
Srinivasan and Murthy 1999), P. radiata (Lankinen et al. 1991; Hatakka et al. 
1992), Marulius tremellosus (Lankinen et al. 1991), were found to have the ability 
to decolorize and detoxify effluent from the bleaching stage of pulp and paper 
mills. Moreover, the white-rot fungus P. chrysosporium was shown to degrade a 
wide variety of xenobiotic compounds, in addition to its natural substrate, lignin. 
Recalcitrant xenobiotics that P. chrysosporium can degrade include aromatic com-
pounds, polycyclic aromatics, chlorinated aromatics, polycyclic chlorinated 
 aromatics and nonaromatic chlorinated compounds, as well as some naturally 
occurring biopolymers (Bumpus and Aust 1987; Mileski et al. 1988; Bumpus 1989; 
Aust 1990; Fernando et al. 1990; Yadav and Reddy 1993). The ability of white-rot 
fungi to detoxify and decolorize bleach plant effluents is believed to derive from 
their production of ligninolytic enzymes. These exoenzymes exhibit substrate 
specificity for solubilized lignin and chlorinated lignin derivatives in the effluent 
(Nagarathnamma and Bajpai 1999). The greater emphasis for use in biological 
treatment processes has been laid on the use of P. chrysosporium and T. versicolor 
(Chang et al. 1987; Archibald et al. 1990, Eriksson 1990; Terron et al. 1991, 
1992).

Sahoo and Gupta (2005) isolated several ligninolytic microorganisms from the 
environment of small pulp and paper mills and evaluated their ability to decolorize 
effluents of an agriresidue-based effluent that were dark brown in color. The prom-
ising Aspergillus fumigatus and A. flavus isolates were more efficient in color 
removal than was the lignin-degrading T. versicolor. Taseli (2007) studied the capa-
bility of Penicillium camemberti to dechlorinate and decolorize wheat straw-based 
pulping and bleaching effluents. They reported that the rates of highest color 
removal for AOX were 65% and, under no-shaking conditions 84%; these values 
compare to 60% or 79% color removal for AOX in shake-flask experiments. The 
fungus was effective in treating softwood pulping and bleaching effluents (Taseli 
and Gokcay 2006; Taseli 2007) and chlorinated model compounds like pentachlo-
rophenol and 2-chlorophenol (Taseli and Gokcay 2005). Similarly, Apiwattanapiwat 
et al. (2005) screened 64 fungal strains for their ability to decolorize pulp and paper 
mill effluent. Only three strains, identified as Trichoderma sp., Datronia sp., and 
Tremetes sp., decreased the effluent color (by 54.4, 54.9, and 53.7%, 
respectively).

Malaviya and Rathore (2007) used a novel consortium of white-rot and soft-rot 
fungi for bioremediation of pollutants from pulp–paper mill effluent, and reported 
reduction in color, lignin, and COD by 78.6, 79.0, and 89.4%, respectively, within 
4 days. Jaganathan et al. (2009) used ligninolytic fungus P. chrysosporium for aero-
bic pollution abatement of pulp–paper mill effluent. The average removal of color, 
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COD, and BOD was 86.4, 78.8, and 70.5%, respectively, after 3 days in the 
 shake-flask batch experiments. The entire fungal mycelial mass was fragmented 
from the shaking action. The fragmentation of mycelial mass, which increased the 
contact area, was probably responsible for better performance in batch experiments. 
Prasongsuk et al. (2009) isolated three thermotolerant ligninolytic enzyme- 
producing fungi that were capable of paper mill effluent decolorization. Daedaleopsis 
sp., a new fungal isolate, exhibited the highest effluent decolorization efficiencies 
of 52 and 86%, respectively, in wastewaters from pulping, and from combined 
pulping and paper recycling processes. The thermotolerant fungi are particularly 
suitable for decolorizing wastewater in tropical environments.

The main constraint in using a fungal degrading system is the requirement to 
maintain growth and/or enzyme (ligninases) activity at the prevailing low pH (4–5). 
However, at low pH the solubility of high molecular weight fragments that are 
derived from lignin is reduced. Furthermore, the natural pH of pulp and paper mill 
effluents generally remains alkaline (in a range of pH 8–9). Therefore, any require-
ment to reduce the pH to the acidic range of 4–5 prior to fungal augmentation 
would be uneconomical (Raj et al. 2007). Further, Garg et al. (1999) have reported 
that a pH adjustment of paper mill effluent to lower values, and/or sterilization of 
effluent, are unnecessary, because such treatments resulted in sedimentation of the 
chromophoric compounds, rendering the effluent light colored. Readjustment of 
effluent pH to normal (pH 8–9) redissolved the sediments and restored the effluent 
color. Livernoche et al. (1983) also reported similar findings, in which the color of 
effluent was pH sensitive, and the pH effect on the color of effluent was reversible. 
In view of these observations, Garg et al. (1999) suggested that effluent decoloriza-
tion studies should be performed that employ unsterilized and unfiltered effluent 
without pH adjustment. Considering the foregoing, bacterial treatment systems that 
have an optimum pH range of 7–9 may play a pivotal role in decolorizing pulp and 
paper mill effluents, without any requirement for pH adjustment.

Lignin is decomposed by bacteria in the natural environment. Because of their 
immense environmental adaptability and biochemical versatility, both anaerobic 
and aerobic bacteria have been studied for their ligninolytic potential (Chandra 
et al. 2007). Several bacterial species capable of metabolizing various industrial 
pollutants have been isolated from the natural environment, viz., Bacillus sp., B. 
subtilis (IS13) (Niazi et al. 2001; Andretta et al. 2004), Pseudomonas sp., P. veronii, 
P. fluorescens, P. aeruginosa (Premlatha and Rajkumar 1994; Thakur et al. 2002; 
Nam et al. 2003; Shah and Thakur 2003), Flavobacterium (Saber and Crawford 
1985), Sphingomonas chlorophenolicum ATCC 39723 (Xun et al. 1999), 
Desulfomonile tiejei DCB-1 (Mohn and Kennedy 1992), Arthrobacter chlorophe-
nolicus A6 (Agneta et al. 2004). Many researchers have evaluated Pseudomonas 
sp., P. putida, Flavobacterium sp., Xanthomonas sp., Nocardia sp., Aeromonas sp., 
Arthrobacter sp., Ancylobacter sp., Methylobacterium sp., Acinetobacter calcoace-
ticus, etc., for effluent color and toxicity reduction (Vora et al. 1988; Fulthrope and 
Allen 1995; Jain et al. 1996). Blair and Davis (1980) treated Kraft mill effluent with 
P. aeruginosa under aerobic conditions, and reported a color reduction of 26–54%. 
A mixed population of bacteria and yeast, including P. putida, Nocardia coralina, 
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and Torula sp., were employed to degrade lignin (Bajpai and Bajpai 1997). Chauhan 
and Thakur (2002) treated pulp–paper mill effluent in a fixed-film bioreactor by 
P. fluorescens, and noted reductions of color (75%), phenol (66%), COD (79%), 
and lignin (45%) within 15 days. Raj et al. (2007) examined three lignin-degrading 
bacterial isolates, viz., Paenibacillus sp., Aneurinibacillus aneurinilyticus, and 
Bacillus sp. for the treatment of effluent, and observed reduction in color (39–61%), 
lignin (28–53%), BOD (65–82%), COD (52–78%), and total phenols (64–77%) 
within 6 days, with highest reduction achieved by Bacillus sp.

In this same experiment, the maximum reduction in total phenol (77%) was 
recorded with Paenibacillus sp. (Raj et al. 2007). The authors asserted that a signifi-
cant reduction in color and lignin by the three bacterial strains was noted at the 
second day of incubation. This indicated that bacterial strains initially utilized 
growth supportive substrates that consequently cometabolized chromophoric com-
pounds, ultimately reducing lignin and the color of the effluent. Chandra et al. (2009) 
employed two pentachlorophenol-degrading bacterial strains B. cereus ITRC-S6 and 
Serratia marcescens ITRC S-7 for pulp–paper mill effluent treatment. The effective 
reduction in color (45–52%), lignin (30–42%), BOD (40–70%), COD (50–60%), 
total phenol (32–40%), and PCP (85–90%) was noted. However, maximum reduc-
tion in various study parameters, viz., color (62%), lignin (54%), BOD (70%), COD 
(90%), total phenol (90%), and PCP (100%) was recorded by a mixed culture of the 
above two bacterial strains (Table 1). The reduction of COD and total phenol may 
have resulted from the degradation of lignin and chlorinated organic compounds 
(Singh and Thakur 2006; Latorre et al. 2007). Further, the bacterial degradative 
capability of lignin and PCP was apparent, because the aromatic compounds (e.g., 
2-chlorophenol, 2,4,6-trichlorophenol, tetrahydroquinone,  6-chlorohydroxyquinol, 
and tetrachlorohydroxyquinone) that were absent in untreated effluent were detected 
in the treated effluent.

Singhal and Thakur (2009) studied the decolorization and detoxification of pulp–
paper mill effluent by Cryptococcus sp. This bacterial isolate, designated as PF7, 
reduced the color (27%) and lignin content (24%) of the effluent on the fifth day 
under unoptimized conditions. However, enhanced reduction in color (50–53%) and 
lignin (35–40%) were noted to occur after optimum treatment conditions were 
reached during the 24 h incubation: temperature (35–40°C), shaking (125 rpm), 
dextrose (1.0% w/v), tryptone (0.1% w/v), inoculum size (7.5% v/v), and pH (5.0).

The biological treatment strategy was slightly changed by Singh and Thakur 
(2004) to improve the efficiency of effluent decolorization and detoxification by 
microorganisms in a two-step aerobic bioreactor. In the first step, the effluent was 
treated by eight individual fungal isolates, among which Paecilomyces sp. exhibited 
reduction in phenol (40%), lignin (66%), COD (81%) (performed in a 100 L sequen-
tial bioreactor at 6 h retention time). When this fungus-treated effluent was subse-
quently treated by the bacterial isolate Microbrevis luteum, the reduction in phenol 
(77%), color (84%), COD (83%), and lignin (72%) further increased. The authors 
concluded that, although Paecilomyces sp. was more efficient than was M. luteum in 
removing color, lignin, and COD, the bacterial strain M. luteum was capable of 
removing significant amounts of chlorinated phenols and their metabolites.



127Strategies for Decolorization and Detoxification of Pulp and Paper Mill Effluent

In another study, Chuphal et al. (2005) applied fungal (Paecilomyces sp.) and 
bacterial (P. syringae pv myricae) isolates to treat pulp–paper mill effluent in a 
two- and three-step fixed-film sequential bioreactor. The two-step aerobic treatment 
(aerobic fungus + aerobic bacteria) was slightly better in decreasing color (88.5%), 
lignin (79.5%), COD (87.2%), and phenol (87.5%), than was the three-step 
 anaerobic–aerobic treatment (anaerobic + aerobic fungus + aerobic bacteria), in 
which color was reduced by 87.7%, lignin by 76.5%, COD by 83.9%, and phenol 
by 87.2%. The advantage of anaerobic treatment, in the three-step process, is that 
biogas is produced that is utilized for energy generation. Singh and Thakur (2006) 
performed sequential anaerobic and aerobic treatment in a two-step bioreactor to 
remove color in pulp and paper mill effluent. All pollution parameters such as color 
(70%), lignin (25%), COD (42%), AOX (15%), and phenol (39%) decreased slowly 
over 15 days, without appreciable increase in biomass. To further reduce pollutants, 
the 7 days anaerobically treated effluent was separately applied to a bioreactor, in 
the presence of the fungus Paecilomyces sp. and the bacterium M. luteus, in step 
two and three. The reduction in color (76%), lignin (69%), COD (75%), AOX (82 
%), and phenol (93%) by day 3 was achieved. Thus, degradation of the pollutants 
and associated parameters was relatively faster under aerobic than under anaerobic 
treatment conditions. This was attributed to the unique ability of aerobic microbes 
to secrete enzymes that efficiently degraded chromophoric compounds and toxic 
chlorinated phenols from the effluent (Livernoche et al. 1983; Pokhrel and 
Viraraghavan 2004).

6  Anaerobic vs. Aerobic Biological Treatment Strategies

Many highly chlorinated compounds are known to be quite stable and difficult to 
degrade. However, anaerobes can sometimes catalyze biotransformation reactions 
in which chloride ions (Cl−) of the chlorinated compounds are displaced by protons 
(H+). The more chloride ions that are thus removed, the more reactive the resultant 
compounds become, thereby rendering them susceptible to conventional activated 
sewage sludge treatment (Mikesell and Boyd 1986; Haggblom 1990).

Anaerobic treatment is cost effective and has become the most commonly used 
method for treating medium and high strength effluents. Different anaerobic tech-
nologies have been applied for treating less concentrated effluents, such as domes-
tic wastewater and some industrial effluents. Such anaerobic technologies provide 
good treatment efficiencies at low hydraulic retention times (Hickey et al. 1995). 
Accordingly, the establishment of sequential anaerobic–aerobic two-step wastewa-
ter treatment facilities at Kraft pulp–paper mills would probably help to reduce 
color and toxic contaminants. Haggblom and Salonen (1992) studied the biode-
gradability of chlorinated organics and conventional pollutants in Kraft bleaching 
effluents, using a two-stage anaerobic fluidized bed/aerobic trickling filter  treatment 
system. The anaerobic stage removed >65% of AOX, and chlorinated phenolics 
removed >75%. COD and BOD reduction was greatest in the aerobic process, 
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whereas dechlorination was significant in the anaerobic process. The concept of 
sequential treatment is very important, because both anaerobic and aerobic fungi 
and bacteria can be used to treat effluent at different stages in the bioreactor. 
However, Thakur (2004) reported that bacteria are more potent for degrading 
 aromatic compounds. Furthermore, two or more types of microbes may be 
attempted sequentially, in which one organism may transform the original organic 
pollutant by initial catabolic reactions to products that are then mineralized by (an)
other organism(s). Pokhrel and Viraraghavan (2004) and Thakur (2004) have 
 developed such consortia for mineralizing bicyclic aromatics, viz., chlorinated 
biphenyls, chlorinated dibenzofurans, and naphthalene sulphonates. Singh and 
Thakur (2006) indicated that sequential anaerobic and aerobic treatment was more 
efficient in removing color and chlorinated compounds, because anaerobic micro-
organisms degraded highly chlorinated organics more efficiently than did aerobic 
microbes, although the latter microbes removed the last remaining chlorine atom. 
The combined treatment typically removed 82% of AOX, COD, and chlorinated 
phenolics and completely eliminated chlorate.

Mutagenic and chlorinated aliphatic compounds in effluent, many of which are 
known mammalian carcinogens, are also effectively degraded in sequential anaer-
obic–aerobic treatment processes. However, resin acids, which are excessively 
present in certain wastewaters, such as chemothermo-mechanical pulping (CTMP), 
are highly toxic to anaerobic bacteria, ultimately causing them to fail (Sierra-
Alvarez and Lettinga 1990). But, resin acids can be degraded by aerobic microor-
ganisms. Therefore, a three-step process of aerobic–anaerobic–aerobic degradation 
of effluent pollutants has been suggested as a means to successfully degrade both 
resin acids and organochlorine compounds (Welander 1988).

7  Other Strategies for Reducing Effluent Color and Toxicity

The major constraints of usual chemical pulping and the bleaching process are (1) 
excessive use of chemicals and electrical energy and (2) generation and release of 
enormous colored and toxic wastewater, thus contributing to environmental pollu-
tion. These shortcomings can be largely overcome by using a pulping process, in 
which cooking time is reduced. The biopulping process removes lignin, along with 
some wood extractives, thereby reducing effluent toxicity (Ali and Sreekrishnan 
2001). Moreover, biopulping and biobleaching hold enormous potential in the 
pulp–paper industry for rendering it more energy efficient, more economical, and 
more environmentally friendly. The exposure of wood chips to steam treatment 
prior to biopulping also eliminates another risk, to wit, that it destroys certain indig-
enous sporulating fungi that are capable of causing respiratory problems in mill 
workers (Agbiotech Bulletin 2003). Biopulping is often followed by biobleaching. 
Biobleaching employs white-rot fungi and/or ligninolytic enzymes and is effective 
in removing unwanted constituents in the pulp, including residual lignin. One new 
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strategy that could add to pollutant removal efficiency in the industry is to use a new 
pulping/bleaching process, in which delignification by oxygen, hydrogen peroxide, 
and ozone is undertaken.

7.1  Biopulping and Biobleaching

The fungal and/or enzymatic treatment of woodchips and pulps, respectively referred 
to as biopulping and biobleaching, offer promising alternatives to alkali and chemical 
treatments (Keller et al. 2003; Camarero et al. 2007). Such new environment-friendly 
technologies with elemental chlorine-free (ECF) and totally chlorine-free (TCF) 
bleaching strategies are necessary to achieve the following: (1) minimize hemicellu-
lose in the pulp, (2) achieve a high level of paper brightness, and (3) improve effluent 
quality in terms of reduced toxicity and AOX. In biobleaching, pulp can be bleached 
with white-rot fungi and their ligninolytic enzymes, to reduce chemical use, and to 
establish a chlorine-free bleaching process (Shukla et al. 2004).

Biopulping with the use of various species of white-rot fungi have been reported, 
and Ceriporiopsis subvermispora has proved suitable both for soft and hard woods 
(Milagres et al. 2005; Ferraz et al. 2007). Yaghoubi et al. (2008) employed  
C. subvermispora for biochemical pulping of agriresidues, and the results were 
comparable to those achieved with the chemical pulping process. Moreover, the 
paper quality produced by biochemical pulping of straws was excellent. Singh and 
Chen (2008) reported that pretreatment with P. chrysosporium could reduce fiber-
izing and refining energy costs by 30% (Singh et al. 2010). Arias et al. (2009) 
studied the suitability of Streptomyces strains for biochemical pulping of spruce 
wood (Picea abies). The engineering and economic analyses indicate that the bio-
pulping process is technologically feasible and economically beneficial. However, 
the major constraints of the process are that the biological pretreatment step has a 
slow reaction rate, and the process control is complex (Chen et al. 2010).

7.2  In Plant Processing

Another strategy is to develop new pulping processes that emphasize improved 
delignification and complete or partial replacement of chlorine in bleaching pro-
cesses. The use of elemental chlorine for bleaching causes environmental problems 
by releasing toxic and recalcitrant chlorinated aromatic compounds. In recent years, 
TCF pulp production is gaining momentum. Alternative chemicals, e.g., oxygen, 
hydrogen peroxide, and ozone for bleaching, have been successfully used. The new 
process, called oxygen delignification, has proved quite effective in removing lignin 
and hemicellulose fractions from cellulose, without damaging the fibers. This pro-
cess releases less lignin than does traditional chlorine bleaching. Moreover, partial 
replacement of elemental chlorine with chlorine dioxide would greatly reduce the 
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amount of organochlorine compounds in the effluent, while complete substitution 
with H

2
O

2
, would totally eliminate these toxic compounds. H

2
O

2
 also assists in 

oxidizing other organic contaminants in the effluent. Unfortunately, these alterna-
tive compounds are not free from shortcomings, and have the disadvantage of 
 producing lower quality paper, during the bleaching process.

8  Summary

The potential hazards associated with industrial effluents, coupled with increasing 
awareness of environmental problems, have prompted many countries to limit the 
indiscriminate discharge of untreated wastewaters. The pulp and paper industry has 
been among the most significant of industrial polluters of the waterways, and there-
fore has been one of the industries of concern.

The pulp and paper industry produces large quantities of brown/black effluent 
that primarily result from the pulping, bleaching, and paper-making production 
stages. The dark color and toxicity of pulp–paper mill effluent comes primarily 
from lignin and its chlorinated derivatives (e.g., lignosulphonic acid, resins, 
 phenols, and hydrocarbons) that are released during various processing steps of 
lignocellulosic materials. The color originates from pulping and pulp bleaching 
stages, while adsorbable organic halides (AOX) originate exclusively from chlorine 
bleaching. Discharge of untreated effluent results in increased BOD/COD, slime 
growth, thermal problems, scum formation, discoloration, loss of aesthetic quality 
and toxicity to the aquatic life, in the receiving waterbodies.

The dark brown color of pulp–paper effluent is not only responsible for aesthetic 
unacceptability, but also prevents the passage of sunlight through colored waterbod-
ies. This reduces the photosynthetic activity of aquatic flora, ultimately causing deple-
tion of dissolved oxygen. The pulp–paper organic waste, coupled with the presence 
of chlorine, results in the generation of highly chlorinated organic compounds. These 
toxic constituents of wastewater pose a human health risk through long-term exposure 
via drinking water and/or through consumption of fish that can bioaccumulate certain 
pollutants from the food chain. Therefore, considerable attention has been focused by 
many countries on decolorization of paper mill effluents, along with reduction in the 
contaminants that pose human health or other environmental hazards.

Various physicochemical remediation treatments in the pulp–paper industry are 
now used, or have been suggested, but often are not implemented, because of the 
high costs involved. More recently, the paper and pulp industry has been investigat-
ing the use of biological remediation steps to replace or augment current treatment 
strategies. Certain biological treatments offer opportunities to reduce cost (both 
capital and operating), reduce energy consumption, and minimize environmental 
impact. Two primary approaches may be effective to curtail release of toxic efflu-
ents: first, development of pulping and bleaching processes that emphasize improved 
oxygen delignification or biopulping, plus partial or complete  replacement of chlo-
rine treatment with hydrogen peroxide or with biobleaching; second,  implementation 
of biological processing that involves sequential two-step anaerobic–aerobic or 
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three-step aerobic–anaerobic–aerobic treatment technologies at end of pipe. The 
selection of the specific process will depend upon the type of pollutants/toxicants/
mutagens present in the effluent.

The use of environmental-friendly technologies in the pulp and paper industry is 
becoming more popular, partly because of increasing regulation, and partly because 
of the availability of new techniques that can be used to economically deal with 
pollutants in the effluents. Moreover, biotechnology research methods are offering 
promise for even greater improvements in the future. The obvious ultimate goal of 
the industry and the regulators should be zero emission through recycling of indus-
trial wastewater, or discharge of the bare minimum amount of toxicants or color.
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