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Foreword

International concern in scientific, industrial, and governmental communities over
traces of xenobiotics in foods and in both abiotic and biotic environments has
justified the present triumvirate of specialized publications in this field: comprehen-
sive reviews, rapidly published research papers and progress reports, and archival
documentations. 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 domes-
tic 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 environment
with toxicological considerations and consequences.
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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 method-
ology 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 con-
taminants 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



Preface

The role of Reviews is to publish detailed scientific review articles on all aspects
ofenvironmental contamination and associated toxicological consequences. Such
articlesfacilitate the often complex task of accessing and interpreting cogent
scientificdata within the confines of one or more closely related research fields.

In the nearly 50 years since Reviews of Environmental Contamination andToxi-
cology (formerly Residue Reviews) was first published, the number, scope, andcom-
plexity of environmental pollution incidents have grown unabated. During thisentire
period, the emphasis has been on publishing articles that address the presenceand
toxicity of environmental contaminants. New research is published each yearon 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
canbe synthesized and made available to readers in an abridged form. Reviews
addressesthis need and provides detailed reviews worldwide to key scientists and
science orpolicy administrators, whether employed by government, universities, or
the privatesector.

There is a panoply of environmental issues and concerns on which many scien-
tistshave focused their research in past years. The scope of this list is quitebroad,
encompassing environmental events globally that affect marine and terrestrialeco-
systems; biotic and abiotic environments; impacts on plants, humans, andwildlife;
and pollutants, both chemical and radioactive; as well as the ravages ofenvironmen-
tal disease in virtually all environmental media (soil, water, air). Newor enhanced
safety and environmental concerns have emerged in the last decade tobe added to
incidents covered by the media, studied by scientists, and addressedby governmen-
tal and private institutions. Among these are events so striking thatthey are creating
a paradigm shift. Two in particular are at the center of everincreasingmedia as well
as scientific attention: bioterrorism and global warming.Unfortunately, these very
worrisome issues are now superimposed on the alreadyextensive list of ongoing
environmental challenges.

The ultimate role of publishing scientific research is to enhance understandingof
the environment in ways that allow the public to be better informed. Theterm

vii
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“informed public” as used by Thomas Jefferson in the age of enlightenmentconveyed
the thought of soundness and good judgment. In the modern sense, being*“well
informed” has the narrower meaning of having access to sufficient information.
Because the public still gets most of its information on science and technologyfrom
TV news and reports, the role for scientists as interpreters and brokers of
scientificinformation tothe public will grow rather than diminish. Environmentalismis
the newest global political force, resulting in the emergence of multinational con-
sortiato 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 con-
cernto governmental agencies and legislative bodies around the world.

For those who make the decisions about how our planet is managed, there is
anongoing need for continual surveillance and intelligent controls to avoid endan-
geringthe environment, public health, and wildlife. Ensuring safety-in-use of the
manychemicals involved in our highly industrialized culture is a dynamic challenge,
forthe old, established materials are continually being displaced by newly develope-
dmolecules more acceptable to federal and state regulatory agencies, public
healthofficials, and environmentalists.

Reviews publishes synoptic articles designed to treat the presence, fate, and,
ifpossible, the safety of xenobiotics in any segment of the environment. These
reviewscan be either general or specific, but properly lie in the domains of analytical
chemistryand its methodology, biochemistry, human and animal medicine,
legislation,pharmacology, physiology, toxicology, and regulation. Certain affairs in
food technologyconcerned specifically with pesticide and other food-additive prob-
lems mayalso be appropriate.

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

Justification for the preparation of any review for this book series is that it
dealswith some aspect of the many real problems arising from the presence of for-
eignchemicals in our surroundings. Thus, manuscripts may encompass case studies
fromany country. Food additives, including pesticides, or their metabolites that may
persistinto human food and animal feeds are within this scope. Additionally, chemi-
calcontamination in any manner of air, water, soil, or plant or animal life is within
theseobjectives 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-
municationwith the editor is recommended before volunteered review manuscriptsare
submitted.

Summerfield, North Carolina David M. Whitacre
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1 Introduction

The term “trace elements” generally includes elements (both metals and metalloids)
that occur in natural and perturbed environments in small amounts and that, when
present in sufficient bioavailable concentrations, are toxic to living organisms
(Adriano 2001). This group includes both biologically essential [e.g., cobalt (Co),
copper (Cu), chromium (Cr), manganese (Mn), and zinc (Zn)] and nonessential
[e.g., cadmium (Cd), lead (Pb), and mercury (Hg)] elements. The essential elements
(for plant, animal, or human nutrition) are required in low concentrations and hence
are known as “micro nutrients”. The nonessential elements are phytotoxic and/or
zootoxic and are widely known as “toxic elements” (Adriano 2001). Both groups
are toxic to plants, animals, and/or humans at exorbitant concentrations (Alloway
1990; Adriano 2001). Heavy metal(loid)s, which include elements with an atomic
density greater than 6 g cm™ [with the exception of arsenic (As), boron (B), and
selenium (Se)] are also considered to be trace elements.

Soil represents the major sink for trace elements released into the biosphere
through both geogenic (i.e., weathering or pedogenic) and anthropogenic (i.e., human
activities) processes. The mobility and bioavailability of trace elements in soils are
affected by adsorption onto mineral surfaces, precipitation as salts, formation of
stable complexes with organic compounds, and biotransformation by microorgan-
isms (Alexander 2000; Adriano 2001). Soil is a biologically active integral compo-
nent of the terrestrial ecosystem in which higher plants, soil constituents, and soil
organisms interact, and the available energy in the form of organic and inorganic
compounds promotes microbial activity and microbial weathering processes. The
dynamics of trace elements in soils depend not only on their physicochemical inter-
actions with inorganic and organic soil constituents but also on biological interac-
tions largely associated with the microbial activities of soil-plant systems (Adriano
2001). Traditionally, most research efforts have focused on the physicochemical
interactions of trace elements with soil components (Ross 1994; Dube et al. 2001;
Pédrot et al. 2008). Only in recent times has the importance of microorganism—trace
element interaction been realized, in relation to environmental health, ecotoxicology,
and remediation (Adriano et al. 2004; Gadd 2010; Park et al. 2011a).

Two approaches have been used to examine the interaction between microbes
and trace elements in soils (Alexander 1999): (1) the influence of trace elements on
microbial populations and functions (e.g., biological nitrogen (N) fixation and nitri-
fication reaction) and (2) the influence and role of microbes on the transformation
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of trace elements (e.g., redox reactions and bioaccumulation). Many researchers
have examined the toxic effects of trace elements on microbial population and func-
tions, the environmental factors affecting the toxicity, and the mechanisms involved
in the development of trace-element resistance in microorganisms (Nies 1999;
Smolders et al. 2004; Wang et al. 2007). Microorganisms control the transformation
(microbial or biotransformation) of trace elements by various mechanisms that
include oxidation, reduction, methylation, demethylation, complex formation, and
biosorption (Alexander 1999).

Microbial transformation plays a key role in the behavior and fate of toxic trace
elements, especially As, Cr, Hg, and Se in soils and sediments. Microbial transfor-
mation processes can influence the solubility and subsequent mobility of these trace
elements in soils by altering their speciation and oxidation/reduction state (Gadd
2010). These processes play a major role in the bioavailability, mobility, ecotoxicol-
ogy, and environmental health of these trace elements. For example, microbial
reduction/methylation of trace elements and its consequences to human health has
received attention primarily from a series of widespread poisoning incidents
(Adriano 2001; Adriano et al. 2004). First, many cases of “Gasio-gas” poisoning
resulted from converting arsenic trioxide (As,O,) in wallpaper glue into volatile
poisonous trimethyl arsine or “Gasio-gas” [(CH,),As]. Second, human poisoning at
Minamata Bay and Niigata in Japan (Minamata disease), in the late 1950s, was
believed to arise from the ingestion of fish and shellfish containing methylmercuric
compounds that were derived from the biomethylation of mercuric salts by aquatic
organisms. More recently, As contamination of surface- and ground-waters, medi-
ated through redox reactions of geogenic As, became a major socio-political issue
at several points around the globe (Mahimairaja et al. 2005).

Microbial reduction and methylation reactions have also been identified as
important mechanisms for detoxifying toxic elements (Zhang and Frankenberger
2003). These processes are particularly important for those elements (e.g., As, Hg,
and Se) that are able to form methyl or metal(loid)-hydride compounds. For example,
microbial production (i.e., biogenic origin) of volatile compounds (e.g., alkyl
selenides) is recognized as an important source of atmospheric trace element input,
and it is estimated that approximately 15% of the total annual As and Se inputs to
the atmosphere is derived from biogenic sources (Haygarth et al. 1994; Pécheyran
et al. 1998; Kosolapov et al. 2004). Similarly, a biological conversion process (i.e.,
methylation) is the key to the biomagnification of Hg in the aquatic ecosystem
(Ciesielski et al. 2010).

Thus, a greater understanding of microbial transformation processes will help
to monitor the environmental fate of the trace elements, particularly through the
food web, and will help to develop in situ bioremediation technologies that are
environmentally compatible. It is unlikely that the natural phenomenon (e.g.,
natural attenuation) is optimal for the removal of toxic trace elements from con-
taminated sites. Microbial transformation processes can be readily managed and
enhanced for efficient removal of contaminants, provided the biochemistry of
these processes is understood. There is a growing interest in the potential exploi-
tation of microorganisms in detoxifying contaminated sites, wastewater treat-
ment, and metal(loid)s extraction from low-grade ores.
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The aim of this review is to examine the influence of microbial processes on the
accumulation and transformation of trace elements (with emphasis on As, Cr, Hg,
and Se). We first briefly address the sources and speciation of these four major trace
elements that are subject to soil microbial transformation. We then examine their
microbial transformation in the context of the practical implications they have for
remediation and ecotoxicology.

2 Sources and Speciation of Trace Elements in Soils
and Sediments

The uses of As, Cr, Hg, and Se, and their species in soils and sediments are given in
Table 1.

2.1 Arsenic

Arsenic is a naturally occurring element, the major source of which is weathering of
igneous and sedimentary rocks, including coal. Coal is estimated to release 45,000
tonnes of As annually, while human activities release approximately 50,000 tonnes
(Fergusson and Gavis 1972; Mahimairaja et al. 2005). Significant anthropogenic
sources of As include fossil fuel combustion, leaching from mining wastes and
landfills, mineral processing, and metal(loid) production. Precipitation from the
atmosphere and application of a range of agricultural by-products (e.g., poultry
manure) also contribute large quantities of As to the land (Christen 2001). Although
the anthropogenic As source is increasingly becoming important, the recent episode
of extensive As-contamination of groundwaters in Bangladesh and West Bengal is
of geological origin, transported by rivers from sedimentary rocks in the Himalayas
over tens of thousands of years (Mahimairaja et al. 2005).

In soils, As is present as arsenite [As(IIl)], arsenate [As(V)], and organic As
(monomethyl arsenic acid and dimethyl arsenic acid or cacodylic acid) (Sadiq 1997;
Smith et al. 1998; Mahimairaja et al. 2005). Arsenic species are adsorbed onto Fe,
Mn, and Al compounds (Smith et al. 1998). Sorption of As species by organic matter
and humic acid is also possible (Mahimairaja et al. 2005; Warwick et al. 2005).
The main solid phase As species in soils and sediments include aluminum arsenate,
iron arsenate, and calcium arsenate. In aquatic systems, As is predominantly bound
to sediments. The arsenic concentration in suspended solids and sediments is many
times higher than that in water, indicating that the suspended solids are a good scav-
enging agent and sediments a sink for As (Mahimairaja et al. 2005). Arsenic oxida-
tion from As(IIl) to As(V) is a natural process that helps to alleviate toxicity in
aquatic environments because As(V) is adsorbed onto the sediments and becomes
relatively immobilized (Aposhian et al. 2003; Rubinos et al. 2011).
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2.2 Chromium

Chromium reaches the soil environment via industrial waste disposal from coal-fired
power plants, electroplating activities, leather tanning, timber treatment, pulp pro-
duction, mineral ore, and petroleum refining (Bolan et al. 2003a; Choppala et al.
2012). Chromium exists as hexavalent [Cr(VI)] and trivalent [Cr(III)] forms. The
Cr(V]) is the characteristic of chromates, dichromates, and chromic trioxide, and the
Cr(IIl) forms Cr oxides and hydroxides. While Cr(VI) is toxic and highly soluble in
water, Cr(III) is less toxic, insoluble in water, and hence less mobile in soils (Barnhart
1997; Kosolapov et al. 2004). In soils, Cr exists mainly as Cr(IIl) unless oxidizing
agents such as manganous oxide [Mn(IV)] are present (Gong and Donahoe 1997).

2.3 Mercury

The burning of fossil fuels and gold recovery in mining are the major sources of Hg
(Pacyna et al. 2001; de Lacerda 2003). The chloralkali, electrical equipment, paint,
and wood pulping industries are the largest consumers of Hg, accounting for 55% of
the total consumption (Baralkiewicz et al. 2007). Mercury forms salts in two ionic
states, mercurous [Hg(I)] and mercuric [Hg(I)], with the latter much more common
in the environment than the former (Schroeder and Munthe 1998). These salts if
soluble in water are bioavailable and toxic. Mercury also forms organometallic com-
pounds, many of which have industrial and agricultural uses. Elemental Hg gives rise
to a vapor that is only slightly soluble in water, but is problematic because of easy
transport in the atmosphere (Boening 2000). The most common form of Hg mineral
is insoluble mercuric sulfide (naturally occurring Cinnabar) which is nontoxic.

The environmental Hg cycle has four strongly interconnected compartments:
atmospheric, terrestrial, aquatic, and biotic. The atmospheric compartment is domi-
nated by gaseous Hg(0), although Hg(Il) dominates the fluxes in the aquatic and
terrestrial compartments. The terrestrial compartment is dominated by Hg(II) sorbed
to organic matter in soils. The aquatic compartment is dominated by Hg(II)-ligand
pairs in water and Hg(Il) in sediments, and the biotic compartment is dominated by
methyl Hg. Mercury is quite reactive in the environment and cycles readily among
these compartments (Wiener et al. 2003).

2.4 Selenium

Among the elements, Se ranks 17% in order of abundance and is widely dispersed in
the earth’s crust in low concentration. Elemental Se exists as zero valence state and is
often associated with sulfur in compounds such as selenium sulfide (SeS) and poly-
sulfides. The principal sources of Se for commercial applications are Cu-bearing ore
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and sulfur deposits. Selenium is used in xerography, as a semiconductor in photocells,
and also used in the manufacture of batteries, glass, electronic equipment, antidan-
druff products, veterinary therapeutic agents, feed additives, and fertilizers.
Selenium can be found in four different oxidation states: selenate [Se(VI); SeO, -,
selenite [Se(IV); SeO, ], elemental selenium [Se(0); Se’], and selenide [Se(— II)
Se*]. Selenate and Se(IV) are common ions in natural waters and soils. Selenides
and Se(0) are the common Se species in acidic soils that are under reducing condi-
tions and are rich in organic matter. At moderate redox potential (Eh) either HSeO,”
or Se0,> is the predominant form. At high Eh in well-aerated alkaline soils, the
highly soluble SeO,* is the predominant form.
Reduced Se compounds include volatile methylated species such as dimethyl
selenide [DMSe, Se(CH,),], dimethyl diselenide [DMDSe, Se,(CH,),], and
dimethyl selenone [(CH,), SeO .1, and sulfur containing amino acids mcludmg sele-
nomethionine, selenocysteine, and selenocystine. Inorganic reduced Se forms
include mineral selenides and hydrogen selenide (H,Se). Mosher and Duce (1987)
estimated that approximately 90% of all natural emissions of Se to atmosphere are
biogenic, with marine biosphere accounting for about 70% and the continental bio-
sphere about 20%.

3 Microbial Transformation Processes

The microbial processes involved in transforming trace elements in soils and sedi-
ments are grouped into three categories that include bioaccumulation, oxidation/
reduction, and methylation/demethylation (Fig. 1). Microorganisms can accumulate
organometal(loid)s, a phenomenon relevant to toxicant transfer to higher organisms
(i.e., biomagnification). In addition to bioaccumulating organometal(loid) compounds,
many microorganisms are also capable of degrading and detoxifying them through
various processes such as demethylation and dealkylation. Several organometal(loid)
transformations are potentially useful for environmental bioremediation (Gadd 2010;
Geoffrey and Gadd 2007).

3.1 Bioaccumulation

The physicochemical mechanisms by which trace elements are removed are
encompassed by the general term “biosorption.” Biosorption includes adsorption,
ion exchange, entrapment, and metabolic uptake, which are features of both living
and dead biomass and their derived products (Ahalya et al. 2003). In living cells,
biosorption is directly and indirectly influenced by metabolism. Metabolism-
dependent mechanisms of trace element removal that occur in living microorgan-
isms include precipitation as sulfides, complexation by siderophores and other
metabolites, sequestration by metal(loid)-binding proteins and peptides, transport
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Fig.1 Schematic diagram illustrating various microbial transformation reactions of trace elements
in relation to remediation

and intracellular compartmentation (White et al. 1995). Microorganisms exhibit a
strong ability to accumulate (bioaccumulation) trace elements from substrates con-
taining very low concentrations (Robinson et al. 2006). Both bacteria and fungi
bioaccumulate trace elements, and the bioaccumulation process is activated by two
processes (Schiewer and Volesky 2000; Adriano et al. 2004): (1) sorption (i.e.,
biosorption) of trace elements by microbial biomass and its byproducts and (2)
physiological uptake of trace elements by microorganisms through metabolically
active and passive processes (Table 2).

Gram-positive bacteria possess cell walls that have powerful chelating properties.
Trace element-binding to cell walls may be a biphasic process (Volesky and Holan
1995; Dostalek et al. 2004). The initial interaction between metal(loid) ions and
reactive groups is followed by inorganic deposition of additional metal(loid)s. Trace
elements can accumulate in greater than stoichiometric amounts, which cannot be
solely accounted for by the ion-exchange processes. Metal(loid)-loaded bacterial
cells have been shown to act as nuclei for the precipitation of crystalline metal(loid)
deposits, when they are incorporated into contaminated sediments (Lawson and
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Macy 1995; White et al. 1995). The metabolically independent passive sorption may
account for the most significant portion of total uptake of a number of trace ele-
ments. For example, Surowitz et al. (1984) found up to 90% of total Cd uptake by
Bacillus subtilis was located in the cell wall, 3—4% on the cell membrane, and the
reminder in the soluble fraction of the cell. Similarly, 70-80% of Cu was accumu-
lated as a layer on the cell wall of Trichoderma viride (Anand et al. 2006).

Biosorption of metal(loid) ions onto bacterial and fungal biomass is rapid and
temperature dependent (Ledin et al. 1999; Dursun 2006). A wide range of binding
groups, including carboxyl, amine, hydroxyl, phosphate (P), sulfhydryl have been
shown to contribute to biosorption of trace elements. Both living and dead biomass
act as biosorptive agents, and the magnitude of the phenomenon is directly related
to these functional groups. Bacteria capable of producing large quantities of extra-
cellular polymers are of a polysaccharide nature, have anionic properties, and are
involved in removing soluble metal(loid) ions from solution by an ion-exchange
process (Kodukula et al. 1994; Iyer et al. 2005). Macrofungi, such as Agaricus can
bioaccumulate Cd and Hg from soils/compost containing low concentrations of
these elements (Tiizen et al. 1998). Many fungal products, such as glucans, man-
nans, melanins, chitins, and chitosans have been shown to act as efficient biosorp-
tion agents (Gadd 1990). For example, biosorption of Cr(VI) by Termitomyces
clypeatus occurred by initial rapid surface binding, followed by relatively slow
intracellular accumulation through an active transport process. Chromate could
bind to the surface of the cells by electrostatic interaction and be transported into the
cytoplasm through different layers, including chitin—chitosan, glucan, and mannan
of the cell wall and cytoplasmic membrane. Transported Cr(VI) was reduced to
Cr(III) by enzymes present in the cytoplasm (Das and Guha 2009).

Several workers have examined the passive sorption of trace elements by both
dead and living microorganisms, such as bacteria and fungi (Zouboulis et al. 2004;
Mohanty et al. 2006; Das et al. 2008). For example, Ledin et al. (1999) used a mul-
ticompartment system, PIGS (Partitioning in Geobiochemical Systems), with five
compartments to study metal(loid) distribution between soil constituents. Soil
microorganisms (Pseudomonas putida, Trichoderma harzianum) were compared
with common soil minerals (kaolin and aluminum oxide) and solid organic matter
(peat), with respect to their ability to accumulate Zn, Cd, and Hg. Results indicated
that for the different solid phases, metal(loid) distribution was related to variations
in pH and ionic strength of the solutions. The presence of fulvic acid generally
decreased metal(loid) accumulation by peat and microorganisms at near neutral pH
values. The substantial accumulation of metal(loid)s by organic compounds (peat),
as well as by microorganisms, especially under acidic conditions is of particular
interest, since this process may counteract the metal(loid)-mobilizing effects of soil
acidification.

Several trace elements are essential for many metabolic functions of microorgan-
isms, and their uptake involves both active and passive processes (Zouboulis et al.
2004). In the case of metabolically active process, microorganisms exhibit specific
mechanisms for the uptake of trace elements, which involve carrier systems associated
with active ionic influxes across the cell membrane. Generally the metabolically active
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process is slower than passive absorption, requiring the presence of suitable energy
source and ambient conditions. Within the cell, microorganisms may convert
metal(loid) ions into innocuous forms by precipitation or binding. Microbially induced
crystallization of metal(loid) is a well-known phenomenon (Gadd 2008). For example,
sulfate-reducing bacteria such as Desulfovibrio release hydrogen sulfide (H,S), thereby
resulting in the precipitation of insoluble metal(loid) sulfides (Sass et al. 2009). Some
bacteria produce siderophores in the form of phenols, catechols, or hydroxamates as
part of their overall Fe uptake strategy (Renshaw et al. 2002; Hider and Kong 2010).
Bacteria also produce metal(loid)-binding proteins, such as metallothionein that could
bind metal(loid)s, thereby acting as detoxicants. For example, both P. putida and
Escherichia coli have been shown to produce low-molecular weight proteins that bind
Cd (Mejare and Biilow 2001).

3.2 Redox Reactions

Trace elements, including As, Cr, Hg, and Se, are most commonly subjected to
microbial oxidation/reduction reactions (Table 3). Redox reactions influence the spe-
ciation and mobility of trace elements. For example, metals generally are less soluble
in their higher oxidation state, whereas the solubility and mobility of metalloids
depend on both the oxidation state and the ionic form (Ross 1994). The oxidation/
reduction reactions for various metal(loid)s and the optimum redox values for these
reactions are given in Table 4. The redox reactions are grouped into two categories,
assimilatory and dissimilatory (Brock and Madigan 1991). In assimilatory reactions,
the metal(loid) substrate will serve a role in the physiology and metabolic functioning
of the organism by acting as terminal electron acceptor, similar to oxygen (O,) for
aerobes and nitrate (NO,") for denitrifying bacteria. In contrast, for dissimilatory
reactions, the metal(loid) substrate has no known role in the physiology of the species
responsible for the reaction and indirectly initiates redox reactions.

The biochemistry of microbial redox reactions of metal(loid)s has not been com-
pletely characterized (Miyata et al. 2007). In some systems (e.g., Se), metal(loid)
transformation is coupled with the cytochrome system (Rosen and Silver 1987).
Also specific metal(loid)-active enzymes may play a role in metal(loid) redox reac-
tions. For example, Thauera selenatis reduces Se(IV) to Se(II) using selenate reduc-
tase (Debieux et al. 2011), and the subsequent reduction of Se(Il) to Se(0) appears
to be catalyzed by periplasmic nitrite reductase. However, Se reduction in a
Pseudomonas sp. is part of the anaerobic respiration process.

Arsenic in soils and sediments can be oxidized to As(V) by bacteria (Battaglia-
Brunet et al. 2002; Bachate et al. 2012; Table 3). Since As(V) is strongly retained by
inorganic soil components, microbial oxidation results in the immobilization of As.
Under well-drained conditions As would present as H AsO,” in acidic soil and as
HAsO 42* in alkaline soils. Under reduced conditions, As(IIl) dominates in soils, but
elemental arsenic [As(0)] and arsine (H,As) can also be present. Arsenite is much
more toxic and mobile than As(V). The distribution and mobilization of As species
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Table 4 Oxidation—reduction reactions of selected elements and the optimum redox potentials

Trace element Transformation Reaction E (mV)
Arsenic(0) As(0)+3H,0 > H,AsO,+3H*+3e” Oxidation +250
Arsenic(V) H,AsO,+2H"+2e—>H,AsO,+H,0 Reduction +560
Cadmium(0) Cd— Cd*+2e” Oxidation +402
Cadmium(II) Cd*+2e—Cd Reduction -400
Chromium(III) 2Cr*+3H,0+2MnO,”—2Cr,0.* +6H*+2MnO,  Oxidation +350
Chromium(VI) Cr,0,” +14H*+6e”—2Cr* +7H,0 Reduction +1,360
Tron(II) Fe** +2e~— Fe(s) Oxidation -440
Iron(I1I) Fe’*+e-— Fe* Reduction +770
Manganese(II) Mn* +2e"— Mn Reduction -1,180
Manganese(IV) Mn* +2e~— Mn** Reduction +1,210
Manganese(VII) MnO, +8H"+5¢"— Mn?* + 4H,0 Reduction +1,510
Manganese(VII) MnO, +e —MnO > Reduction +564
Mercury Hg *+2e¢”—2Hg Reduction +790
Nitrogen(V) 2NO,”+4H*+2e"—2NO,+2H,0 Reduction +803
Selenium(0) Se(0)/H,Se Reduction =730
Selenium(VI) Se0,/Se0, Reduction +440
Selenium(VI) SeOf’/Se(O) Reduction +180
Sulfur(I) S*+2H*—H.S Reduction =220
Sulfur(VI) SO, +H,0+2e¢"—SO,>+20H" Reduction -520

in the soil and sediments is controlled by both microbially mediated transformation
of the As species and by adsorption (Adriano et al. 2004; Mahimairaja et al. 2005).
The reduction and methylation reactions of As in sediments are generally mediated
by bacterial degradation of organic matter coupled with reduction and use of sulfate
as the terminal electron acceptor (Adriano et al. 2004). Ferrous iron [Fe(II)] can also
serve as an electron acceptor in bacterial oxidization of organic matter, resulting in
the decomposition of ferric [Fe(IlI)] oxides and hydroxides.

Although Cr(IIl) is strongly retained on soil particles, Cr(VI) is very weakly
adsorbed in soils that are net negatively charged and is readily available for plant
uptake and leaching to groundwater (James and Bartlett 1983; Leita et al. 2011).
Oxidation of Cr(IIT) to Cr(VI) is primarily mediated abiotically through oxidizing
agents such as Mn(IV), and to a lesser extent by Fe(III), whereas reduction of Cr(VI)
to Cr(IIl) is mediated through both abiotic and biotic processes (Choppala et al.
2012). Oxidation of Cr(III) to Cr(VI) can enhance the mobilization and bioavail-
ability of Cr. Chromate can be reduced to Cr(IIl) in environments where a ready
source of electrons (Fe(Il)) is available. Suitable conditions for microbial Cr(VI)
reduction occur where organic matter is present to act as an electron donor, and
Cr(VI) reduction is enhanced under acid rather than alkaline conditions (Hsu et al.
2009; Chen et al. 2010).

In living systems, Se tends to be reduced rather than oxidized, and reduction
occurs under both aerobic and anaerobic conditions. Dissimilatory Se(IV) reduction
to Se(0) is the major biological transformation for remediation of Se oxyanions in
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anoxic sediments (Lens et al. 2006). Selenite is readily reduced to the elemental state
by chemical reductants such as sulfide or hydroxylamine, or biochemically by sys-
tems such as glutathione reductase. Hence, precipitation of Se in its elemental form,
which has been associated with bacterial dissimilatory Se(VI) reduction, has great
environmental significance (Oremland et al. 1989, 2004). Since both Se(IV) and
NO, can be used as terminal electron acceptors by many microorganisms, the pres-
ence of NO,™ in the system inhibits the reduction of Se(IV) (Viamajala et al. 2002).

Mercury undergoes a biological reduction process in soils and sediments.
Microorganisms play a major role in reducing reactive Hg(II) to nonreactive Hg(0),
which may be subjected to volatilization losses. Bacteria are more important than
eukaryotic phytoplankton in the reduction of Hg(IT). Mercury-resistant bacteria can
transform ionic mercury [Hg(II)] to metallic mercury [Hg(0)] by enzymatic reduc-
tion (Von Canstein et al. 2002). It is known that Hg(II) is reduced to Hg(0) by mer-
curic reductase, a mercury resistance operon, and genetic system encoding
transporters and regulators. The dissimilatory metal(loid) reducing bacterium
Shewanella oneidensis has been shown to reduce Hg(II) to Hg(0), which requires
the presence of electron donors (Wiatrowski et al. 2006).

3.3 Methylation/Demethylation

Methylation has been proposed as a mechanism for detoxification—a biological
mechanism for the removal of toxic trace elements by converting them to methyl
derivatives that are subsequently removed by volatilization or extraction with sol-
vents (Frankenberger and Losi 1995). Methylated derivatives of As, Hg, and Se can
arise as a result of chemical and biological mechanisms, and this frequently results
in altered volatility, solubility, toxicity, and mobility. The major microbial methylat-
ing agents are methylcobalamin (CH,CoB ,), involved in the methylation of Hg, and
S-adenosylmethionine (SAM), involved i m the methylation of As and Se. Biological
methylation (biomethylation) may result in metal(loid) detoxification, since
methylated derivatives may be excreted readily from cells and are often volatile and
may be less toxic, e.g., organoarsenicals. However, for Hg, methylation may not
play a major role in detoxification, because of the existence of more efficient resis-
tance mechanisms, e.g., reduction of Hg(II) to Hg(0) (Gadd 1993).

Volatilization occurs through microbial conversion of metal(loid)s to their
respective metallic, hydride, or methylated forms. These forms have low boiling
points and/or high vapor pressure, and are therefore susceptible for volatilization
(Table 5). Methylation has shown to be the major process by which As, Hg, and Se
are volatilized from soils and sediments, and which also releases poisonous methyl
gas (Adriano et al. 2004).

Although methylation of metal(loid)s occurs through both chemical (abiotic) and
biological processes, biomethylation is considered to be the dominant process in soils
and aquatic environments (Table 6). Thayer and Brinckman (1982) grouped methyla-
tion into two categories: trans-methylation and fission-methylation. Trans-methylation
refers to the transfer of an intact methyl group from one compound (methyl donor) to
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Table 5 Boiling points and vapor pressure of elemental, hydride, and methyl species of arsenic,
mercury, and selenium

Trace element ~ Species Boiling point (°C) Vapor pressure (kPa)
Arsenic Elemental—As(0) 603 0 (Approx)
Hydride—AsH =55 1,461.2 at 21.1°C
Methylated:
Monomethyl arsine—As(CH,) 1.19 231.9 at 25°C
Dimethyl arsine—As(CH,), 36 68.26 at 25°C
Trimethyl arsine—As(CH,), 53.8 42.92 at 25°C
Chromium Elemental—Cr(0) 2,672 0.99 at 1,857°C
Mercury Elemental—Hg(0) 356.58 2x 107 at—38.72°C
Hydride—HgH, -34 -
Methylated:
Monomethyl mercury Hg(CH,) - -
Dimethyl mercury Hg(CH,), 93.5 -
Selenium Elemental—Se(0) 688 6.95%x 10 at 221°C
Hydride—SeH, -42
Methylated: -
Dimethyl selenide—Se(CH,), 49.8 41.1 at 25°C
Dimethyl selenite—Se,(CH,), -39.042 826.85 at 25°C

Dimethyl selenone—Se(CH,),0, 153 —

another compound (methyl acceptor). Fission-methylation refers to the fission of a
compound (methyl source), not necessarily containing a methyl group, so as to elimi-
nate a molecule such as formic acid. The fission molecule is subsequently captured
by another compound which is reduced to a methyl group.

At present there is substantial evidence for the biomethylation of As, Hg, and Se
in soils and aquatic systems (Table 6). Microorganisms in soils and sediments act as
biologically active methylators (Frankenberger and Arshad 2001; Loseto et al.
2004). Organic matter provides the methyl-donor source for both biomethylation
and abiotic methylation in soils and sediments. Methylation of Hg is controlled by
low molecular weight fractions of fulvic acid in soils. Using a synthetic humic acid
fraction, Ravichandran (2004) concluded that the methylating factor was not associ-
ated with the higher molecular weight humic acid fraction. Similarly, Lambertsson
and Nilsson (2006) suggested that organic matter content and the supply of alterna-
tive electron acceptors influenced methylation of Hg in the sediments. Organic mat-
ter may affect methylation of Hg through several mechanisms including maintenance
of low Eh and providing electron and complexing agents.

Biomethylation is effective in forming volatile compounds of As such as alkylarsines,
which could easily be lost to the atmosphere (Lehr 2003; Yin et al. 2011). Methylation,
demethylation, and reduction reactions are important in controlling the mobilization and
subsequent distribution of arsenicals. These transformations are promoted by microbes
although it is still not clear if in situ biomethylation is a common phenomenon.

Arsenic undergoes a series of biological transformation in aquatic systems, yielding
a large number of compounds, especially organoarsenicals (Maher and Butler 1988).
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Benthic microbes are capable of methylating As under both aerobic and anaerobic
conditions to produce methylarsines and methyl-arsenic compounds with a generic
formula (CH,), As(O)(OH),_, where n may be 1, 2, or 3. Monomethyl arsenate (MMA)
and dimethyl arsinate (DMA) are common organoarsenicals in river water. Methylated
As species could result from direct excretion by algae or microbes or from degradation
of the excreted arsenicals or more complex cellular organoarsenicals (Li et al. 2009).
Methylation may play a significant role in the mobilization of As by releasing it from
the sediments to aqueous environment (Anderson and Bruland 1991; Wang and
Mulligan 2006). In the sediments-aquatic system, methylation occurs only in the sedi-
ments because the thermodynamics of water or aquatic environments are not favorable
for methylation (Duester et al. 2008). The rate of methylation/demethylation reactions
and the consequent mobilization of arsenicals are affected by adsorption by sediments
and soils. Adsorption of As species in alkaline condition follow: As(V)>As(III)> As
(II)>DMA (Bowell 1994).

Primary producers, such as algae take up As(V) from solution and reduce it to
As(III), prior to methylating the latter to produce MMA and DMA; the methylated
derivatives are then excreted (Knauer et al. 1999). This may represent a detoxification
process for the organism. Arsenic is taken up by algae due to its chemical similarity
to P (Elbaz-Poulichet et al. 2000). Although the detoxification of As can be achieved
through methylation, the element may be significantly toxic to phytoplankton and
periphyton communities in marine environments.

Mercury is methylated through biotic and abiotic pathways, although microbial
methylation mediated mainly through dissimilatory sulfate- and iron-reducing bac-
teria is generally regarded as the dominant environmental pathway (Musante 2008;
Graham et al. 2012). Methylation of Hg occurs under both aerobic and anaerobic
conditions (Rodriguez Martin-Doimeadios et al. 2004). Regnell and Tunlid (1991)
showed that the proportion of methylated Hg was significantly higher in the anaero-
bic condition than in aerobic systems consisting of undisturbed lake sediment and
water. The sequence of volatility of Hg species is as follows: Hg(0)=(CH,),Hg >>>
CH,HgCl>Hg(OH),>CH,HgOH >HgCl,.

Under anaerobic conditions Hg(II) ions can be biologically methylated to form
either monomethyl or dimethyl Hg. Monomethyl or dimethyl Hg are highly toxic
(neutrotoxic) and more biologically mobile than the other forms (Adriano et al.
2004). The main methylation mechanism for Hg involves nonenzymatic transfer of
methyl groups of methylcobalamin (a vitamin B , derivative, produced by many
microorganisms) to Hg(II) ions (Ullrich et al. 2001; (1) and (2)). Methylation occurs
both enzymatically and nonenzymatically; ionic species Hg(II) are required for the
proceeding of biological methylation of Hg to proceed.

Hg(II) + 2R — CH, — CH,HgCH, — CH,Hg". (1

Hg(I)+R - CH, — CH,Hg" + R — CH, — CH,HgCH,. )

Methylmercury degradation occurs either through microbial or photochemical
processes. Marvin-Dipasquale et al. (2000) observed that methyl Hg degrades
mainly through reduction-degradation and oxidative-demethylation pathways in
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Hg-contaminated sediments. Singlet O, a highly reactive form of dissolved O,,
produced upon sunlight irradiation (ultraviolet spectrum (<400 nm)) of dissolved
organic matter, is primarily responsible for methyl Hg photochemical degradation
(Zhang and Hsu-Kim 2010). However, the photodegradation is mainly dependent
on the ligands that bind methyl Hg cations in water. Photodegradation of methyl Hg
is higher in fresh water lakes and glaciers than in sea waters (Hammerschmidt and
Fitzgerald 2006; Whalin et al. 2007).

Unlike As, Se(VI) is more mobile than Se(IV), because the former is strongly
adsorbed onto soil minerals and organic matter under near neutral pH conditions (Li
et al. 2008). Soluble Se species such as Se(VI) are unlikely to be found under
reducing conditions because less soluble forms such as Se(0) are thermodynami-
cally favored. When Se(IV) and Se(VI) are introduced into moderately reducing
conditions they are readily transformed through microbial processes to Se(0) and/or
organic Se compounds. Five different volatile forms of reduced Se have been
detected: H,Se, methane selenol (CH3SeH), DMSe, dimethyl selenenyl sulfide
(CH,SeSCH,), and DMDSe (Wu 2004). The relatively high vapor pressure of these
compounds enhances the transformation of Se from soils and sediments to aqueous
and vapor phases. However, the rapid oxidation of the first two compounds and
lower vapor pressure of the last two leave DMSe as the most significant contributor
to atmospheric Se input (Frankenberger and Losi 1995).

Selenium biomethylation is of interest because it represents a potential mecha-
nism for removing Se from contaminated environments, and it is believed that meth-
ylated compounds, such as DMSe is less toxic than dissolved Se oxyanions. Fungi
are more active in the methylation of Se in soils although some Se-methylating
bacterial isolates have also been identified (Adriano et al. 2004). Hydrogen oxidiz-
ing methanogens such as Methanobacterium omelianskii are involved in the reduc-
tive methylation, while methylotrophic bacteria carry out demethylation. Dimethyl
selenide can be demethylated in anoxic sediments as well as anaerobically by an
obligate methylotroph similar to Methanococcides methylutens in pure culture.

An anaerobic demethylation reaction may result in the formation of toxic and
reactive H,Se from less toxic DMSe. Although H,Se undergoes rapid chemical
oxidation under toxic conditions, it can exist for long periods in an aerobic environ-
ment (Tarze et al. 2007). Because demethylation produces CO, in addition to CH,,
it is preceded by oxidative pathways used in substrate metabolism, rather than by
lyases. Aerobic demethylation of DMSe is likely to yield Se(VI), thereby retaining
Se in the system.

4 Factors Affecting Microbial Transformation Processes

Microbial transformation of As, Cr, Hg, and Se in soils, sediments, and aquatic
systems is affected by biological functioning of the system, as measured by micro-
bial activity, the bioavailability of the metal(loid) ions, as measured by speciation,
and the physicochemical characteristics of the media such as pH, moisture content,
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and temperature. The microbial transformation processes can also be manipulated
through the addition of inorganic and organic amendments (Park et al. 2011a).

4.1 Microbial Activity

Although the oxidation/reduction and methylation/demethylation reactions occur
through both chemical and biological processes, the biological process is consid-
ered to predominate in soils, sediments, and aquatic systems, especially in the
absence of adequate levels of inorganic sources of electron donor/acceptor such as
Fe?* and Mn?** ions. For example, Losi et al. (1994), Bolan et al. (2003a), and
Choppala et al. (2012) have shown that the addition of organic manure caused a
greater increase in the biological reduction than the chemical reduction of Cr(VI),
which suggests that the supply of microorganisms is more important than the supply
of organic carbon (C) in the manure-induced Cr(VI) reduction. Addition of organic
manure has often been shown to increase the microbial activity of soils through
increased supply of both C and nutrient sources (Wardle 1992; Marinari et al. 2000).

Rogers (1976) and Song and Heyst (2005) observed that, in general, although the
initial rate of volatilization through methylation of Hg was greater from clay than
sandy soils, the clay soil resulted in less total loss of Hg. The greater initial rate of
methylation in the clay soil may be attributed to the larger population of microor-
ganisms. However, the low volatilization of Hg from the clay soil may be related to
the greater adsorption of Hg resulting in the inaccessibility of Hg for microorgan-
isms. The relative amounts of mono and dimethyl Hg formed depends on microbial
species, organic pollutant loading, Hg concentration, and temperature and pH of the
system.

Availability of nutrients and water, pH, and soil texture are significantly different
with soil depth, thereby influencing the structure of microbial communities in soil.
Anaerobic environments within soil aggregates also affect anaerobic- and aerobic-
based metabolism by a microbial community (Hansel et al. 2008). Therefore, redox
or methylation reactions may vary with soil profile, because these reactions are
related to microbial activity.

4.2 Solute Concentration and Speciation

The rate of microbial transformation of trace elements depends on the bioavailabil-
ity of the metal(loid) concerned, as measured by its concentration and speciation.
Watras and Bloom (1992) reported that the bioaccumulation of methyl Hg results
from two processes: the higher affinity of inorganic Hg in lower tropic level organ-
isms and the high affinity of methyl Hg in fishes. Mason et al. (1995) compared the
bioaccumulation of inorganic Hg and methyl Hg and showed that passive uptake of
the Hg complexes (HgCl, and CH,HgCl) results in high concentration of both the
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inorganic and methylated Hg in phytoplankton. However, differences in portioning
within phytoplankton cells between inorganic Hg (which is principally membrane-
bound) and methyl Hg (which is accumulated in the cytoplasm) lead to a greater
assimilation of methyl Hg during zooplankton grazing.

Several environmental factors influence methylation rates of Hg, most probably
by altering its bioavailability. Reactive and free Hg ions are required to initiate
microbial transformation reactions involving microorganisms (Fig. 2). For example,
complexing of Hg with chlorine and bromine decreases volatilization due to the
nonavailability of free Hg radicals to produce volatile methyl Hg compounds by
microorganisms (Rogers and MacFarlane 1978). Similarly complexation of Hg with
dissolved organic carbon (DOC) decreases methylation (Miskimmin et al. 1992;
Ravichandran 2004). Release of HgS during sulfate reduction inhibits methylation,
whereas precipitation of S with Fe increases Hg available for methylation (Choi and
Bartha 1994).

At low Hg concentration most of the Hg ends up as dimethyl Hg, whereas at high
Hg concentration some of the Hg may remain as monomethyl Hg (Adriano 2001).
The volatilization loss of methyl Hg depends on the nature of the methyl compound;
dimethyl Hg is more volatile than monomethyl Hg. The speciation of Hg in water is
most strongly influenced by the aqueous chemical conditions—most notably Eh,
pH, and organic and inorganic ligands. Inorganic Hg(II) and methyl Hg are strongly
influenced by the chemical makeup of the water and almost entirely form ion pairs
with ligands in the aquatic environment. The complexation of Hg(Il) with sulfide
has been shown to strongly affect the availability of Hg for methylation by microbes
(Benoit et al. 1999; Drexel et al. 2002).

To be methylated by bacteria, Hg(I) must first cross the cell membrane of a
methylating bacterium, presumably as a neutral dissolved species. Thus, speciation
of inorganic Hg in aqueous and solid phases controls the fraction of the total Hg
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pool that is available for microbial methylation. For example, a low concentration
of chloride and sulfide ligands increases the bioavailability of Hg by forming neu-
tral species such as HgCl, or HgS; however, at higher ligand concentrations, these
ion pairs become charged (e.g., HgCl,"), thereby resulting in the adsorption of Hg
and decreasing the supply of Hg for methylation (Boszke et al. 2003). Similarly,
when Hg(II) is bound to large molecules of DOC it will become unavailable for
methylation (Ravichandran 2004).

The reduction of Se by bacteria has often been shown to be affected by the initial
Se concentration. For example, Lortie et al. (1992) observed that Se reduction rate
by Pseudomonas stutzeriincreased with increasing Se(VI) and Se(IV) concentrations
up to 19 mM. At Se concentration more than 19 mM Se(IV) reduction decreased,
while Se(VI) reduction remained constant, which might be attributed to the higher
toxicity of the Se(IV) than Se(VI). Negatively charged Se oxyanions form ternary
Se—cation—organic matter complexes and result in the immobilization of Se. It is
known that Se oxyanions are reduced to elemental Se or Se(—II) and are removed by
precipitation from solution; however, Se(VI) is kinetically stable in groundwaters
that are high in humic substances and is more resistant to reduction (Fernandez-
Martinez and Charlet 2009).

When the organic matter contents are high in shallow subsurface environments,
reducing conditions with a relatively high amount of sulfide in the solid phase
decrease dissolved As concentration in the pore water. Arsenic is sorbed with the
formation of Fe sulfides. Under oxidizing conditions, surface waters are undersatu-
rated with As(V) mineral, and as a result, secondary As(V) dissolves and As con-
centration increases in the water. A close relationship of the As(III)/As(V) ratio
with DOC concentration indicates that microbial processes play a key role in the
transformation of As species (Drahota et al. 2009). Various anions influence As
fractionation and mobility in fine fraction soil. Arsenic mobility in the fine soil
increased in the order of PO,**>>CO,*>S0, =CI" anions. Arsenic mobilization
by PO,*" may be caused by a ligand exchange mechanism (Goh and Lim 2005).

Choppala (2011) observed that the addition of Fe(Ill) oxide to Cr(VI)-
contaminated soils resulted in a decrease in the rate of reduction of Cr(VI) as mea-
sured by half-life values (Fig. 3a). This phenomena may be due to the increased
retention of Cr(VI) by Fe(Ill) oxide, thereby decreasing the bioavailability of Cr(VI)
for microorganisms. Similarly, an increase in pH decreased Cr(VI) reduction in soil
(Fig. 3b). Both protons and electrons are needed for the reduction of Cr(VI) to
Cr(IIT) (Park et al. 2004). An increase in pH decreases the H* ions in the soil, thereby
decreasing Cr(VI) reduction.

4.3 SoilpH

Soil pH affects microbial transformation processes through its effects on the
microorganisms, supply of protons, and adsorption and speciation of metal(loid)s.
For example, Kelly et al. (2003) and Roy et al. (2009) observed that the extent of
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Fig. 3 Relationship between (a) chromate (Cr(VI)) adsorption as measured by K| values and Cr(VI)
reduction as measured by half-life, (b) pH and half-life for Cr(VI) reduction (Choppala 2011)

methylation decreased as soil pH increased. This has been attributed to the
unavailability of Hg(II) at high pH, from its stronger adsorption and to the reduced
supply of methylating organic matter at high pH. Neutral and alkaline environ-
ments favor dimethyl Hg; under acidic conditions, less volatile monomethyl Hg is
formed, reducing the release of volatile Hg to the atmosphere.

pH can also influence bioaccumulation of trace elements by microorganisms. An
increase in pH facilitates surface binding of trace elements (Yin et al. 2002) through
pH-induced increases in surface charge. Furthermore, energy-dependent trace ele-
ment uptake is frequently pH dependent (Oztiirk et al. 2004) and maximum rates are
observed between 5 and 7 (Saglam et al. 1999; Bishnoi et al. 2007).

pH has been shown to influence the methylation rate by controlling organic C
compounds with functional groups that would otherwise bind Hg (Adriano 2001;
Gilmour and Henry 1991). Protons are required for reducing Cr(VI) to Cr(II) (3).
An increase in Cr(VI) reduction after manure addition was noted by Losi et al.
(1994) and Bolan et al. (2003a), and may also be attributed to the supply of protons
(Fig. 3b). Organic manure is generally rich in N, part of which is in ammoniacal
form. Oxidation of ammoniacal N to NO,” N (nitrification) and subsequent ammo-
nia volatilization produce protons. Similarly, Camargo et al. (2003) found that
Cr-resistant bacteria (Bacillus sp.) tolerated 2,500 mg L~ Cr(VI), and the maximal
Cr(VI) reduction occurred at pH 7.0-9.0. It has often been observed that Cr(VI)
reduction, being a proton consumption (or hydroxyl release) reaction, increases as
soil pH decreases (Eary and Rai 1991; Choppala et al. 2012; Fig. 3b).

2Cr,0,” +3C° +16H" — 4Cr(I1I)+3CO, +8H,0. 3)
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Mercury methylation decreased with decreasing pH of sediment, and methylation
was not detected at a pH value<5.0, which may be related to the unavailability of
inorganic Hg (Ramial et al. 1985). Baker et al. (1983) reported that the methylation
of Hg from inorganic mercuric chloride occurred in a narrow pH range of 5.5-6.5,
perhaps because the microbial population had been adapted to a pH of 5.8 of the
tested sediment. However, methyl arsenic acid and dimethyl arsenic acid were formed
in the pH range of 3.5-7.5, because the As-methylating microorganisms were not
sensitive to changes in pH (Baker et al. 1983). Kelly et al. (2003) investigated the
influence of increasing protons on the uptake of Hg by an aquatic bacterium. A small
decrease in pH (7.3-6.3) significantly increased Hg uptake by bacteria. Changes in
Hg uptake by bacteria also affected Hg cycling, including elemental Hg production,
Hg sedimentation, and methylation of Hg.

Fulladosa et al. (2004) studied the effect of pH on As(V) or As(IIl) speciation,
and the resulting toxicity was investigated using the Microtox® bioassay (Azur
Environmental Ltd, 1998), based on change in light emission by the luminescent
bacteria Vibrio fischeri. Within a 5.0-8.0 pH range, EC, values for As(V) were
found to decrease as pH became basic, reflecting an increase in toxicity; for As(IIl),
the EC, values were almost unchanged within a 6.0-8.0 pH range and were low-
ered only at pH 9.0. They observed that the highest toxicity to V. fischeri occurred
at basic pH values when HAsO,> and H,AsO* species representing As(V) and
As(IIT) were predominant.

Thompson-Eagle et al. (1989) showed that DMSe production by Alternaria
alternata was affected by the reaction mixture pH. The optimum pH for methylation
of Se was 6.5 (Frankenberger and Arshad 2001). Dissolved Se(VI) constituted 95%
of the total soluble Se at pH 9 and decreased to 75% at pH 6.5. pH greatly influ-
enced Se speciation, solubility, and volatilization, therefore indicating that pH is an
important factor in the Se biogeochemistry (Masscheleyn et al. 1990).

4.4 Soil Moisture and Aeration

Soil moisture influences redox reactions by controlling the activity of microorganisms
and also redox conditions of the microenvironment. An increase in moisture content
and the amount of available C tend to increase the net loss of methyl Hg (Schliiter
2000; Oiffer and Siciliano 2009). Air-drying soil inhibits methylation of Se, while
saturation with water causes anaerobiosis, thus decreasing the transfer of volatile Se
from soil to air (Calderone et al. 1990). Alternate wetting and drying enhances the
release of volatile Se compounds, which is attributed to release of nutrients through
organic matter mineralization (Hechun et al. 1996).

Most studies showed that irrespective of the matrix type, greater quantities of
volatile Se are released under aerobic than anaerobic conditions (Thompson-Eagle
and Frankenberger 1990). For example, soil, sewage sludge, and seleniferous pond
water samples released greater quantities of volatile Se when exposed to air than to
N,. Soil physical properties including aggregation and moisture content influence
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Fig. 4 Relationship between 0.9
soil water potential and y = —0.0882x — 0.4305

R2=0.956

selenium volatilization in a
soil-pickle weed (Salicornia
bigelovii) system (Shrestha
et al. 2006)

Se volatilization (ug pot™)

0 7 14 21 28
Soil water potential (-kPa)

Eh of soil and aeration-dependent microbial activities which are important to nutrient
cycling, soil fertility, and biogeochemistry of trace elements (Skopp et al. 1990;
Fig. 4). When the soil moisture content is high, the diffusion of O, is limited and
local anaerobic environment is created. In aerobic soils the predominant As species
is As(V) in soil pore water, while As(III) comprised up to 80% of the total As in
anaerobic soils. Chemical reducing conditions increases As(IIl) in anaerobic soils.
Chemical conversion of As(V) to As(III) may reduce microbial activity and produc-
tion of monomethyl arsenic acid (Haswell et al. 1985).

The methylation rate for Hg was found to be higher under anaerobic sediment
conditions than under aerobic condition; anaerobic conditions inhibited the conver-
sion of methyl Hg. More than 90% of the methyl Hg was formed by biochemical
processes under anaerobic conditions (Berman and Bartha 1986; Akagi et al. 1995).
The prevalence of methylcobalamin and a natural methylating agent that transfers
methyl groups under anaerobic conditions may facilitate the methylation of inor-
ganic Hg (Ullrich et al. 2001).

4.5 Soil Temperature

Temperature influences microbial transformation reactions of trace elements, mainly
by controlling microbial activity and functions (Alexander 1999). Schwesig and
Matzner (2001) and Heyes et al. (2006) observed that both the production and the
volatilization loss of methyl Hg were directly proportional to temperature. Kocman
and Horvat (2010) performed a laboratory-based experimental study of Hg emission
from contaminated soils in the River Idrijca catchment (Slovenia) that regulated
three major environmental parameters, comprising soil temperature (0 and 25°C,
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measured at the depth of 5 mm), soil moisture, and solar radiation. They noticed a
strong positive correlation between the soil surface temperature and Hg emission
flux. They suggested that this thermally controlled emission of Hg from soils
depended on the equilibrium of Hg(0) between the soil matrix and the soil gas.
As suggested by Schliiter (2000), because of increasing thermal motion, the vapor
pressure of highly volatile Hg(0) is increased, and sorption by soil is decreased.
Moreover, increased temperature also caused an increase in reaction rates and
microbiological activity, resulting in more intensive formation of volatile Hg species
(Schliiter 2000; Zhang et al. 2001; Bahlmann et al. 2006).

Temperature is one of the most important environmental factors that affect the
rate of Se volatilization (Frankenberger and Karlson 1994a). For every 10°C increase
in the temperature, the vapor pressure of volatile Se raises three- to four-fold
(Karlson et al. 1994). Gao and Tanji (1995) have developed models to show that the
methylation of Se in aquatic systems increases with both temperature and the supply
of C as a source of methyl donor. Dungan and Frankenberger (2000) observed that
the optimum temperature for Se volatilization was 35°C, with the rate of Se volatil-
ization increasing as the temperature increased from 12 to 35°C. At 40°C, the rate of
Se volatilization was slightly less than 35°C, but greater than at 30°C.

Camargo et al. (2003) found that Cr(VI) reduction by a Cr-resistant bacteria
(Bacillus sp.) increased with an increase in soil temperature with maximum reduc-
tion occurring at 30°C. Bacterial growth and Cr(VI) reduction by the strain
Amphibacillus sp. KSUCr3 were studied at various temperatures (25-45°C) by
Ibrahim et al. (2011). Chromate reduction was increased with temperature up to
40°C, which appeared to be the optimal temperature for growth of the strain
KSUCTr3. However, they noticed that at 45°C the bacterial growth and Cr(VI) reduc-
tion were dramatically decreased. It has been reported that the optimal temperature
for reducing Cr(VI) is in the range of 30-37°C (Cheung and Gu 2007). Maximum
Cr(VI) reduction occurred at 35°C for Ochrobactrum sp. CSCr-3 (He et al. 2009)
and Nesterenkonia sp. strain MF2 (Amoozegar et al. 2007), but the value was 37°C
for Streptomyces sp. MS-2 (Mabrouk 2008) and Rhizopus oryzae (Sukumar 2010).
Biosorption with Phanerochaete chrysosporium MTCC 787 removed 99.7% of
Cr(VI) at an optimum temperature of 40°C (Pal and Vimala 2011). Chromate reduc-
tase from thermophilic Thermus scotoductus SA-01 has been recently identified to
have an optimum Cr(VI) reduction at a temperature of 65°C (Opperman et al. 2008).
In another study, Horton et al. (2006) evaluated the possibility of microbial reme-
diation of Cr(VI) contamination using microorganisms adapted to low temperatures
(£15°C) in aquifers. They identified that Arthrobacter aurescens had the potential
to reduce Cr(VI) at a low temperature (viz., 10°C).

Qureshi et al. (2003) investigated the temperature and microbial effects on trace
element leaching, including As from metalliferous peats. The general ranking of per-
cent losses to leachate and microbial respiration observed among temperature treat-
ments was 28> 16>4>37°C. Maximum As recoveries in the leachate were 21.5% for
the acidic peat and 5.6% for the neutral peat. The lower microbial activity at 37°C was
attributable to fewer bacterial species present that were adapted to that temperature.
The effect of temperature on leaching loss of As was attributed to the microbially
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induced transformation of As. Kim (2010) studied the effect of temperature (11+1°C
and 28 + 1°C) on the adsorption of As(V) onto soil. The results indicated that the high-
est adsorption was observed at 28°C, implying that the adsorption process was endo-
thermic. Weber et al. (2010) monitored the formation of Fe(II) and As(III) in the pore
water and in the soil solid phase during flooding of a contaminated floodplain soil at
temperatures of 23, 14, and 5°C. At all temperatures, flooding induced the develop-
ment of anoxic conditions and caused increasing concentrations of dissolved Fe(II)
and As(IIl). Decreasing the temperature from 23 to 14 and 5°C slowed down soil
reduction and Fe and As release.

4.6 Rhizosphere Effects

The rhizosphere influences microbial transformation of trace elements through its
effect on microbial activity, pH, and the release of organic compounds. For exam-
ple, Zayed and Terry (1994) showed that the addition of bacterial antibiotics to
nutrient solution substantially inhibited the volatilization of Se, which was linked to
the action of antibiotics on bacteria present in the rhizosphere or in the root itself. In
vitro Se volatilization, using samples taken from a constructed wetland contami-
nated with Se(IV), showed that microbial cultures prepared from rhizosphere soils
had higher rates of volatilization than cultures prepared from bulk soil (Azaizeh
et al. 1997). Most of the Se volatilized by rhizosphere microbes was from bacteria
rather than fungi in the sediments. Selenium volatilization by these bacterial cul-
tures was greatly enhanced by aeration and the addition of an energy source, which
in in situ, is probably derived from wetland plants.

Mercury methylation is promoted in rhizospheres where microorganisms are
dense and organic matter content is high. The rate of Hg methylation is found to be
higher in the rhizosphere than non-rhizosphere bulk soil (Sun et al. 2011). Acha
et al. (2005) showed that Hg methylation was influenced by rhizospheres of
Polygonum densiflorum and Eichhornia crassipes. Sulfate reducing bacteria activity
and Hg methylation potentials were higher in the rhizosphere of P. densiflorum
compared to that of E. Crassipes, which was attributed to the higher C and N con-
centrations in the former plant species. Carbon content also was associated with
sulfate-reducing bacteria and inhibition of sulfate-reducing bacteria resulted in the
reduction of Hg methylation.

Plant roots enhance the reduction of metal(loid)s such as As and Cr externally,
by releasing root exudates, or internally through endogenous metal(loid) reductase
enzyme activity in the root mainly from an increase in microbial activity (Dhankher
et al. 2006; Xu et al. 2007). For example, Bolan et al. (2012) observed higher rates
of As(V) and Cr(VI) reduction in rhizosphere than non-rhizosphere soils (Fig. 5),
which they attributed to several reasons that included increased microbial activity,
DOC, and organic acid production, and to decreased pH and Eh in the rhizosphere
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Fig. 5 Rate of reduction of arsenate (As(V)) and chromate (Cr(VI)) in rhizosphere and non-
rhizosphere soils of different plant species (Bolan et al. 2012)

soil (Hinsinger et al. 2009). Xu et al. (2007) demonstrated for the first time that
tomato and rice roots rapidly reduced As(V) to As(IIl) internally, some of which
was actively effluxed to the growing medium, resulting in an increase in As(III) in
the medium.

The pH in the rhizosphere is different than in bulk soil because of the N supply,
nutritional status of plants, excretion of organic acids, and CO, generation. It is
well known that As speciation depends on soil pH. Acidification of the rhizosphere
immobilizes As(V) in soil under toxic conditions. Normally the number of micro-
organisms in the rhizosphere is one order of magnitude greater than in bulk soil,
because of higher nutrients and C availability in the rhizosphere (Marschner 1995;
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Fitz and Wenzel 2002). Since various bacteria, fungi, yeasts, and algae transform
As compounds by oxidation, reduction, demethylation, and methylation, the rhizo-
sphere is an important factor affecting the microbial transformation of As
(Frankenberger and Arshad 2002).

The rhizosphere environment can reduce Cr(VI) to Cr(Ill), because the pH
dependent-redox reaction is related to Fe*, organic matter, and S contents in the
rhizosphere (Zeng et al. 2008). Chen et al. (2000) reported that Cr(VI) reduction in
a fresh wheat rhizosphere was induced by the decrease of pH. Microbial metabo-
lism in the rhizosphere also caused the reduction of Cr(VI) to Cr(IIl). Low-
molecular-weight organic acids, such as formic and acetic acids in the rhizosphere, can
contribute to Cr(VI) reduction and to Cr(III) chelation (Bluskov et al. 2005).

4.7 Soil Amendments

Microbial transformation of trace elements in soils and sediments is affected by
inorganic and organic amendments (Park et al. 2011a) (Table 7). Most microbial
transformation reactions require an energy source, which is often organic, but can
be inorganic too.

Nitrate addition has often been shown to affect the microbial reduction of Se.
In general, NO,™ is a potential inhibitor of Se(VI) reduction under anaerobic condi-
tion because it can act as an electron acceptor. Losi and Frankenberger (1997a)
observed a correlation between potential dissimilatory Se reduction (DSeR) and
potential denitrification, indicating possible involvement of NO, -respiring microbes
in DSeR. Nitrate or nitrite (NO,") additions cause substantial inhibition of DSeR in
drainage sediments and freshwaters. The complete reduction of N oxyanions preceded
the reduction of Se(VI); microbial growth was slower on Se(VI) than on NO,™ and
could not be explained on the basis of Eh, which were nearly equivalent (ca. 400 mV)
for the two oxyanions.

However, Rech and Macy (1992) observed that 7. selenatis possessed a different
terminal reductase for each of these two electron acceptors (NO,™ and Se(VI))—a
selenate reductase that catalyzes the reduction of Se(VI) to Se(IV) and NO,™ reduc-
tase (NR) that catalyzes the reduction of NO,™ to NO,~. Most other isolates produced
a single reductase (NR), which serves as the termmal enzyme for reduction of both
NO," and Se(VD. In these cases, when both NO,™ and Se(VI) are present, only NO,~
can be used as the terminal electron acceptor; Se(VI) can serve as an electron accep—
tor only when NO,~ is absent or is exhausted through initial reduction process.

For T. selenatzs the presence of NO,~ did not affect the conversion of Se(VI) to
Se(IV); in fact, NO,” was necessary for the further conversion of Se(IV) to Se(0). In
cultures grown with NO,™ plus Se(VI), these electron acceptors were reduced con-
comitantly, and Se(IV) reduction occurred only in the presence of NO,". It is con-
cluded that NO,~ reductase (NIR) catalyzed the reduction of both NO,~ and Se(IV).
Nitrite reductase or a component of NIR respiratory system of 7. selenatis is
involved in catalyzing the reduction of Se(IV) to Se(0), while also reducing NO,~



31

Microbial Transformation of Trace Elements...

(ponunuod)

(L00?T) Te 32 ysurg
(6007) Te 30 Aepex

(0107) e3e[Iqnz
pue ruizuerg

(1007) uefereSerny,
pue uejog

(9007) T 19 997

(9000) T8 10 BUIPUSY
(8€002) T8 10 uRjOg

Amorx0) (JA)ID Furseardop Aq yimoI3 J00yS pue JOOI PAseIou]
[10S UI 1D 9[qBIOeNXI-YJ L Pasea1oap 23pn[s Anep jo uoneorddy

joenxe jueyd ur 10 paseardd

oyerdn juerd 103 1D Jo AfIqe[TRAR POONPIY
(IA)ID JO UOTIONPAI [BIGOIDTW PISBAIOUT SN} PUE ONeI N/D
MO0[ $I1 0} pANqLIE ‘(TA)ID S[qe[IBAE [I0S PaseaIdop dInuew SoH
SoouR)SqNS SIUNY )IM UONRIOOSSE PISLIOUl pue sapixo snoydioure
PUE $9JEU0QIED YIIM ID) JO UONBIOOSSE PISEAIdIp 0) anp 9q Aewl YoIym
‘SJUQWIPUSWE JO UOTIPPE Y} IIM PISBIIOIP SSEWOI] [BLISE UT JUJUOD 1)
onss1 jue[d ul UOTIBIUIIUOD 1)) PAONPAY

D2ID42]0 P2oVULS

1 spound vydoypy
DIDSAIA DIUDGSIS

pue vaound PIUDGSIS

Snnuun Snyjuvlja

2UDSNA WNIIL]

DAYDS DONIODT
paouni vaIssSVIG

muew prek wej
a8pnys Axre(q

Jsodwos prjosorg

pIpYL SNUlg JO YIeg
jsodwroo Sunp
9[Med pue aInuew 30

MEIS
pue jsodwos ae)
3sodwos sprjosorg

(9007) 'Te 12 syueg $100US$ UI UONBIUIIUOD ID) Ul 9SUBYD OU PUB SJ00I UL 1)) Paonpay DIODUIPUNID DINISI] Inuew M0)  WNIWOIYD)
(6007) ‘Te 12 ABpRA [10S UI Sy 9[qBIORNX-YJ L Psea1d3p 23pn[s Airep jo uonesrddy 1 spound vydoypy a3pnys Areq
SV JO SUOTIORIJ POQIOSPE 90BJINS PUB J[GN[OS I3JeM PISEAIOUT Ieyoolq pue
(6007) 'Te 10 AopreH 1AMy ‘pratk juerd ay) pasearour A[fenuelsqns jsodwrod d)sem U1 soroads snypunIsipy jsodwrod 9)sem usaIn)
Io9)ew d1uesIo spijosoiq Aq sy jo uondiospe 0} anp 9q 1 payDpSs PINOVY
(#007) BN pue oe) Y3t yorym 9,98—6, Aq ayeidn sy juepd paonpar jsodwios sprjosorg  pue 7 pionI SNIND( 3sodwod sprjosorg
1o Jo 9oudsard ayp ur SuryorI pIseardp 3sodwod sprjosoiq
(€002) ‘e 12 08D nq “(TINSV 01 (A)SY Ponpal pue Sy [qN[Os JAJem [I10S PIseaIou] DIPIIA S1UA]g  ‘d)sem prjos [edroruny JIUASIY
Q0UIYY uoneAIdsqQ pasn jue[q JuaWIpUAW Y JUQWA[
Qoel],

sjudwpudwe d1uesIo £q AJIOIX0) WNIUAAS PUL ‘AINJISW ‘WINTWOIYD ‘OIUISIE JO UOHBIPIUIAI O} UO SIOUIRJI PAJO9[dS £ dqeL,



N.S. Bolan et al.

32

(1102) 'Te 10 vwITRYS
(0102) T8 19 voIIIUQ

(6661) 'Te 12 0Ny

pardde juswpuawe dsruedio jo ad£) oy uo

papuadap uononpai Jo JUAX2 Y ‘10Admoy <Afenb ureid pasearour
PUE UOTIE[AWINOOE 9S PISBAIIIP SJUSWPUIUWIE J[UESIO JO UONIPPY

jueld 0] [10S WOIJ 9§ JO I9JSUBT} AY) SUIONPAT AQIAY) ‘UOTIRZI[IIB[OA
SuroueyUL £q UOIB[NWINOIE 9§ PAdNPal sjudwpuawe jo uonedrddy

Apiqowr 9§ SuIpIejor AGaIaY) ‘UonENUIOU0D UIFAXO MO] Jopun Sjuau
-puaue 91310 Jo 2oudsald oy ur paseardur (A])9S 03 (TA)IS JO uononpay

[011U0D Ay} JOAO

sndpu po1sspig pue

T wWnasav wndyiLf
sndpu vo1sspig pue

T WnASaD WNdLL]

Inuew pIeAuLiej pue
‘pnur ssaxd oued
Ie3ns ‘amuew AnnoJ
arnuew Anynod
pue pnur ssaig
uon|3 pue
amuew jsodwo))
urased

(0661) PIOJ-T'€ 01 -7’1 AQ UONEZI[IB[OA PISBAIOUL ‘QAT}I9JJO QIOW Sem uAn|3 pue uaIn|3 ‘aInueut
‘Te 30 suoIap[E) ‘9 JO uonezINE[oA oy} pajowrold sjuswpuswE dIUESIO JO UOTIIPPE YL, - ameo ‘[oad aSueIn
sjuowIpuSwe
(6661) [10S WOJJ UONBZI[IB[OA S PISEBAIOUI YOIYM o1uesio (sproe
IoS1oquayuel] ‘stISTueSI00I0TW SUTBIAYIOW 9Y) 0] JOUOP [AYIOW PUE 90INOS oururesed) 9[qnos
pue Sueyyz A310u9 ue 3urpraoid £q [BAOWAI 9 PIOURYUD S)USWPUIWE JTURTIO —  pue (UIosed) 9[qN[OSU]  WNIUI[S
S[10S PJBUIUEIUOD WOI] uonoenx20)Ayd £q pasowal aq
(95007) ‘Te 12 OUAIOIN pnod SH pue ‘ueld oy ur uone[NUWNOOL SH PISEIIOUI SAIBJ[NSOIY ], paoun{ po1SSDAG sajej[nsory}
proe orwuny Jo douasaxd
(8S007) ‘T8 12 OUAIOIN oy} ur pajoInsar sem juefd Jo soNSSH) [eLIGR O} UONBOO[SURI) AINOISIA paounl vo1ssvag proe orwny
SH pue pIoe dIA[nJ ) UIIM
(€002) sdno13 myns usomiaq Amuyge Suons ay) 03 anp 29 JYIIW YoIYM
“Te 30 wonsyoeg ‘ayy3e08 uo SH Jo uondiospe oy} paseaIdul PIoe JIA[NJ JO dOUISAIJ - PpIoR OIA[N]
Kouaroyje uondiospe paseanout (‘S))
(2002) SpY[NSIp uoqIed PIm Dy Ay Suneanaid pue sajsem pIjos ay ut SH Jo
doysrg pue Sueyz ~ UONEOYIPI[OS/UOTIBZI[IQRIS ) PAsLIUT (JVJ) UOGIED POJEATIORAT IOPMOJ - u0qIed PAJeATOBIY
(1002) 3sodwos £q uondiospe ay3 0} anp 9q AeW YOIYM ‘UOTIEIIUOUOD dNSST)
‘[e1o ueweId  SH pue 3H Q[qn[os Pim diysuone[ar 2Ane3au pamoys 3sodwod Jo uonippy 1 soandut vidmp jsodwiods d)sem udaIn)
sjuerd ojur SH jo SISUUIYD DIISSDAG
(L661) Te 10 Suepy uoneo0[SuLI) PUE [10S UT SH JO JUNOWE Y} PISLaIdap SPIoe STWNH pue paps PONOYY poeomuny — AIOION
0UAIRJY uoneAIasqO pasn jue|q JuUAWpUAULY JUAW[D
QoeI],

(PonUNUOd) £ AqEL



Microbial Transformation of Trace Elements 33

Fig. 6 Effect of organic 100
amendments on the reduction
of chromate (Cr(VI)) in soil n
(Bolan et al. 2003a) 80
;\3 |
g 60
S
= |
=1
e
= 40—
e
St
5 _
20 —
0 —

1 2 3 4 5 6 7 8
Organic amendments

(Rech and Macy 1992). A number of other denitrifying bacteria are also able to
reduce Se(IV) under denitrifying conditions, although not as effectively as 7. selenatis.
Selenite reduction is dependent upon the presence of NO,-, formed from NO,"
reduction, and an active NIR.

It has often been shown that addition of organic matter-rich soil amendments
enhances the reduction of metal(loid)s such as Cr and Se (Frankenberger and
Karlson 1994b; Park et al. 2011a; Fig. 6). For example, several studies showed that
the addition of cattle manure enhanced the reduction of Cr(VI) to Cr(III) (Losi et al.
1994; Cifuentes et al. 1996; Higgins et al. 1998). Similarly, various organic material
such as powdered leaves, Pinus sylvestris bark, black carbon prepared from the dry
biomass of rice straw and the plant weed Solanum elaeagnifolium, is highly effec-
tive in reducing Cr(VI) toxicity (Suseela et al. 1987; Alves et al. 1993; Hsu et al.
2009; Choppala et al. 2012). Soybean meal and rice bran had also been shown to
decrease Cr(VI) concentration in soils, which was attributed to Cr(VI) reduction
resulting from an increase in DOC content (Chiu et al. 2009). Biomasses of brown
seaweed (Eclonia sp.), green seaweed (Ulva lactuca), red seaweed (Palmaria pal-
mata and Polysiphonia lanosa), yeast (Saccharomyces cerevisiae), and algae
(Sargassum sp.) have been used to remove Cr(VI) from industrial effluents (Park
et al. 2004; Murphy et al. 2008; Parvathi and Nagendran 2008; Vieira et al. 2008).
Various reasons could be given for the increase in the reduction of Cr(VI) in the
presence of the organic manure composts. These include the supply of C and pro-
tons, and the stimulation of microorganisms that are considered to be the major
factors enhancing the reduction of Cr(VI) to Cr(IIT) (Losi et al. 1994). For example,
Choppala (2011) observed a decrease in Cr(VI) toxicity in soils treated with black
carbon, which was attributed to the supply of electrons for the reduction of toxic
Cr(VI) to nontoxic Cr(III) species (Plate 1).
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Plate 1 Effect of black carbon on chromate (Cr(VI)) phytotoxicity in contaminated soils (a) stems
of plants grown in Cr(VI) contaminated soils, (b) stems of plants grown black carbon amended
Cr(VI) contaminated soils (Choppala 2011)

With the same amount of total organic C addition, Bolan et al. (2003a) and Choppala
et al. (2012) observed significant difference in the extent of Cr(VI) reduction among
various organic manure composts (Fig. 6). The extent of Cr(VI) reduction increased
with increasing level of DOC added through manure addition, which has been identi-
fied to facilitate the reduction of Cr(VI) to Cr(IlI) in soils (Jardine et al. 1999; Nakayasu
et al. 1999; Chiu et al. 2009; Hsu et al. 2010). For example, the hydroquinone groups
in organic matter have been identified as the major electron donor source for reducing
Cr(VI) to Cr(IIl) in soils (Choppala et al. 2012).

The easily oxidizable organic C fractions, such as DOC, provide the energy
source for the soil microorganisms involved in the reduction of metal(loid)s [e.g.,
Cr(VD)] and nonmetal(loid)s (e.g., NO,") (Paul and Beauchamp 1989; Jardine et al.
1999; Vera et al. 2001; Bolan et al. 2011). Although manure addition induces the
remediation of Cr-contaminated soils by reducing mobile toxic Cr(VI) to nontoxic
and less mobile Cr(IIl), it is likely that microbial transformations of the aromatic As
and Hg compounds could occur, which in turn, may result in the production of more
toxic inorganic species (Cullen and Reimer 1989; Kumagai and Sumi 2007).

Chromate can be biotransformed, even in the presence of different electron
acceptors that include O,, NO3, sulfate, and Fe. Sugar addition had the greatest
effect on enhancing Cr(VI) removal (Tseng and Bielefeldt 2002). Tseng and
Bielefeldt (2002) noticed that less DOC was consumed per unit amount of Cr(VI)
transformed under anaerobic conditions [0.8-93 mg DOC mg Cr(VI)~'], compared
with aerobic conditions [1.4-265 mg DOC mg Cr(VI)™'].

Oliver et al. (2003) reported from using both the batch and column experi-
ments that Cr(VI) reduction and loss from the aqueous phase were enhanced by
adding high levels of both NO,~ and organic C (molasses). Nutrient amendments
resulted in up to 87% reduction of the initial 67 mg L' Cr(VI) in an unsaturated
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Fig. 7 Loss of arsenic in chromated copper—arsenate soil (MSW municipal solid waste, BS bio-
solid, PR phosphate rock) (Cao et al. 2003)

batch experiment. Molasses and NO,” additions to unsaturated flow columns
receiving 65 mg L~! Cr(VI) enhanced microbially mediated reduction and immo-
bilization of Cr.

The addition of Fe(Il) decreased net Hg methylation in sediments and sulfide
(S(-II)) concentration. The reduction in net Hg methylation can be attributed to the
decreased concentration of uncharged, bioavailable Hg, which is positively related
to S(-II) (Mehrotra and Sedlak 2005). The effect of clay addition on the Hg meth-
ylation depends on surface coatings. However, clays prevent Hg methylation through
adsorption or sometimes promote demethylation by microorganisms. Humic sub-
stance facilitates Hg methylation, while humic coatings on clay stimulated demeth-
ylation in freshwater sediments (Jackson 1989; Zhang and Hsu-Kim 2010).

Most As forms As sulfides, such as realgar (AsS), orpiment (As,S,), and arseno-
pyrite (FeAsS). These have low solubility and mobility when S is abundant, as a
result of biosolid amendments in soil. Organic amendments such as biosolids and
manure significantly reduce the potential environmental risks of As contamination
under highly anoxic conditions (Carbonell-Barrachina et al. 1999). Similarly, Yadav
et al. (2009) showed that the addition of dairy sludge and biofertilizer reduced the
bioavailability of As and Cr, and promoted plant growth. The addition of manure
increased the loss of As from contaminated soil through methylation to volatile
As by microbes (Fig. 7). The rates of As loss was closely related to the microbial
respiration because of nutrient supplementation to microbes. Bioaugmentation by
As-methylating fungi increased H,As evolution rates in field-contaminated soils
(Edvantoro et al. 2004).
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5 Implications for Bioavailability and Remediation

Bioaccumulation and microbial transformation processes play a major role in the
decontamination and remediation of trace element contaminated soil, sediment, and
water (Fig. 1). Microorganisms play a vital role in transforming trace elements,
thereby influencing their bioavailability and remediation (Fig. 8). From toxicologi-
cal or environmental viewpoints, these processes are important for three reasons.
They may alter (a) the toxicity, (b) the water solubility, and/or (c) the mobility of the
element (Alexander 1999). An increase in solubility and mobility can be exploited
to bioremediate insoluble forms of elements in soil, because the biotransformed
product is released from the solid phase into the solution phase. Conversely, a
decrease in element solubility can be used to remove the element from surface or
groundwater through precipitation. In some cases, gaseous metal(loid) products can
be removed through volatilization.

The biosorptive process of removing metal(loid)s generally lack specificity in
metal(loid) binding and is sensitive to ambient environmental conditions, such as
pH, solution composition, and the presence of metal(loid) chelators. Genetically
engineered microorganisms (e.g., E. coli), which express metal(loid) binding pro-
tein (i.e., metallothionein) and a metal(loid)-specific transport system, are selective
for accumulation of specific metal(loid)s in the presence of high concentrations of
other metal(loid)s and chelating agents in solution (Chen and Wilson 1997; Krdmer
et al. 2007). These organisms can be used to remove specific metal(loid)s from
contaminated soil and sediments by washing these matrices with chelating agents
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and then regenerating the chelating agents in a reactor containing the microbial
strain (Bolan et al. 2006; Perpetuo et al. 2011).

Incorporating the genetically engineered metalloregulatory protein onto the sur-
face of E. coli cells showed high affinity and selectivity for Hg sorption. The presence
of surface-exposed metalloregulatory protein increased Hg biosorption by sixfold,
compared to the wild-type cells, which could be applied for the cleanup of other
metal(loid)s (Bae et al. 2003). Murugesan et al. (2006) showed that the tea fungus
produced during black tea fermentation removed 100% of As(IIT) and 77% of As(V)
in groundwater.

Dissimilatory metal(loid) reduction has the potential to be helpful for both intrin-
sic and engineered bioremediation of contaminated environments. Dissimilatory
reduction of Se, Cr, and possibly other metal(loid)s can convert soluble metal(loid)
species to insoluble forms that can readily be removed from contaminated waters or
waste streams (Crowley and Dungan 2002). Reduction of Hg can volatilize Hg from
surface water and ocean (Lovley 1995; Moreno et al. 2005a, b). Arsenic can be
reduced to As(0), which is subsequently precipitated as As,S, as a result of micro-
bial sulfate reduction. Because As(III) is more soluble than As(V) the latter can be
reduced using bacteria in soil and subsequently leached. Conversely, As(III) is oxi-
dized to As(V) using microbes, which is subsequently precipitated using ferric ions
(Williams and Silver 1984). Desulfotomaculum auripigmentum reduces both As(V)
to As(IIT) and sulfate to H,S, and leads to As,S, precipitation (Newman et al. 1997).

Because of the lower solublllty of Cr(III) than Cr(VI), the reduction reaction will
eventually result in the immobilization of Cr, thereby diminishing the mobility and
transport. Reduction of Cr(VI) to Cr(III) and subsequent hydroxide precipitation of
Cr(III) ion is the most common method for treating Cr(VI)-contaminated industrial
effluents (Blowes et al. 1997; James 2001). Similarly, Choppala (2011) has noticed
that reducing Cr(VI) to Cr(IIl) in variable charge soils is likely to result in the
adsorption of Cr(IIl) (4) from an increase in pH-induced negative charges and pre-
cipitation of Cr(OH), (5), resulting from the reduction-induced release of OH™ ions
(Fig. 9). Microbial reduction can be accomplished by direct reduction of Cr(VI) to
Cr(III), using C as an energy source. Indirect reduction is achieved by sulfate addi-
tion under reduced conditions resulting in the release of H,S which subsequently
reduces Cr(VI) to Cr(Ill), and causes the precipitation of Cr as Cr,S, (Smith et al.
2002; Vainshtein et al. 2003).

Cr(Ill) + Soil - Cr** + H,0+H" (adsorption — proton release reaction). (4)
Cr(Ill) + H,0 — Cr(OH), + H" (precipitation — proton release reaction). (5)

Selenium is subject to several forms of microbial transformations, some of which
may have applicability in bioremediation (Ehrlich 1996; Losi and Frankenberger
1997b). Biological immobilization of Se(VI) by dissimilatory reduction to Se(0) is
a practical approach for remediation. Anaerobic bacteria can be grown in the con-
taminated medium with a C source, such as acetate as an electron donor and Se(VI)
an electron acceptor [(6) and (7)]. The extent of Se(VI) reduction depends upon the
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Fig. 9 Concomitant reduction and immobilization of chromium in black carbon amended soils
(Choppala 2011)

availability of the C source, and the reduced Se in the elemental form, which is
insoluble can be physically separated from contaminated water. Similarly, the
methylation reaction can be used to form gaseous metal(loid) species, which can
easily be removed through volatilization (Thompson-Eagle and Franakenberger
1992; Baiuelos and Li 2007).

4CH,COO™ +3Se0,” — 3Se” +8CO, +4H,0 +4H". (6)
CH,COO™ +4Se0,”” — 4Se0,” +2HCO, +H". @)

Bioremediation of metal(loid) contaminated sites can also be achieved indirectly
through the transformation of other compounds. For example, bioleaching of
metal(loid)s using acidification produced during the biological oxidation of pyrite
has practical application for removing metal(loid)s in tailings and coal mine spoils
(Sand et al. 2001). Similarly, microorganisms produce H,S from sulfate and inor-
ganic P from organic P; both H,S and inorganic P form insoluble precipitates with
a number of metal(loid)s (Douglas and Beveridge 1998; Bolan et al. 2003b;
Kosolapov etal. 2004). Park et al. (201 1b) noted that the inoculation of P-solubilizing
bacteria enhanced the immobilization of Pb, thereby reducing its subsequent mobil-
ity and bioavailability.

Bender et al. (1995) documented the commercial application of microbial mats
constructed by combining cyanobacteria inoculum with a sediment inoculum from
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a metal(loid)-contaminated site for removing and transforming metal(loid)s. The mat,
comprised of a heterotrophic and autotrophic community, tolerated high concentra-
tions of toxic metal(loid)s, such as Cd, Pb, Cr, Se, and As (up to 350 mg L), and
achieved a rapid removal of the metal(loid)s from contaminated water. The toxic
metal(loid)s were managed by the mat because of (1) the production of metal(loid)-
binding polyanionic polysaccharides; (2) deposition of metal(loid) compounds out-
side the cell surfaces; and (3) chemical modification of the aqueous environment
surrounding the mat. Thus, depending on the chemical character of the microzone
of the mat, the sequestered metal(loid)s can be oxidized, reduced, and precipitated
as sulfides or oxides. Precipitates of red amorphous Se(0), for instance, were identi-
fied in the mat exposed to Se(VI).

Roeselers et al. (2008) reviewed the actual and potential applications of micro-
bial mats in wastewater treatment, bioremediation, fish-feed production, biohydro-
gen production, and soil improvement. They suggested that phototrophic biofilms
would also be suitable for developing inexpensive treatment methods for develop-
ing countries, where land values are relatively low and domestic and industrial
wastewaters are still discharged untreated. Microbial mats offer several advantages
that include low cost, durability, ability to function in both fresh and salt water,
tolerance to high concentrations of metal(loid)s, and the unique capacity of mats to
form associations with new microbial species.

Industrial fermentations discard waste Bacillus sp. that can be treated with alkali
to increase heavy metal(loid) intake. Granulation of these waste Bacillus sp.
increases cross-links and retention of Cr and Hg up to 10% of the dry weight, with
removal efficiency of >99%, in the concentration range of 10-50 pg L-'. The con-
taminated metal(loid)s that are loaded onto the biomass granules can be recovered
by washing the biomass with sulfuric acid/sodium hydroxide or other complexing
agents (White et al. 1995). Heavy metal(loid) contaminated hazardous soils can be
detoxified through bacterially mediated reduction. For example, applying black car-
bon or biochar in the Cr(VI)-contaminated soils increases microbial activity, thereby
enhancing Cr(VI) reduction (Choppala et al. 2012). External coating of the copper—
chromate—arsenic (CCA)-treated timber posts with black carbon is one of the viable
options to arrest Cr(VI) leaching to groundwater.

6 Conclusions and Future Research Needs

Although there have been increasing efforts to reduce the input of trace elements to
the biosphere, their introduction to the environment has increased. The relationship
between environmental trace-element concentration and their bioavailability
appears to be nonlinear. For example, the presence of phosphates, iron, and alumi-
num compounds in a typical municipal sewage sludge enhances the retention of
metal(loid)s, thereby inducing the “plateau effect” in their uptake by crops and pre-
venting the increased metal(loid) bioavailability suggested in the “time bomb”
hypothesis (Brown et al. 1998). Nevertheless, bioavailability of certain metal(loid)s
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continue to increase despite a decrease in their total input to the environment. For
example, in Scandinavia, Hg levels in freshwater fish are increasing even though
emissions and deposition of Hg have been decreasing for decades (de Lacerda and
Salomons 1998; Danielsson et al. 2011). The contamination of fish has been attrib-
uted largely to microbial remobilization of Hg that was locked in watershed soils
and sediments for decades (Salomons and Stigliani 1995; Wang et al. 2012).
Similarly, exploitation of groundwater for drinking and irrigation purposes has
altered the physicochemical environment of vadose zone releasing large quantities
of As in Indo-Gangetic region (Bhattacharya et al. 1997; Marechal et al. 2006).

Two important issues need to be addressed when applying biotransformation
processes to manage trace elements contamination. Firstly, implementation of bio-
remediation methods should be done with caution because many sites contain mul-
tiple metal(loid)s, organic compounds, and organisms that affect the output of
bioremediation approaches. Therefore, remediation of contaminated sites usually
requires a combination of many different approaches. Rapid developments in the
application of synchrotron-based techniques have generated new methods capable
of characterizing the distribution, and speciation of major and trace elements at the
surfaces of geological and biological materials. These molecular tools can also
detect dynamic chemical transformations that occur between microbial biofilms and
the adjacent minerals, which enable the study of integrated systems. For example,
when profiling the partitioning of Se(VI) within Burkholderia cepacia biofilms,
Templeton et al. (2003) unexpectedly noticed that B. cepacia rapidly reduced Se(VI)
to Se(IV) and Se(0), and the Se(IV) intermediate diffuses through the biofilm to
preferentially bind to the underlying mineral surface. The rapid stratification of Se
redox-species would not have been observed, nor predicted, using bulk spectroscopic
techniques or studying biofilms or mineral surfaces alone.

Secondly, bioremediation rarely restores an environment to its original condition.
Often, the residual contamination left after treatment is strongly sorbed and not avail-
able to microorganisms for degradation. Over a long period of time, these residuals
can be slowly released, generating additional pollution. There is little research on the
fate and potential toxicity of such released residuals; therefore, both the public and
regulatory agencies continue to be concerned about the possible deleterious effects
of residual contamination. Future areas of research to better understand bioavailabil-
ity and bioaccumulation of metal(loid)s involving soil microorganisms include:

* The realization that microbes operate as consortia of organisms rather than as
single cells requires attention to be focused on the microenvironments in which
chemical transformations occur through microbial consortia.

¢ Development and validation of empirical and mechanistic kinetic models, link-
ing soil physicochemical characteristics and metal(loid) speciation with bioac-
cumulation and microbial transformation.

» For Se, better tools for the in silico identification of selenoproteins and further
investigation on Se respiration are needed.

* For As, further investigation is needed on how the organoarsenicals are trans-
formed, and on the processes of methylation and demethylation.
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* For Cr, the characterization of C, which includes aliphatic and aromatic C in DOC,
needs to be quantified. Moreover, an in-depth study on the active role that electrons
and protons play on Cr(VI) reduction is needed using synchrotron-based studies.

» For Hg, the pathways for methyl Hg degradation in the environment are only
partially understood. There is an urgent need to identify pure cultures that
degrade methyl Hg oxidatively so that research on the biochemistry of this pro-
cess can commence.

e There is a need to understand the link between the enormous diversity of
Hg-transforming organisms, which is revealed by molecular genetic studies
(e.g., Liebert et al. 1997; Bogdanova et al. 2001), and their interactions with Hg
so that the management and remediation of Hg contamination under diverse con-
ditions could be enhanced.

» Efforts must be placed in determining the environmental factors (biotic and abi-
otic) enhancing methyl Hg production, and also in identifying and characterizing
the genetic/enzymatic systems, controlling Hg methylation.

7 Summary

The dynamics of trace elements in soils depend on both their physicochemical inter-
actions with inorganic and organic soil constituents and biological interactions
associated with the microbial activities of soil-plant systems. Microorganisms
control the transformation (microbial or biotransformation) of trace elements by
various mechanisms that include oxidation, reduction, methylation, demethylation,
complex formation, and biosorption. Microbial transformation processes can
influence the solubility and subsequent mobility of these trace elements, especially
As, Cr, Hg, and Se in soils and sediments by altering their speciation and redox
state. These processes play a major role in the bioavailability, mobility, ecotoxicol-
ogy, and environmental health of these trace elements. Microbial transformation
processes can be readily managed and enhanced for efficient removal of contami-
nants, provided the biochemistry of these processes is understood. Thus, a greater
understanding of microbial transformation processes will help to monitor the envi-
ronmental fate of the trace elements, particularly through the food web, and will
help to develop in situ bioremediation technologies. In this review the key microbial
transformation processes, including biosorption, redox reactions, methylation/
demethylation reactions controlling the fate and behavior of As, Cr, Hg, and Se are
addressed. The factors affecting these processes in relation to the bioavailability and
remediation of trace elements in the environment are also examined and plausible
future research directions are suggested.

The microbial transformation processes can be viewed as protective mechanisms
available to microorganisms that increase their resistance to toxic trace elements.
These mechanisms are biochemical in nature, and generally render the metal(loid) ion
ineffective in disturbing the normal biochemical processes of the cell. The mechanisms
include: efflux pumps that remove the ions from the cell; enzymatic reduction of
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metal(loid)s to less toxic elemental forms; chelation by enzymatic polymers
(i.e., metallothionein); binding the metal(loid) to cell wall surfaces; precipitating insol-
uble inorganic complexes (usually sulfides and oxides) at the cell surface; biomethyl-
ation with subsequent transport through the cell membrane by diffusion. Soil
amendments can be used to manipulate microbial transformation processes, thereby
managing the bioavailability and remediation of trace elements.

Because many of the environments that receive trace element-containing wastes
can be characterized as anoxic, for example, subsurface saturated soils or organic
rich marsh sediments, biochemically mediated transformations of metal(loid)s play
a vital role in their mobilization and bioavailability. Desorption and remobilization
of metal(loid)s, such as Cr and As from sediments, are controlled by pH, Eh, and
metal(loid) concentration in the sediment interstitial water, as well as by contents in
total Fe, Mn, and mineral hydrous oxides. Physical disturbances of the sediments by
storm or flooding may move the underlying sediments to oxidizing environments
where the sulfides undergo oxidation resulting in the release of large quantities of
metal(loid)s into the water. Chemolithotropic bacteria play a major role in the oxi-
dation process, thereby enhancing the mobilization of metal(loid)s. The use of fungi
species offers a way to leach As from industrial waste sites. The production of
organic acids with the use of heterotrophic organisms, and the generation of sulfuric
acid with the use of microorganism, such as Thiobacillus, also offers some promis-
ing approaches to the extraction of As. Similarly, depending on the nature of
metal(loid)s present in soil, the rhizosphere-induced redox reactions have implica-
tions to both their bioavailability to higher plants and microorganisms, and
remediation of contaminated soils. For example, while rhizoreduction decreases Cr
bioavailability it increases that of As.

While methylation of inorganic Hg and Se in aquatic systems is the norm, it can
also occur in the terrestrial environment. As Hg(0) and Se(0) formation removes
reactive Hg and Se from soil, sediments and water where these could otherwise be
methylated, methylation process plays an important role in their eventual removal
from these systems. Despite its potential, there has yet been limited applied research
into the use of dissimilatory metal(loid) reduction as a bioremediation tool. Most
bioremediation technologies are based on microbial transformation processes that
are designed to remove metal(loid)s mainly from aquatic systems. The viability and
metabolic activity of microorganisms are the major limiting factors on efficiency of
biotransforming metal(loid)s in soils. Even though genetically engineered microor-
ganisms showed high microbial transformation of metal(loid)s, the application of
genetically modified organisms into the environment is a matter of concern for
many. Therefore it is important to manipulate these microbial transformation reac-
tions by controlling the factors affecting them and also by using appropriate soil
amendments. This will enable the sustainable management of contamination by
trace elements to mitigate their environmental and health impacts.
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1 Introduction

Boron, which bears the symbol B in the periodical table, is a semiconductive element
with properties between that of a metal and a nonmetal (Kili¢ et al. 2009). This
micro-mineral is ingested with foods on a daily basis, and the amount taken in varies
with the levels that occur in the consumed food and drink (Sabuncuoglu et al. 2006).
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This element is a chemically dynamic trace element that forms approximately 230
compounds, generally with other elements (World Health Organization 1998; Kili¢
et al. 2009).

Boron exists at high concentrations in sedimentary rocks, soils, coal, and seawa-
ter (Samman et al. 1998). It is estimated that the global average concentration of
boron in seawater is approximately 4.6 mg/L. (Samman et al. 1998). Boron is
released into the atmosphere from commercial uses, forest fires, coal combustion,
and volcanoes. It reaches the ocean as a result of rock weathering, which constitutes
another atmospheric source (Howe 1998). Sixty-five to eighty-five percent of boron
in the atmosphere is derived from the world’s oceans (Argust 1998).

Boron is a component of several manufactured goods, such as glass, detergents,
ceramics, and fertilizers, and may reach the environment as a result of being released
from these materials or during their production (Argust 1998). Seven to eighteen
percent of environmental B derives from several major “anthropogenic” sources,
viz., fertilizers, wastewater treatment plant releases, and fly ash waste released by
coal-fired power plants (Howe 1998).

Boron is primarily a natural product and generally occurs in the environment as
borates (Howe 1998). Borates are boron—oxygen compounds that result from the bind-
ing of boron with oxygen. When administered to animals, inorganic borates are bio-
transformed into boric acids and are absorbed from mucosal surfaces. More than 90%
of the borate administered to humans or animals is excreted as boric acid. In both
in vitro and in vivo systems, boric acid shows an affinity for cis-hydroxyl groups, and
such affinity may account for the mechanism by which boric acid produces some of
its biological effects (World Health Organization 1998; Bolafios et al. 2004).

Recent studies on the biological significance of boron to various metabolic, nutri-
tional, hormonal, and physiological processes indicated that B may (Blevins and
Lukaszewski 1998) or may not (Loomis and Durst 1992) be essential to plants, but B
is essential for humans and animals (Nielsen 1997; Basoglu et al. 2000, 2002; Kabu
and Civelek 2012; Hunt 2012). It is accepted that boron performs functions in mineral
metabolism, in immune response, and in the endocrine system. Furthermore, boron is
metabolically important for bone growth and health (Nielsen 1997; Basoglu et al.
2000, 2002; Kabu and Civelek 2012; Hunt 2012). Unfortunately, the detailed mecha-
nism by which boron functions in animals has not yet been fully described.

Our purpose in this chapter is to summarize the current status of knowledge
on how boron functions metabolically in living organisms, and produces effects on
living organisms.

2 The Importance of Boron for Living Organisms

2.1 Animals

It is now known that boron is a necessary dietary component for humans and animals
(Hunt 1994; Nielsen 1997; Kabu and Civelek 2012). Boron meets most criteria as an
essential nutrient (Hunt 1998). It has a low atomic weight and binds to organic



Biological Effects of Boron 59

compounds in ways that influence biological function (Hunt 1998). At the levels
boron normally exists in organisms, it is generally nontoxic, and animals tend to
have a natural ability to maintain homeostatic control of boron levels in their bodies
(Hunt 1998). Notwithstanding, even rather low levels of dietary boron intake in some
animal species have been associated with developmental abnormalities (Hunt 1998).

Several studies have been performed to investigate the effects of boron intake on
animals. Researchers believe that sodium borate (Na,B,0O,) protects against devel-
oping a fatty liver (Basoglu et al. 2002; Bobe et al. 2004). Because treating the
fatty-liver condition in cows is costly and difficult to perform, preventing the dis-
ease is a much better approach than having to treat for it after it occurs (Bobe et al.
2004). In one study on cows, significant decreases were observed in serum
triglyceride (TG) and very low density lipoprotein (VLDL) levels of animals treated
orally with sodium borate (Basoglu et al. 2002). Kabu and Civelek (2012) studied
the effects of sodium borate (Na,B,0.-5H,0) orally administrated to 12 pregnant
cattle at 30 g/day over a 28-day period that included 2-week prepartum and 2-week
postpartum exposures. In this study, the effects of sodium borate on selected hor-
mone levels and serum metabolites were investigated in both treated and control
animals. Blood samples were obtained weekly. Results were that no differences vs.
controls were recorded in blood for concentration of total protein (TP), albumin
(ALB), blood urea nitrogen (BUN), alanine aminotransferase (ALT), total bilirubin
(TBil), aspartate aminotransferase (AST), and gamma-glutamyltransferase (GGT).
Glucose levels were higher during the prepartum period, and the postpartum gluca-
gon and B-hydroxybutyric acid (BHBA) serum levels were higher in the control
group (Kabu and Civelek 2012). At the end of sodium borate administration, con-
centrations of total cholesterol (TChol), triglyceride (TG), high-density lipoprotein
(HDL), low-density lipoprotein (LDL), very low density lipoprotein (VLDL), glu-
cose, insulin, and nonesterified fatty acids (NEFA) in blood were decreased (Kabu
and Civelek 2012). In summary, administering sodium borate may improve the
metabolic situation during the periparturient period (Kabu and Civelek 2012), and
the use of sodium borate in cattle during the early lactation period reduces the inci-
dence of fatty liver (Basoglu et al. 2002).

There is evidence that, in some manner that is not yet known, boron balances
harmful liver effects by altering oxidative stress parameters and acts to return the
liver to its normal level of function (Pawa and Ali 2006). In another study that
addressed the effects of B on fatty liver, New Zealand Rabbits were investigated
(Basoglu et al. 2010, 2011). The rabbits were administered boron orally at doses of
10, 30, and 50 mg/kg of body weight (Boraks deka hidrat Na,B,0.-10H,0) at 96-h
intervals (Basoglu et al. 2010). These exposure levels did not affect hematological
parameters of the rabbits (Basoglu et al. 2010). Basoglu et al. (2010) suggested that
boron has positive effects on hepatic steatosis and visceral fat by reducing oxidative
stress and by affecting the lipid profile, although the dose of 50 mg/kg had no stabi-
lizing effects (Basoglu et al. 2010). The author concluded that boron apparently
prevents fatty liver by acting on mitochondria. There was evidence in this study that
boron affects the Krebs cycle, the glucose—alanine cycle, and methionine metabo-
lism, all of which reduce oxidative stress and positively affect the lipid profile
(Basoglu et al. 2011).
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Basoglu et al. (2000) fed dogs a daily diet of 4 g/day of borax (Na,B,0.-10H,0).
That administration level was effective in keeping plasma lipid levels of the dogs
low. One week after oral administration of borax, a decrease of glucose, insulin, and
apolipoprotein B-100 (Apo-B100) levels was detected in treated dogs vs. controls.
A decrease in VLDL and TG levels was also seen after the second week of exposure
(Basoglu et al. 2000). These findings supported the conclusion that borax exposure
reduced blood lipid levels (Basoglu et al. 2000).

In other studies, exposure of chicks to boron alone increased plasma glucose
concentrations, particularly when a vitamin D deficiency existed (Simon and
Rosselin 1978; Hunt 1989; Hunt and Herbel 1993). However, in chicks,
supplemental dietary boron improved the vitamin D, deficiency-induced eleva-
tions that existed in plasma glucose concentrations (Hunt et al. 1994). Moreover,
in vitamin D-deficient chicks, abnormally elevated plasma concentrations of
pyruvate, BHBA, and triglycerides existed that are typical of vitamin D defi-
ciency; the addition of dietary boron mitigated these effects (Hunt et al. 1994). In
rats, a deficiency of boron produced vitamin D deficiency, which similarly
decreased plasma TG concentrations and increased plasma pyruvate concentra-
tions (Hunt and Herbel 1991-1992). Boron had no such effect when the diet con-
tained sufficient amounts of vitamin D (2,500 IU/kg) (Hunt and Nielsen 1981;
Hunt and Herbel 1993; Hunt 1989, 1994). How boron deficiency affects energy
substrate metabolism in animal models is unknown, and this is particularly true
when there are suboptimal amounts of food intake (Bakken and Hunt 2003).
Boron deficiency has also caused hyperinsulinemia in rats that were deprived of
vitamin D (Hunt and Herbel 1991-1992). It is claimed that an absence of boron
increased the amount of insulin required to maintain plasma glucose concentra-
tions, when either vitamin D or magnesium nutriture was perturbed in chicks and
rats (Bakken and Hunt 2003).

Hunt et al. (1983) suggested that boron affects vitamin D, metabolism or vita-
min D,’s effect on growth. DeLLuca and Schnoes (1983) manipulated the dietary
concentrations of magnesium or calcium to examine the interaction that occurs
between dietary vitamin D, intake and boron levels. Magnesium deficiency was
chosen as a stressor of v1tamm D, metabolism, because it is a cofactor for the
hydroxylation of 25- hydroxycholeca1c1ferol (OH) vitamin D, (DeLuca and Schnoes
1983). In another study, boron added to the diet of chlckens at a level of 3 mg/kg
induced magnesium deficiency (300 mg/kg) and fostered bird growth (Hunt and
Nielsen 1981).

The basal model daily diet for chickens contains 10% clover (4.2 mg boron/kg),
lab rat daily diets contain 12—13.7 mg boron/kg (Hunt et al. 1988), and human veg-
etarians consume daily diets containing at least 2 mg boron/kg (Hunt et al. 1991).
Yet, the amount of boron in the basal diets of research animals, in studies carried out
before 1950, generally had either insufficient or excessive boron levels (100-
2,200 mg/kg) (Hunt 1998). If boron is added as a supplement to diets of severely
potassium-deficient rats that contain levels of 100-1,000 mg boron/kg, a positive
effect on survival and maintenance of body fat and elevated liver glycogen resulted
(Hunt 1994).
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2.2 Humans

The major source of boron entry into the human body is via consumed food. High
boron levels exist in fruits, vegetables, pulses, legumes, and nuts, whereas other
foods have lower levels. Humans may also acquire boron by consuming certain
beverages, or by absorbing B by respiration or through the skin (Nielsen 1997).
Boron, once in the body, may be rapidly excreted via urine and does not accumulate
in tissues. Boron exists in body tissues and fluids as boric acid (B (OH),) (Sutherland
et al. 1998). In healthy people, total boron blood concentrations are in the range of
15.3-79.5 ng/g wet wt (Clark et al. 1987) and exist as 98.4% boric acid and 1.6% as
borate anion (B(OH),) (Sutherland et al. 1998; Nielsen 1997). Boron content of the
various bodily organs varies; values for the heart, liver, lung, kidney, and brain gave
levels of 28, 2.31, 0.6, 0.6, 0.06 ppm boron, respectively (Hamilton et al. 1972;
Indraprasit et al. 1974; Massie et al. 1990; Nielsen 1997). This suggests that any
function carried out by boron differs from organ to organ (Newnham 1991).

Boron can affect the function or composition of the brain, and the skeletal and
immune systems (Nielsen 1997). Dietary intake of a daily amount of boron (viz.,
3 mg) for more than 7 weeks may prevent osteoporosis in postmenopausal women.
After boron was consumed as a supplement, the urinary excretion of the essential
elements, calcium and magnesium, decreased by 40% and 33%, respectively
(Nielsen et al. 1987). In another study (Nielsen 1990), dietary boron produced
effects similar to estrogen supplementation in women who suffer from postmeno-
pausal osteoporosis. Boron intake also increased amounts of ionized calcium in the
blood serum, decreased serum calcitonin concentrations, and increased serum levels
of 1,25-dihydroxycholecalciferol. Dietary boron helps maintain serum calcitonin
level, which assists postmenopausal women who suffer from osteoporosis (Nielsen
1990). Penland (1998) performed a study in which inadequate dietary boron intake
lowered performance on cognitive and motor tests.

In human males, an orally administered daily dose of 10 mg/day of boron as
sodium tetraborate for seven days produced a significant decrease in sex hormone
globulin binding (SHGB), high sensitive CRP (hsCRP), and TNF-o levels.
Moreover, the mean free testosterone levels in blood plasma increased, and plasma
estradiol was significantly decreased (Naghii et al. 2011).

The average amount of boron taken in by humans on a daily basis varies by gen-
der and age. Infants aged 0—6 months, males aged 51-70 years, and lactating females
consumed 0.75+0.14 mg/day, 1.34+0.02 mg/day, and 1.39+0.16 mg/day, respec-
tively (Hunt 2012). It was determined that the average daily boron intake in adult
males was 1.21 mg/day or 1.52 mg/day (Iyengar et al. 1990; Anderson et al. 1994).

2.3 Plants

Boron is an essential micronutrition for higher plants (Blevins and Lukaszewski
1998). Boron is important in sugar transport, cell wall synthesis and lignification,
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cell wall structure, carbohydrate metabolism, RNA metabolism, respiration, indole
acetic acid metabolism, phenol metabolism, and membrane transport (Blevins and
Lukaszewski 1994; Camacho-Cristobal et al. 2008). The significance of boron to
cell wall structure and membrane function is particularly important (Blevins and
Lukaszewski 1994, Camacho-CristObal et al. 2008).

Fruits, vegetables, and hazelnuts are known to be primary sources of boron (Hunt
et al. 1991). Among vegetables, leafy greens have the highest boron levels, espe-
cially when they are grown without chemical fertilizers (Newnham 1977).
Vegetables, fruits, legumes, and tubers have much higher amounts of boron than do
the grasses (e.g., wheat, rice, and corn retain <0.2 mg/kg) (Nielsen 1988; Vanderpool
and Johnson 1992). Dried legumes, fruits, avocados, and nuts contain from 1.0 mg
to 4.5 mg boron/100 g (Naghii 1999). Fresh fruits, vegetables, honey, and bee pollen
contain from 0.1 to 0.6 mg boron/100 g, whereas foods from animal sources have
boron at levels between 0.01 and 0.06 mg/100 g (Newnham 1977; Naghii 1999).

The position of the hydroxyl group on the boron atom makes formation of com-
plexes with substrates and other reactants easier (Dugger 1983). Boron may have a
significant role in adjusting or regulating certain metabolic functions in plants (Hunt
1994). From studies performed on higher plants (Lovatt and Dugger 1984; Goldbach
1997) and in animals in which human nutrition was evaluated, the position of the
hydroxyl group on the boron appeared to be critical (Nielsen et al. 1988; Hunt 1989;
Hegsted et al. 1991; Hunt and Herbel 1991-1992, 1993; Bai and Hunt 1996; Eckhert
1998; Fort et al. 1999; Armstrong et al. 2000). Boron may affect metabolic path-
ways by binding apoplastic proteins to cis-hydroxyl groups of cell walls and mem-
branes, and by interfering with manganese-dependent enzymatic reactions. Recently,
the formation of borate esters with hydroxyl groups of cell wall carbohydrates and/
or glycoproteins has been proposed as a mechanism for cross-linking cell wall poly-
mers (Loomis and Durst 1992). Borate bridging could explain many of the charac-
teristics observed in boron-deficient plants (Blevins and Lukaszewski 1998).

Boron deficiency in plants causes carbohydrate accumulation in chloroplasts,
accelerates the activity of the pentose phosphate cycle, and may slow the Krebs
cycle (Goldbach 1997; Lovatt and Dugger 1984). The amount of boron available in
soils varies with the fertilizers used, and with soil type, temperature, and pH
(Newnham 1977). The application of potash fertilizers and superphosphate fertil-
izers inhibits boron absorption (Newnham 1977). Warm, moist soil renders boron
more bioavailable because of increased microfloral activity (Newnham 1977).

2.4 Bacteria and Fungi

Borates produce effects on a variety of bacteria and fungi (Woods 1994; Hunt 2003;
Kartal et al. 2004; Rolshausen and Gubler 2005; Baker et al. 2009; Tamay-Cach
et al. 2012; Hunt 2012). Hunt (2003) suggests that boron is an essential trace ele-
ment for at least some organisms in each of the following taxa: Eubacteria,
Stramenopila (brown algae and diatoms), Viridiplantae (green algae and familiar
green plants), Fungi, and Animalia.
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Ahmed and Fujiwara (2010) reported that B is toxic to living cells at levels above
a certain threshold. They isolated several B-tolerant bacterial strains from soil sam-
ples and studied their possible mechanisms of tolerance to B. They sequenced the
genel6S rRNA and performed comparative phylogenetic analysis, which showed
that the isolates they studied belonged to the following six genera: Arthrobacter,
Rhodococcus, Lysinibacillus, Algoriphagus, Gracilibacillus, and Bacillus. These
isolates exhibited tolerance levels to B of 80, 100, 150, 300, 450, and 450 mmol/L,
respectively, while maintaining a significantly lower intracellular B concentration
than in the medium. Statistical analysis demonstrated a negative correlation between
the protoplasmic B concentration and the degree of tolerance to a high external B
concentration. The kinetic assays suggest that the high B efflux and (or) exclusion
are the mechanisms by which the high external B concentration in the isolated bac-
teria are tolerated.

Boron, in several forms, is active against several wood decay fungi (Smith 1970;
Schultz et al. 1992; Cookson and Pham 1995; Kartal et al. 2004), and therefore it is
used in the timber industry to protect wood from termites and fungi (Kartal et al.
2004) and in forestry to prevent infection of conifers by Heterobasidion annosum
(Fr.) Bref. (=Fomes annosus (Fr.) Karst.) (Smith 1970; Schultz et al. 1992).

Eutypa dieback is a perennial canker disease of grapevines and is caused by
Eutypa lata. This fungus produces ascospores that infect grapevines through prun-
ing wounds during the dormant season. Fungicide applications applied during the
dormant period are known to control plant fungal diseases (Irelan et al. 1999).
Rolshausen and Gubler (2005) performed a field trial to show the efficacy of boric
acid treatment to control infections in pruning wounds of Eutypa lata in a field trial.
Results were that if applied at 17.5% a.i. of boron, boric acid will control this dis-
ease. The EC,; values for inhibiting mycelial growth and ascospore germination
were 125 and 475 pg for boric acid per ml (22 and 83 pg a.i./mL), respectively.
Rolshausen and Gubler (2005) also tested two 5% boric acid treatments for the
control of this canker disease in different formulations: The first (a paste) was called
biopaste (8.75 mg a.i./mL) and the second treatment was called bioshield, formu-
lated as a spore suspension of Cladosporium herbarum. Compared to a water con-
trol both products significantly reduced the disease incidence, both in in vitro trials
and in field trials. Boron did not accumulate in leaves and shoots. But, bud failure at
the first node below the treated wound occurred in B-treated plants at a higher rate
than that existed in untreated vines.

3 The Effect of Boron on Enzymes and Minerals

3.1 Enzymes

Boron affects the activities of at least 26 different enzymes, most of which are
necessary for energy substrate metabolism (Hunt 1998). Dugger (1983) reported in
an in vitro study that boron interacted with many enzymes. Boron competitively
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inhibited at least two classes of enzymes, one of which was oxidoreductase, an
enzyme related to pyridine and flavin nucleotides. Borate also inhibited nicotin-
amide adenine dinucleotide (NAD) (Roush and Norris 1950; Strittmatter 1964;
Deitrich 1967; Deal 1969). Moreover, it is known that the hydroxyl groups of NAD
forms complexes with the borate compound (Johnson and Smith 1976). Boron hav-
ing adjacent hydroxyl groups (transferases) has a tendency to form complexes with
organic molecules. It may have an interaction with important biological substances,
containing polysaccharides, pyridoxine, riboflavin, dehydroascorbic acid, and the
pyridine nucleotides. (Samman et al. 1998; Deviran and Volpe 2003) It binds
strongly to furanoid cis-diols, which include erythritan, ribose, and apiose; apiose
is present throughout the cell walls of vascularplants (Loomis and Durst 1992;
Hunt 2012).

Nicotinamide adenine dinucleotide (NAD+) and nicotinamide adenine dinucle-
otide phosphate (NADP) contain ribose components that are active in energy
metabolism; binding to them affects certain metabolic pathway processes (Hunt
2012). Hunt (2012) reported that NAD+ is an essential cofactor for five sub-sub-
classes of oxidoreductase enzymes and has a strong relevance for boron. The di-
adenosine-phosphates (Ap A) are structurally similar to NAD+. Compared to
NAD+, boron binding by Ap,A, Ap,A, and Ap6A is greatly enhanced; however, the
binding is still less than that to S-adenosylmethionine (SAM).The adenine moieties
of Ap A are driven together by hydrophobic forces and clump interfacially. Stacking
of the terminal adenine moieties brings their adjacent ribose moieties into close
proximity, which is the phenomenon that apparently potentiates the cooperative
boron binding between opposing riboses (Hunt 2012). Boron’s distinctive chemis-
try allows it to react with many other metabolites and enzymes and thus may be
capable of modifying mineral and energy metabolism in humans and animals
(Deviran and Volpe 2003).

Boron may have a major role in controlling certain pathways that use serine pro-
teases (hydrolases) or oxidoreductases (Hunt 1998, 2012). These enzymes require
pyridine or flavin nucleotides (NAD+, NADP, or FAD), and by forming transition
state analogs or competing for NAD or FAD, boron reversibly inhibits their activity
(Hunt 1998, 2012). Serine proteases, such as thrombin, functions in regulating
blood and coagulation systems. Other enzymes such as phosphoglucomutase,
A-glutamyl transpeptidase (GGT), and glyceraldehyde- 3-phosphate dehydrogenase
(GPD) are also inhibited by boron (Hunt 1998; Deviran and Volpe 2003).

Boron is known to inhibit certain other enzymes (viz., aldehyde dehydrogenase,
xanthine oxidase) that exist in energy metabolic pathways (Hunt 1994, 2012). Hall
et al. (1989) reported that when B was orally administrated (8 mg/kg/day) to rats,
daily for 14 days, LDL cholesterol and TG levels decreased. LDL bonding and LDL
entrance into liver cells were also decreased, whereas fibroblasts and aorta cells
showed increased HDL bonding and accumulation in liver cells. These effects were
claimed to be beneficial for atherosclerosis, because they may remove cholesterol
from tissues and decrease lipid accumulation (Deviran and Volpe 2003). Naghii and
Samman (1997a, b) stated that boric acid intake decreased total cholesterol, HDL,,
TG, and total HDL, when given to rats for 2 weeks at a dose of 2 mg/day. However,
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Green and Ferrando (1994) did not observe differences in plasma lipid concentrations,
oxidation rates, LDL, or HDL fraction dispersions after 4 weeks of boric acid expo-
sure in humans.

Ince et al. (2010) reported that boron administered to rats in the diet increased
blood glutathione (GSH) concentrations and plasma vitamin C levels. In the same
study, boron added to the diet at doses of 100 mg/kg increased antioxidant defense
mechanisms and vitamin status of the group; neither differences between oxidant
and antioxidant balance nor changes in biochemical parameters, other than serum
vitamin A and liver GSH concentrations, were detected.

Another study was performed on 36 Angus and Angus-Simmental cattle that
were divided into three groups. A control group received no supplementary B in
their diet, a second group was fed a diet containing a 5 mg/kg supplement of B, and
the third group was fed a 15 mg/kg supplement of B for 47 days to determine the
effect on disease resistance to bovine herpesvirus type-1 (BHV-1). The cattle were
inoculated with BHV-1 intranasally on the 34th day. On the second day following
inoculation, rectal temperatures of the cattle and plasma tumor necrosis factor-o.
concentrations had increased (P<0.05). On the fourth day after inoculation, the
plasma acute phase proteins had multiplied (P<0.01), and plasma interferon-y lev-
els were beginning to decline (P<0.05). Plasma B concentrations had increased
slightly after the addition of B (P<0.001), whereas the dietary levels of B fed
showed no significant effect on BHV-1 symptoms, and had little influence on plasma
acute phase proteins and cytokines (Fry et al. 2010).

3.2 Minerals

Boron has a regulatory role in the metabolism of several minerals such as phos-
phorous, magnesium, calcium, and molybdenum (Wilson and Ruszler 1996). Hunt
et al. (1983) showed that chicken growth was enhanced when they were exposed
to boron—calcium and boron—magnesium and suggested that the relationship
between magnesium and boron was stronger than that between calcium or phos-
phorus and boron. A relationship appeared when the boron: magnesium molar
ratio was quite low in both plasma and in the consumed diet, although a direct
effect of boron on magnesium metabolism was not thought to have occurred.
Apparently, boron indirectly influences magnesium metabolism, and ultimately,
calcium and phosphorus metabolism by influencing an enzyme or the hormone
system (Hunt et al. 1983).

The regulatory role that B plays with minerals affects bone health and is particu-
larly interesting, because it affects the relationship B has with magnesium, vitamin
D, phosphorus, and calcium (Deviran and Volpe 2003; Nielsen 1990). A deficiency
of boron upsets the intrinsic plasma concentration balance between calcium, mag-
nesium, and phosphorus (Hegsted et al. 1991). Hunt and Nielsen (1986) studied
magnesium-deficient chicks and found that supplemental boron decreased the inci-
dence of abnormalities caused by insufficient magnesium intake. Subsequent boron
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supplementation enhanced growth and increased plasma calcium and magnesium
concentrations, and also inhibited the calcification of cartilage (Hunt 1989).

The effect that vitamin D, has on glycolysis may be related to calcium levels,
because calcium is the main mhlbltor of phosphofructokinases (limiting enzymes in
glycolytic paths) (Auffermann et al. 1990). In the cartilage of rachitic rats, the gly-
colysis rate more than doubles, commensurate with increased activities of the phos-
phofructokinases, aldolase, pyruvate kinase, and lactate dehydrogenase (Meyer and
Kunin 1969). Similarly, in chronic kidney failure, glucose tolerance and hyperlipo-
proteinemia occur, and after synthetic vitamin D, treatment starts, fasting blood
glucose and TG levels decrease and glucose tolerance is reduced (Lind et al. 1988).
Researchers have also indicted that vitamin D, is essential for insulin secretion
(Norman et al. 1980; Gedik and Akalin 1986) A dietary vitamin D, deficiency
reduces hepatic glycogen in rats (Davis et al. 1989). Unlike the hypothesw that is
worded “lipid—carbohydrate is not transformed in the livers of mammals”, glycogen
content was claimed to have increased 35% after the incubation of rat liver sections
to which vitamin D, with palmitate was added (Davis et al. 1989). Hunt et al. (1994)
reported that boron modulated hepatic glycolysis when a vitamin D3 deficiency
existed; moreover, when boron was added to the diet (2.25 vs. 0.16 mg/kg) it
reduced effects on glycolytic metabolites such as fructose-1,6-diphosphate P,
glycerate-2P, and (OH),-acetone P in freeze-clamped chick liver (Hunt 1989).
Supplemental boron in the diet reduced the plasma pyruvate concentrations in vita-
min D,-deprived rats (Hunt et al. 1994). These data suggest that boron limits the
activity of some enzymes and stabilizes reactive compounds by regulating energy
substrate utilization (Hunt et al. 1994).

4 Boron Toxicity

Micronutrient elements may be toxic at some dose, duration of exposure time, and
application method (Blevins and Lukaszewski 1994). The toxicity of borate com-
pounds have been extensively studied in both laboratory and other animals. Boric
acid and borax were the forms of boron most commonly administered to animals in
such testing. Boric acid and borax have performed toxicologically similarly in the
species to which they have been administered (World Health Organization 1998). In
boron exposure studies, whether borax or boric acid was tested, data are expressed
as boron equivalents to enable data comparisons (USDA Forest Service 2006). At a
physiologic pH, borate salts are converted almost entirely to nonionized boric acid;
hence, boric acid and borate salts have similar toxicologic features (USDA Forest
Service 2006). Following oral administration, inorganic borates are well absorbed
(about 90% of the administered dose) by animals (USDA Forest Service 2006).
Animal experiments revealed that toxicity results from dietary boron intake that
exceeds about 100 pg g!. Testicular cell damage and atrophy may appear when
dietary boron levels in mice exceed 4,000 mg boric acid kg™!. Similar effects were
shown for rats after oral administration (Nielsen 1997; EPA 2008). It was reported
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that 17.5 mg B/kg per day (blood boron level of ~2,020 ng/g) affected fertility, and
9.6 mg B/kg per day (blood boron level of ~1,270 ng/g) affected the normal devel-
opment of exposed rats (Price et al. 1997; Scialli et al. 2010).

In humans, acute toxicity symptoms of excessive boron exposure are nausea,
vomiting, diarrhea, and lethargy (Linden et al. 1986; Nielsen 1997). Oral intake by
two infants from dipping pacifiers into a preparation of borax and honey resulted
in scanty hair, anemia, seizures, and patchy dry erythema, over a period of several
weeks (Gordon et al. 1973; Nielsen 1997). Signs of chronic boron toxicity are poor
appetite, nausea, weight loss, and decreased sexual activity, seminal volume, sperm
count, and motility (Nielsen 1997; USDA Forest Service 2006). However, Duydu
et al. (2012) pointed out that mean blood boron levels of boric acid workers were
223.89 ng/g, and this level was ~9 times lower than levels that produced reproduc-
tive effects in exposed rats; these levels were also ~6 times lower than levels that
produced developmental effects in rats. At the levels recorded for exposed work-
ers, no harmful effect on the reproductive system was observed. In addition, urine
analyses indicated that the boron exposure of boron mine workers was 6.5 mg/day,
and these levels produced no negative effects on worker semen profiles (Korkmaz
etal. 2011). Workers who were exposed to the highest boron levels (i.e., 125 mg B/
day) showed no significant effects on semen characteristics (Scialli et al. 2010). In
conclusion, evidence suggests that the daily exposure experienced by humans to
boric acid or sodium borates is unlikely to produce reproductive toxicity (Duydu
et al. 2012).

An acute oral dose of borax produced an LD, of 4.50 g/kg in rats and boric acid
an LD, of 3.45 g/kg by gavage; after dosing, rats displayed depression, ataxia, con-
vulsions, and death (Weir and Fisher 1972). Sabuncuoglu et al. (2006) reported that
a subacute dose of 400 mg/kg/day administered orally to rats produced histopatho-
logical changes in kidney tissue. A single oral dose of borax administered to dogs
by capsule (at levels of 1.54-6.51 g borax/kg or 0.174-0.736 g B/kg) or boric acid
administered by capsule (1.0-3.98 g boric acid/kg or 0.175-0.697 g B/kg) caused
no dog deaths (Weir and Fisher 1972). The acute oral lethal dose of boric acid in
1-day-old chickens was found to be 2.95+0.35 g/kg. One-day-old broiler chicks
were housed in floor pens, in which the litter had been treated with 0, 0.9, 3.6, or
7.2 kg of boric acid per 9.9 m? of floor space. No B residue level elevation was seen
in brain, kidney, liver, or white muscles of the chicks. Ad libitum feeding of boric
acid at 500 ppm or 1,250 ppm to chicks did not alter boron levels in tissue. However,
doses of 2,500 ppm or 5,000 ppm boric acid to the chicks raised residue tissue lev-
els. Hence, it was realized that broilers grown on boric acid-treated litter do not
consume enough boric acid to elevate boron levels above the norm in their tissues
(viz., brain, kidney, liver, and white muscle) (Sander et al. 1991).

Restuccio et al. (1992) reported that an acute oral dose of boron in a human pro-
duced toxicity and death. A 45-year-old man drank two cups of boric acid crystals
that were dissolved in water with the aim to commit suicide; the man died on the
third day after consuming the boron crystals (Restuccio et al. 1992). The symptoms
noted soon after consuming this dose ware nausea, vomiting, greenish diarrhea, and
dehydration (Restuccio et al. 1992). Hypotension, metabolic acidosis, oliguric renal
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failure, a generalized erythematous rash, and several superficial skin abrasions
presented within 2 days of the exposure (Restuccio et al. 1992). The condition of the
poisoned man failed to improve despite injecting intravenous fluids and vasopres-
sors. Atrial fibrillation with a rapid ventricular response was produced and sinus
rhythm could not be restored (Restuccio et al. 1992). This rhythm deteriorated to
electromechanical dissociation, and the patient died 17 h after hospital admission
(Restuccio et al. 1992). The urine and whole blood boric acid concentrations,
approximately 52 h after ingestion, were 160 and 42 mg/dL, respectively (Restuccio
et al. 1992). These results are equivalent to urine and blood boron concentrations of
28 and 7 mg/dL, respectively. The postmortem urine boron concentration was
29.4 mg/dL (Restuccio et al. 1992).

The subchronic oral administration of 1 g/kg borax and boric acid for 1-3 weeks
rats produced a decrease in body weight, DNA synthesis inhibition, and clinical
toxicity signs after 3 weeks (Dani et al. 1971). A 90-day test in dogs fed dietary
borax at concentrations of 0%, 0.0154%, 0.154%, and 1.54% showed no treatment-
related effect for any blood or urine value in males. In female dogs, hematocrit and
hemoglobin decreased in the 1.54% treatment group; similarly, in the male 1.54%
treatment group, testicular weights were decreased, testicular atrophy occurred, and
alterations were detected in the seminiferous tubules (Paynter 1963).

A chronic oral study with borax and boric acid in rats was performed at dietary
concentrations of 117, 350, and 1,170 ppm boron equivalents. Results were that no
harmful effects were produced at the lower intake levels, but at the high dose level
(1,170 ppm) clinical signs of toxicity occurred that included coarse hair, scaly tails,
hunched posture, swelling and desquamation of the pads of paws, shrunken scrotum
in males, testicular atrophy, decreased testes weight, atrophied seminiferous epithe-
lium and decreased tubular size, as well as inflamed eyes with a bloody discharge,
and a decrease in packed cell volume and hemoglobin of blood (Weir and Fisher
1972). No evidence of carcinogenesis was observed in any treatment group (Weir
and Fisher 1972). Dogs fed with 1,170-2,000 ppm boron for 2 years showed stunted
growth, less productive food use, skin rashes, and gonadal deterioration (Weir and
Fisher 1972).

The dermal effects of boron application were investigated on ten New Zealand
Rabbits by applying borax (sodium tetraborate decahydrate) as a single dose to
clipped skin at 2.0 g/kg (LD, >2.0 g/kg) and then occluding the applied material for
2 h (Reagan 1985a). The symptoms observed on the treated animals included
anorexia, decreased activity, diarrhea, soft stools, and nasal discharge (Reagan
1985a). The borax (sodium tetraborate decahydrate) application on shaved skin at
0.5 g/kg caused no skin irritation (Reagan 1985b).

Borax (sodium tetraborate decahydrate), at a dose of 0.1 g, was instilled into the
eyes of six New Zealand Rabbits, caused severe irritation to the iris, and produced
corneal opacity and conjunctival redness, chemosis, and discharge (Reagan 1985c¢).
In another study, a 4 h daily inhalation of 2.0 mg/L borax (sodium tetraborate deca-
hydrate) over 14 days in rats caused no mortality (Wnorowski 1994).

Researchers explored if borax could serve as an antidote, and, indeed, it was
found to be a beneficial antagonist for aluminum toxicity (Turkez et al. 2012).
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The borax (3.25 and 13 mg/kg bwt) clearly protected exposed rats against aluminum
(AICL; 5 mg/kg bwt)-induced toxicity (Turkez et al. 2012).In particular, borax
blocked the increase of micronucleated hepatocytes and significantly modulated the
genotoxic effects caused by AICI, (Turkez et al. 2012).

Boron is toxic to particular processes in vascular plants. Some of the effects
noted in plants included the following: altered plant metabolism, lowered cell divi-
sion in roots, reduced leaf chlorophyll content and photosynthetic ratio, and reduced
lignin and suberin levels, among others (Nable et al. 1997; Reid 2007). Therefore,
decreased shoot and root growth is typical of plants exposed to high B levels (Nable
et al. 1990). The distribution of B in leaves follows a particular pattern that extends
from leaf base to tip in some plants, and this leads to particular toxicity symptoms
on older leaves, which may show tip chlorosis or necrosis, or both (Marschner
1995; Roessner et al. 2006; Camacho-Cristébal et al. 2008). Considering the chem-
ical characteristics of B, it has been proposed that B-induced plant toxicity derives
from three main causes: (a) changes to cell wall structure; (b) metabolic disorder
from binding to ribose moieties in certain molecules (viz., adenosine triphosphate
(ATP), nicotinamide adenine dinucleotide (reduced form) (NADH), or nicotin-
amide adenine dinucleotide phosphate (reduced form) (NADPH)); and/or (c) dis-
rupting cell division and development by binding to ribose, either the free sugar or
ribose within RNA (Reid et al. 2004). Reid et al. (2004) reported that none of these
proposed mechanisms have been confirmed, and further, there is no proof to sup-
port another hypothesis that leaf toxicity results from osmotic stress induced by B
accumulation.

Konuk et al. (2007) investigated the effect of boron on the mitotic index of Allium
cepa root meristematic cells. In this study, the rate of growth inhibition was first
determined, and then different concentrations of boron were tested to determine
effects on onion tuber roots. Distilled water was used as the control. Because the
Allium cepa cell cycle is 24 h, B was applied at 12, 24, and 48 h. For each dose, the
mitotic index and mitotic phase frequencies were calculated separately. Most abnor-
malities were observed to occur at c-metaphase, prometaphase, and disturbed ana-
phase—telophases. In addition, effects were observed on the anaphase bridge, on
polyploidy, and on late chromosome particles.

5 Conclusions

Boron is thought to be an essential element for animals, people, and plants. Although
several studies have been performed to determine the effects of boron on fertility
and general health of animals, and human data are also available, the overall picture
of how safe boron may be is still incomplete. In particular, we conclude that:

1. Boron does produce effects on human and animal bone development, mineral-
ization, Ca, P, and Mg metabolism, energy metabolism, and activates certain
enzymes. Intake of boron minerals can be effective for optimizing the treatment
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of bone structure disorders, can reduce cholesterol, can improve lipid metabolic
profiles, and can reduce triglyceride levels in humans and animals. In addition,
sub-toxic doses of boron may be beneficial for preventing and treating type 2
diabetes and alcohol-induced fatty liver.

2. Humans and animals who reside near areas where boron is mined are exposed to
this element. Therefore, research is needed both to determine what optimum
levels of boron intake should be for animals and humans, and what exposure
limits, if any, are needed for boron in mining regions.

3. In periparturient dairy cattle, boron intake may be particularly important for pre-
venting or treating fatty liver, hypocalcemia (milk fever), and hypomagnesemia.

4. Boron may affect the yield and growth performance of fruits, vegetables, nuts,
and grains. Although waterless borax and borax pentahydrate are used as fertil-
izers, their effects on plants are unclear. In addition, the effects of boron on
humans and animals who consume plants or plant products to which B fertilizer
was applied are unknown.

5. The effects on soil, water, or wildlife of the boron used in agriculture as both
pesticide and fertilizer are unknown.

Additional research is needed to address the gaps in knowledge that were indi-
cated above. In addition, research is needed to determine what dose of boron or
boron compounds are optimal in animal rations. Finally, future research should be
undertaken to enhance the understanding of how boron affects metabolic systems,
and to explain how boron functions mechanistically.

6 Summary

Boron is a mineral used in human and animal health, in agriculture as a fertilizer and
pesticide, and in the manufacturing of several commodities (e.g., glass, ceramics,
automotive components, paint, etc.). Humans and animals consume boron daily via
dietary intake. However, what the daily intake level is remains unclear. Recently,
researchers have concluded that boron intake is essential for plants, animals, and
humans, although insights as to what this element’s biological effects are is still
limited.

Although several studies on the effects of boron and how it functions have been
performed over the last decade, more information is needed to clarify both its
effects and how it produces its action. It is clear that boron exposure affects many
enzymes and enzyme systems; some of the symptoms observed in animals from
exposure to boron are explained by enzyme effects. Boron is known to produce
effects on fat and lipid metabolism, on minerals and mineral metabolism, and on
vitamin D. In addition, boron affects bone development. In addition, the effects of
several different forms of boron on poultry and laboratory animals have been
determined.
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Although much of the information on boron that has already been collected is
useful, much more is needed. Prospectively, the result of current research suggests
that boron may be useful in the future for preventing obesity, fatty liver, and diabe-
tes, or may be used to prevent or treat bone health problems in both humans and
domestic animals.
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1 Introduction

Fenpropathrin ((RS)-0-cyano-3-phenoxybenzyl-2,2,3,3-tetramethylcyclopropane-
1-carboxylate; Fig. 1) is a racemic mixture, broad-spectrum pyrethroid insecticide,
and acaricide. Discovered by Sumitomo Chemical Company Ltd., then developed
by Valent USA, fenpropathrin was the first of the light-stable pyrethroids to be
produced. First synthesized in 1971 and commercialized in 1980 (Davies 1985),
the technical product (90% purity) is formulated as an emulsifiable concentrate
(30.9% active ingredient) and is registered in California as Danitol 2.4 EC Spray
and Tame 2.4 EC Spray (CDPR 2012b). It is classified as a type II pyrethroid,
characterized by the addition of a cyano group at the benzylic carbon. Such
a-cyano pyrethroids have enhanced insecticidal activity because of their affinity
for voltage-gated membrane channels (Bailey 2009). Synonymous chemical and
common names include: o-cyano-3-phenoxybenzyl 2,2,3,3-tetramethyl-/-cyclo-
propanecarboxylate; Danitol; Danitrol; Fenpropanate; Herald; Meothrin; Rody; S
3206; SD 41706; WL 41706; XE-938; Fenpropathrine; Kilumal; and Ortho Danitol
(Kegley et al. 2012). In this chapter, we will discuss fenpropathrin’s uses, its
mechanism of toxic action, physical and chemical properties, environmental fate,
and ecotoxicology.

1.1 Uses in the United States

Fenpropathrin was first used as an acaricide for both agricultural and horticultural
applications. In addition to combating mites, it is a general insecticide that targets
representatives of the orders Lepidoptera, Coleoptera, Hemiptera, Homoptera,

HiC, CHj
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o ——N

Fig. 1 Structure of
fenpropathrin
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Fig. 2 Total weight of fenpropathrin used (a.i. in kg) in California by application type, 2000-2010
(adapted from CDPR 2012a)

Thysanoptera, Diptera, and Orthoptera (HSDB 2012). In combination with mala-
thion, it has been used to control whitefly (CDPR 2012a). Additionally, this pyre-
throid has been especially effective against lygus bug outbreaks on strawberries,
although an increase in pyrethroid tolerance among pest populations has led to a
decrease in its use (Zalmon et al. 2008).

Although no national use data on fenpropathrin is available, the U.S. Department
of Agricultures (USDA) Agricultural Marketing Service (AMS) compiles pesticide
residue results from State and Federal agencies through their Pesticide Data Program
(PDP). From 2000 to 2010, 71,964 samples of fruit and vegetables were collected
and analyzed for the agent (USDA 2010); some 860 (1.2%) tested positive for resi-
dues (USDA 2010). The year with the highest frequency of detection was 2004 with
183 (2.3%) samples testing positive for residues out of 7,930 samples analyzed.
Additionally, 1,914 treated and 1,908 untreated water samples were analyzed with
no detections reported (USDA 2010).

In California, while fenpropathrin is used on a variety of edible and ornamental
crops, it is most widely applied to cherries, grapes (both wine and table), oranges,
cotton, tomatoes, and strawberries (CDPR 2012a). In 2010, there were 4,169 agri-
cultural applications in California with a total reported weight of 13,434 kg (CDPR
2012a); 153 (3.66%) were applied using aerial spraying techniques for a total
weight of 964 kg (7.1%), with the remainder being applied via ground equipment
(Fig. 2). The seven crops mentioned above accounted for 85% of the total weight of
fenpropathrin applied in California during 2010 (CDPR 2012a), and 83% of that
applied from 2006 to 2010 (Fig. 3). The counties with the highest reported use were
Tulare, San Joaquin, Kern, Fresno, and Monterey; they were responsible for 66% of
the insecticide applied in California in 2010 (CDPR 2012a). In addition, these five
counties accounted for 64% of the agent applied on average from 2006 to 2010
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Fig. 3 Five year average of
fenpropathrin use on seven
crops in California, 2006-2010
(adapted from CDPR 2012a)

Fig. 4 Reported average
weight of fenpropathrin
applied in the five counties
with the highest use in
California, 2006-2010
(adapted from CDPR 2012a)
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(Fig. 4). Over the past decade pyrethrins and the pyrethroids have seen an increase
in use as a replacement to organophosphorus insecticides because of their reduced
toxicity to mammals and birds (Bailey 2009). However, the statewide use of this
pyrethroid has followed a decreasing trend since 2004 (Fig. 2).

1.2 Mode of Action

Fenpropathrin is classified as a type II pyrethroid, distinguished from naturally
occurring pyrethrins and type I pyrethroids by structural differences resulting from
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the addition of an o-cyano group. Both pyrethroid types share a common mechanism
of prolonging the open time of voltage-gated sodium channels on nerve axons, thus
altering membrane excitability (Bailey 2009). This can cause depolarization and the
creation of multiple action potentials, leading to choreoathetosis with salivation or
CS-Syndrome. The addition of the o-cyano group increases fenpropathrin’s insec-
ticidal activity by increasing its affinity for sodium channels (Bailey 2009).
Furthermore, the presence of the o-cyano group may broaden the range of voltage-
gated channels affected by type II pyrethroids, although it is unclear whether the
effects on other channels contribute to the toxic action of this pyrethroid.

2 Physicochemical Properties

Pyrethroids are synthetic esters of naturally occurring pyrethrins. Fenpropathrin
(Fig. 1) exists as a racemic mixture that is a yellow-brown solid at standard condi-
tions. It has a density higher than water and low water solubility (Table 1). Similar
to other pyrethroids, it is quite hydrophobic and sorbs strongly to particulates and
organic matter in aqueous conditions. A high organic carbon partition coefficient
(K .) suggests limited mobility within soil, and fenpropathrin’s vapor pressure and

Table 1 Physico-chemical properties of fenpropathrin

Pure physical state Yellow to brown solid*

CAS number 64257-84-7 (racemate)?
39515-41-8 (unstated stereochemistry)?

DPR chemical code 2234

Molecular weight (g/mol) 349 4

Molecular formula C,H,,NO;?

Density (g/mL) 1.15 (at 25°C)*

Melting point (°C) 47.5°

Water solubility (mg/L) 0.33 (at 20°C)*

Vapor pressure (mPa) 0.76 (at 25°C)*

Octanol-water partition coefficient (log K ) 6.00 (at 20°C)*

Henry’s law constant at 25°C (Pa m® mol™") 1.82

Bioconcentration factor (BCF) 1,100¢

Soil adsorption coefficient (K ) >4,000¢

Soluble in organic solvents (mg/L at 20°C)

Acetone >500°

Acetonitrile >500°

Cyclohexanone >500°

Ethyl acetate >500°

Methanol >500°

Xylene >500?

‘PPDB

°CDPR (2012b)

‘Laskowski (2002)
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Henry’s law constant indicate a moderate volatility. A high octanol-water partition
coefficient (K ) and bioconcentration factor suggests a strong tendency for the pes-
ticide to bioaccumulate (Table 1).

3 Environmental Fate

3.1 Air

Fenpropathrin has a vapor pressure of 0.76 mPa, and when released into the atmo-
sphere is predicted to exist in both vapor and particulate phases. Vapor-phase fen-
propathrin is degraded via reaction with photochemically produced hydroxyl
radicals; the half-life (7, ,) is estimated to be 22 h (Table 2; HSDB 2012). Additionally,
particulate-phase fenpropathrin will be removed from the atmosphere through
deposition, both wet and dry, or degraded through direct photolysis and is thus pre-
dicted not to persist for more than a few days (HSDB 2012). However, at an experi-
mental farm in Colmar, France, atmospheric concentrations of the pyrethroid were
observed to persist long after application (Millet et al. 1997). Between 1991 and
1993, 18 fog water, 31 rainwater, and 17 gaseous and particulate atmospheric sam-
ples were analyzed during both the application season and throughout the year;

Table 2 Degradation half-life values for fenpropathrin in various media

Reference Media 1, (d)
HSDB (2012) Air (estimated) 0.91
Sakata et al. (1992) Light clay soil 24.5
Sakata et al. (1992) Sandy clay loam soil 18
Takahashi et al. (1985a) River water 19
Takahashi et al. (1985a) Sea water 11
Takahashi et al. (1985a) Humic acid solution 42
Takahashi et al. (1985a) 2% Aqueous acetone 1
Takahashi et al. (1985a) Distilled water >42
Takahashi et al. (1985a) Light clay soil 1
Takahashi et al. (1985a) Sandy loam soil 4
Takahashi et al. (1985a) Sandy clay loam soil 5
Takahashi et al. (1985a) Surface of Mandarin orange leaf 4
Mikami et al. (1985) Cabbage 11.5
Akhtar et al. (2004) Soil with fertilizer >56
Dureja (1990) Sandy loam soil 3.5
Takahashi et al. (1985b) Buffer solution pH 9.4 at 25°C <3
Takahashi et al. (1985b) Buffer solution pH 8.9 at 40°C <3
Takahashi et al. (1985b) Buffer solution pH 8.0 at 55°C <3
Takahashi et al. (1985b) Buffer solution pH 6.0 at 55°C 37.6
Takahashi et al. (1985b) Buffer solution pH 1.9 at 40°C 1,280
Al-Makkawy and Madbouly (1999) Tap water 2.5
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concentrations across all media ranged from non-detectable to 900 pg/L. The highest
mean value was detected in particle-bound fog water samples (70 pg/L), while the
lowest was detected in samples of rainwater (0.26 pg/L). With the exception of
particulate-phase air samples, all maximum concentrations were detected between
November and January—when pesticides are not applied. The highest concentra-
tion of fenpropathrin in particulate-phase air was collected in July of 1992.
Regardless of the season, the pyrethroid was detected in one or more atmospheric
phases. Although both use and climatic conditions may alter the degradation profile,
this study suggests fenpropathrin residues may exist in the atmosphere for extended
periods of time after application.

3.2 Soil

Fenpropathrin is nonpolar and therefore has low water solubility. This property
causes it to sorb strongly to soils and organic matter to avoid contact with water for
thermodynamic reasons. Consequently, the insecticide should have a low potential
for leaching through soils to groundwater. Its Henry’s law constant indicates that
volatilization from wet soil is possible but is unlikely due to its strong sorption
capacity. Additionally, volatilization from dry soil is limited by its moderate vapor
pressure (HSDB 2012).

Fenpropathrin’s potential for leaching has been examined in light clay, sandy
clay loam, clay loam, and sand by Sakata et al. (1990). Soils were treated and
labeled with “C and used either immediately or aged for 4 weeks under dark,
aerobic conditions. Under both treatments <1.0% of the pyrethroid was detected in
the eluates from the light clay, sandy clay loam, and clay loam soils. However,
21-47% of the applied '“C was detected in the eluate of the sandy soil. While fen-
propathrin has a high soil sorption coefficient, this study highlights the influence of
soil type on its potential for leaching. Its low sorption to sand is likely due to a low
organic matter content (<0.1%); being nonpolar, fenpropathrin will sorb best to
soils of high organic matter content. Thus, in the absence of organic matter, the
pesticide is slightly more likely to percolate into groundwater. In California, 88
sediment samples analyzed had no detectable concentration of fenpropathrin
(CDPR 2012c).

3.3 Water

Possessing both low water solubility and a high K  value, fenpropathrin sorbs
strongly to suspended particulates and organic matter in the water column. Being
soluble in a wide range of organic solvents, it also tends to bioaccumulate in living
organisms. Additionally, with moderate vapor pressure and Henry’s law constant
values and low water solubility, this pyrethroid may volatilize from water surfaces
to a limited extent.
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Few studies describing the activity of this agent in the water column are available
because of fenpropathrin’s sorption tendency. Potential risks to aquatic inverte-
brates and fish exist because of the high toxicity of fenpropathrin observed in labo-
ratory studies (Solomon et al. 2001). However, under field conditions, the
bioavailability of the insecticide is low and its degradation into nontoxic products
is relatively rapid (see below), limiting its exposure to living organisms. It is pre-
dicted to adhere to soil and particulate matter, degrade at a moderate to rapid rate,
and have little solubility in aqueous systems. In California, 432 samples taken from
surface water around the state did not contain fenpropathrin at detectable levels
(CDPR 2012c¢).

4 Biotic Degradation

Fenpropathrin’s degradation in soil appears to be largely mediated by aerobic
microbes. Chapman et al. (1981) tested its persistence in sterile and organic soils
and sterile and natural mineral soils. All soils were spiked with 1 mg/kg of the agent
and aged under aerobic conditions for 8 weeks. Results indicated degradation was
more rapid in natural organic and mineral soils (8% and 2% of the parent remaining,
respectively), compared to sterilized organic and mineral soils (83% and 94% of the
parent remaining, respectively).

Sakata et al. (1990) conducted experiments on the degradation of this agent in
light clay and sandy clay loam soils under aerobic, anaerobic, and sterile conditions.
Soils were pre-incubated for 2 weeks in the dark before being treated with the insec-
ticide (at 1 ppm) under aerobic conditions. The 7, , of the insecticide was estimated
at 11 and 17 days for the light clay and sandy clay loam soils, respectively. Under
anaerobic conditions, soils were again treated at 1 ppm and incubated for 2 weeks
under nitrogen gas; after 8 weeks residues were stable, and fenpropathrin was
detected at concentrations between 0.85 and 0.87 ppm. To achieve sterile conditions
soils were autoclaved and incubated for 8 weeks. At the end of the study residue
concentrations were found to be stable at 0.93 ppm for both soils. Sakata et al.
(1992) also performed a degradation study in two Japanese upland soils under
aerobic conditions. Both a light clay soil and a sandy clay loam were incubated for
2 weeks in the dark and then were brought to a concentration of 1 ppm. Soils were
kept in the dark at constant soil moisture during the study period. Fenpropathrin had
an estimated 7, , of 24.5 days in the light clay soil and 18 days in the sandy clay loam
(Table 2).

Akhtar et al. (2004) examined the persistence of this pyrethroid in soil when used
in combination with fertilizers, and the resultant effects on microbial growth. Soils
were obtained from vegetable fields and spiked with 100 or 1,000 ppm of fen-
propathrin. The fertilizer, consisting of diammonium phosphate, salt of potash,
urea, and Polydol™, was applied at 1%. Microbial cultures made from 1 g of un-
autoclaved soil and 100 mL of sterilized water were added as a treatment group to
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identify changes in degradation from microbial processing. Throughout 2 months of
study, no degradation was observed in any treatment. Changes in soil pH had no
effect on degradation, and at the 100 ppm concentration the pyrethroid had no
adverse effects on microbial growth. However, at 1,000 ppm changes in abundance
of some colonies were observed. With such high pesticide concentrations, microbial
degradation capacity may have been inhibited. Furthermore, no treatment group
containing only soil and culture was analyzed for microbial community composi-
tion, and therefore, soil microbial community structure with and without the addi-
tion of fenpropathrin cannot be compared.

The fate of fenpropathrin has also been studied in various plants (Mikami et al.
1985). For instance, the metabolic fate in cabbage was studied by radiolabeling the
a-cyano, benzyl, and cyclopropyl rings and applying foliar treatments in a green-
house for 42 days. The agent rapidly penetrated cabbage plants and was metabo-
lized with a7, , of 11-12 days (Table 2); ester hydrolysis was thought to be the major
pathway. Subsequent metabolism involved cyano hydrolysis to the respective amide
and carboxylic acids, hydroxylation of one or both gem-dimethyl groups, leading to
oxidation into a carboxylic acid, and hydroxylation of the phenoxy group. Hydrogen
cyanide was released upon hydrolysis of the ester linkage and the remainder rapidly
converted into amino acids and dipeptides. Less than 1.2% of the pyrethroid was
recovered outside of the treated portions of the plant, indicating that the pesticide
does not readily translocate. Additionally, bean plants grown to maturity in soils
previously treated with fenpropathrin exhibited no significant uptake or retention
(Mikami et al. 1985).

5 Abiotic Degradation

5.1 Photolysis

The rate of photolytic degradation of fenpropathrin on soil is dictated by light
intensity, soil moisture, soil acidity, and composition. Reaction kinetics on soil
surfaces and the resulting degradation products have been studied by multiple
investigators (Dureja 1990; Katagi 1993; Takahashi et al. 1985a); photolysis prod-
ucts include o-carbamoyl-3-phenoxybenzyl-2,2,3,3-tetramethylcyclopropanecarb
oxylate and 3-phenoxybenzoic acid (Fig. 5). Dureja (1990) examined photolysis on
sandy loam soil under both tropical sunlight and UV light conditions. The insecti-
cide was applied at a rate of 1.3 pg/cm? to soil samples, which were then exposed
to sunlight for 15 days; the estimated 7,,, was calculated to be 3—4 days (Table 2).
Additionally, Takahashi et al. (1985a) applied this pyrethroid to three types of soil:
light clay, sandy loam, and sandy clay loam. Treated soils were set on thin layer
plates (TLP), which were subsequently exposed to natural sunlight for 14 days. At
the end of the study period, the calculated half-lives for this agent were 1, 4, and 5
days, respectively (Table 2).
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Fig. 5 Degradation pathways of fenpropathrin in soil: II, (RS)-o-cyano-3-hydroxybenzyl 2,2,3,3
tetramethylcyclopropanecarboxylate; III, (RS)-o-cyano-3-(4-hydroxyphenoxy) benzyl 2,2,3,3
tetramethylcyclopropanecarboxylate; 1V, (RS)-a-carbamoyl-3-phenoxybenzyl 2,2,3,3 tetrameth-
ylcyclopropanecarboxylate; V, (RS)-a-carboxy-3-phenoxybenzyl 2,2,3,3 tetramethylcyclopro-
panecarboxylate; VI, 2,2,3,3 tetramethylcycloporpanecarboxylic acid; and VII, 3-phenoxybenzoic
acid (adapted from Sakata et al. 1990)

Soil moisture content also affects photolytic rate. Katagi (1993) analyzed the
effects of soil moisture content and UV irradiation on the degradation of fenpropath-
rin. Clay loam and two loam soil TLPs were prepared, and soil moisture was
adjusted to levels ranging from 0% (oven dried) to 100% (saturation). Samples were
fortified with the agent and continuously irradiated with artificial light for 14 days.
The degradation profile changed significantly with soil moisture content—when it
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exceeded 30%, an almost constant degradation rate of 0.7-1.0x 1072 day~! was
observed. However, degradation rates in soils with moisture content below 17%
increased significantly to 0.92 day~'. In the oven-dried soil, 90% of fenpropathrin
degraded within the first 3 days, with a 7, , less than a day. Enhanced UV irradiation
showed little effect on degradation rates. Hydration of the o-cyano group followed
by hydrolysis of the amide group was predominant in soils with moisture content
under 17%.

The surface acidity of clay is known to increase as moisture content decreases
via polarization of water molecules by exchangeable cations (Theng 1982; Voudrias
and Reinhard 1986). The predominant reactions in soils having high moisture con-
tent (50%) were cleavage of the ester linkage and hydroxylation. Degradation path-
ways and rates were also influenced by soil characteristics such as clay quantity and
species, and organic matter; primary break-down products were (RS)-a-carbamoyl-
3-phenoxybenzyl 2,2,3,3 tetramethylcyclopropanecarboxylate, (RS)-a-carboxy-3-
phenoxybenzyl 2,2,3,3 tetramethylcyclopropanecarboxylate, 3-phenoxybenzoic
acid, and CO,. Katagi concluded that degradation profiles were mainly dependent
on the acidity of the clay as a function of soil moisture, clay species, and organic
matter and not photolysis. The relationship of these parameters created an environ-
ment in which the insecticide was readily degraded because of the accessibility to
its oi-cyano group.

5.2 Hydrolysis

Fenpropathrin is fairly stable in aquatic systems under acidic conditions, with half-
lives ranging from 38 to 1,280 days (Takahashi et al. 1985b). Under basic condi-
tions (pH 9.4 at 25°C) it dissipates more quickly, with observed half-lives of less
than 3 days (Table 2). Takahashi et al. (1985b) also studied its hydrolysis in both
river and sea water at varying temperatures and pH. Buffer solutions used ranged
from pH 1.9 to 10.4 and temperature from 25 to 65°C. Fenpropathrin was found to
be unstable under basic conditions, with an estimated 7, n of less than 3 days at
pH 9.4 and above 25°C. The rate of hydrolysis and the formation of degradation
products increased as buffer solutions increased in pH. Additionally, by keeping
the pH constant and increasing the temperature, the rate of hydrolysis was
increased. However, under acidic conditions it was found to be relatively stable,
with a half-life ranging from 37.6 days at pH 6 and 55°C to 1,280 days at pH 1.9
and 40°C. Takahashi found that regardless of pH and temperature, the formation of
2,2,3,3-tetramethylcyclopropanecarboxylic acid (Fig. 5) was more rapid than the
formation of (RS)-o-carbamoyl-3-phenoxybenzyl 2,2,3,3-tetramethylcyclopropan-
ecarboxylate (Fig. 5). Cleavage of the ester bond via hydrolysis was more rapid with
neutral and base-catalyzed reactions, when compared to hydrolysis of the o.-cyano
group, regardless of pH and temperature (Takahashi et al. 1985b). Under neutral and
acidic conditions, fenpropathrin remains stable.
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Takahashi et al. (1985b) exposed fenpropathrin to natural sunlight in both river
and sea water samples for 2 weeks and found it to have half-lives of 2.7 and 1.6
weeks, respectively. The accelerated photodegradation observed in both river and
sea water, when compared to distilled water (>6 weeks; Table 2), may be attrib-
uted to natural photosensitizers such as humic acids, tryptophan, and tyrosine
present in natural waters (Takahashi et al. 1985b). Additionally, Takahashi
et al. (1985b) found that breakdown products in natural waters consisted
primarily of 2,2,3,3-tetramethylcycloporpanecarboxylic acid, (RS)-o-carboxy-3-
phenoxybenzyl 2,2,3,3-tetramethylcyclopropanecarboxylate, and 3-phenoxyben-
zoic acid, suggesting that the ester bond of fenpropathrin is more susceptible to
hydrolysis than the o-cyano group (Fig. 5).

6 Ecotoxicology

6.1 Insects

Fenpropathrin is 1,000-2,250 times more toxic to insects than to mammals (Bailey
2009; Cage et al. 1998), and there are a number of factors that contributes to the
difference in toxicity. For instance, Song and Narahashi (1996) found that the sen-
sitivity of voltage-gated sodium channels to pyrethroids is much greater in insects
than in mammals. Variation in sodium channel sub-units and differences between
regions of the neuronal membrane may explain the differences, although the inter-
action between pyrethroids and sodium channels is not fully understood (Bailey
2009). Additionally, neuronal poisoning may occur more rapidly in insects because
of their small relative size and decreased time available for detoxification (Song and
Narahashi 1996).

Fenpropathrin’s toxicity to insects has been studied by a number of investigators
(Bellows and Morse 1993; Michaud 2002; Michaud and Grant 2003). Michaud and
Grant (2003) tested its toxicity to nontarget insects representing four orders:
Coleoptera, Neuroptera, Hymenoptera, and Hemiptera. Exposures were conducted at
the standard field rate for citrus in Florida of 309 ppm, a 10-fold, and a 100-fold dilu-
tion. Application was by topical spray during the first instar of development or through
exposing the second instar to foliar residue for 24 h. Complete mortality was observed
for four species representing Coleoptera and a single species from Neuroptera exposed
during the first instar at the field rate concentration. The four Coleopterids experi-
enced 100% mortality at the 10-fold dilution and mortality ranged from O to 75% at
the 100-fold dilution. Single species from the Orders Hymenoptera and Hemiptera
were treated during the second instar; at field rate concentrations mortality was >96%.
Mortality was 64% and 12% at the 10-fold dilution and 25% and 0% at the 100-fold
dilution for the Hemipterid and Hymenopterid species, respectively.

The pyrethroids are highly toxic to both target and nontarget insects. Bellows and
Morse (1993) found that the pyrethroids were the most toxic to two Coleopterid
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Table 3 Ecotoxicology data for selected species

Common name Species Exposure time (h) LC,, (ug/L)
Waterflea® Daphnia magna 48 0.5

Honey Bee” Apis mellifera 48 0.05
Bluegill* Lepomis macrochirus 96 23
Rainbow Trout® Oncorhynchus mykiss 96 2.3
Channel Catfish? Ictalurus punctatus 96 55
Sheepshead Minnow*® Cyprinodon variegatus 96 3.1

Grass Carp® Ctenopharyngodon idella 48 3.59
Western Mosquitofish® Gambusia affinis 48 1.3

Mallard Duck® Rana limnocharis 192 9.026x 10°
Opossum Shrimp® Americamysis bahia 96 0.021
Fiddler Crab¢ Uca pugilator 96 5.2

*Kegley et al. (2012)

"Valent (2008)

°U.S. EPA (2007)

species, followed by the carbamates and organophosphates, with fenpropathrin
being the most toxic of the pyrethroids tested. As a result of pyrethroid exposure,
developmental times of insects increased, negatively affecting fitness. However,
Michaud (2002) noted that larvae of H. axyridis showed decreased developmental
times when exposed to leaf residues of fenpropathrin, resulting in incomplete devel-
opment. Many nontarget species play a vital role in predation, and thus on the con-
trol of crop pests. Additionally, because fenpropathrin is a highly toxic contact
poison, it may negatively impact honey bee (Apis mellifera) and other insect popu-
lations and inhibit their pollination services for agriculture; the acute contact LD
for honey bees is 0.05 pg/bee (Table 3). This falls in the middle of the range of
pyrethroid LD, values, compared to 0.029 ug/bee for contact application of
permethrin and 0.103 and 0.044 pg/bee for cypermethrin and bifenthrin 48 h after
ingestion, respectively. Additionally, the high toxicity and fat solubility of the pyre-
throids relative to the neonicotinoids may present a greater risk to the honey bee.
Further research on how to limit and mitigate the effects of pyrethroid exposure on
nontarget insect populations is needed.

6.2 Aquatic Organisms

Fenpropathrin’s mode of action and high bioconcentration factor (1,100) make it
potentially highly toxic to fish and other aquatic organisms; exposure may arise
from urban, agricultural, or mixed-use sources. It is more toxic at cooler tempera-
tures, and thus more toxic to cold water than warm water fish, but the toxicity of
pyrethroids is little affected by pH or water hardness (Cage et al. 1998; Mauck et al.
1976). The 96-h LC,  for rainbow trout and channel catfish are 2.3-5.5 pg/L, respec-
tively. Toxicity values for additional species are listed in Table 3.
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The potential for bioaccumulation of fenpropathrin has been examined using the
fish Tilapia nilotica and water from the Nile River (Al-Makkawy and Madbouly
1999). Upon application to water at a rate of 1 ug/L, fenpropathrin degraded gradu-
ally and was undetectable after 28 days; the predicted 7, in water was 2.5 days
(Table 2). Maximum residue concentrations in the heads and flesh of T. nilotica
were 130 ppb and 7 ppb at 3 days, respectively.

Acute toxicity of the agent was also studied in the grass carp, Ctenopharyngodon
idellus. Wu et al. (1999) employed laboratory fresh water systems, with the addi-
tion of dissolved humic material (DHM), to determine its influence on the bio-
availability and toxicity of the insecticide. Increasing concentrations of DHM led
to a decrease of free aqueous residues. Additionally, carp mortality was inversely
correlated with humic material content, as would be expected; 8-h LC50 values
were 2.51, 3.72, and 4.68 ug/L in 0, 1, and 10 mg/L. DHM, respectively. The
inverse relationship is probably due to sorption of the pyrethroid by the humus, as
it reduces free pesticide available to diffuse through biological membranes. Similar
results have also been observed for Daphnia magna, with a 20-80% reduction in
mortality when pyrethroid exposure occurred in the presence of humic material
(Day 1991).

Ding et al. (2011) evaluated the presence and toxicity of fenpropathrin in the
Central Valley of California. Three different sediment types were spiked with the
insecticide for 10-day bioassays involving Hyalella azteca (third instar); a single
sediment type was used for similar tests involving Chironomus dilutus (juvenile).
Sediments were spiked with the insecticide, covered with aluminum foil and aged
for 12 days at 4°C before use. The insecticide persisted in all sediments, with deg-
radation rates ranging from 1 to 12% over the 10-day test. The estimated 10-day
LC,, for C. dilutus was 177 ng/g, while it ranged between 11 and 40 ng/g for
H. azteca. In California, fenpropathrin residues have been observed at concentra-
tions up to 19.4 ng/g in sediment samples, indicating the prospect photodegradation
products (RS)-a-carbamoyl-3-phenoxybenzyl 2,2,3,3-tetramethylcyclopropanecar-
boxylate, 2,2,3,3 tetramethylcycloporpanecarboxylic acid, and 3-phenoxybenzoic
acid are markedly less toxic than the parent, with killifish 48-h LC50 values of more
than 10 mg/L (Takahashi et al. 1985a).

6.3 Birds

Similar to other pyrethroids, fenpropathrin displays low toxicity to terrestrial game
birds. Dietary LC_ values during 192-h exposures for mallard ducks and northern
bobwhite quail have been reported as 9,026 and >10,000 mg/kg, respectively
(Tomlin 1994). Although there is the potential for the insecticide to bioaccumulate,
it is thought that the insecticide rapidly transforms into nontoxic metabolites for
efficient excretion.
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6.4 Mammals

Fenpropathrin is relatively nontoxic to mammals due to the time it takes to reach the
central nervous system; the LD, for a male rat is 70.6 mg/kg in corn oil (Tomlin
1994). In general, there is little concern for acute toxicity to mammals from pyre-
throids, because these pesticides rapidly biotransform through ester hydrolysis and
oxidation reactions. These processes result in the formation of inactive
3-phenoxybenzoic acid and additional products (McEvoy 2000). Although the
major inactivation pathway of pyrethroids in mammals is through metabolic pro-
cessing, the inverse relationship between temperature and pyrethroid toxicity sup-
ports their being low concern for fenpropathrin toxicity at mammalian body
temperatures.

7 Summary

Fenpropathrin was the first of the light-stable pyrethroids to be synthesized. It is a
broad-spectrum insecticide that is used on numerous crops throughout the USA. It
is relatively nonpolar, contributing to its low water solubility, moderate volatility,
high octanol-water and organic carbon partition coefficients, and significant sorp-
tion to both particulate and organic matter. It degrades in the environment primarily
through photolysis, hydrolysis, and aerobic metabolism in both water and soil.
Volatilization has been demonstrated, and residues have been detected in air sam-
ples for weeks after application. It has low mobility in soil and consequently a low
potential for leaching to groundwater. The rate of photolysis in soil was determined
to be a function of soil moisture and soil acidity, which decreases the half-life when
soil moisture and acidity are increased. Under these conditions, half-lives can range
from 1 to 5 days.

Fenpropathrin in soil is also degraded via aerobic microbes, and half-lives under
aerobic conditions were found to be between 11 and 17 days. It remains stable under
anaerobic and sterile conditions, as no significant degradation was measured after 8
weeks. Photodecomposition of the insecticide in river and sea water is moderate
with 7, , estimates of 2.7 and 1.6 weeks, respectively. Hydrolysis proceeds primarily
through neutral- and base-catalyzed reactions, with observed half-lives in natural
waters ranging from less than 3 days to 2.7 weeks. Under acidic conditions, fen-
propathrin was shown to remain relatively stable with half-lives estimated to be as
long as 8,520 days; degradation occurs primarily through ester bond cleavage.

Fenpropathrin’s properties influence its high degree of toxicity to fish and aquatic
invertebrates as well as to nontarget terrestrial insects. This toxicity and the ability
to bioaccumulate in organisms are mitigated in the field by fenpropathrin’s efficient
metabolic degradation into nontoxic products, followed by rapid excretion. In addi-
tion, organic material in water may interact with fenpropathrin, reducing its bio-
availability. Consequently, under field conditions there is relatively low concern that
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fenpropathrin will cause toxicity to mammals, birds, and fish. However, fenpropathrin’s
high aquatic invertebrate toxicity and potential to persist in anaerobic environments
suggest measures should be taken to prevent excessive runoff into surrounding
waterways.
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1 Introduction

The term bioindicator defines organisms that respond to a pollutant load with
changes in vital functions or accumulate pollutants (Arndt et al. 1987). The use of
bioindicator organisms may allow researchers to evaluate the effects of mixtures of
pollutants on ecosystems in time and space, depending on the selected species and
approach (Hellawell 1986). In contrast, simple instrumental analyses of pollutants
can provide extremely precise data about their accumulation in organisms, but they
do not clearly reveal how different chemicals interact when they cooccur in complex
mixtures (Maynard 2004). Bioindicator organisms are often used in environmental
monitoring programs “to assess the condition of the environment, to provide an
early warning signal of changes in the environment, or to diagnose the cause of an
environmental problem” (Dale and Beyeler 2001). Such studies are designed to mir-
ror the quality of natural environments and can either be passive, when bioindicator
organisms are native inhabitants of the ecosystem, or active, when organisms of a
known biological past are inserted into the site to be monitored (Markert 2007).

Until recently, plants and other invertebrate groups were most critical to surveil-
lance of contaminated terrestrial ecosystems, and other species such as nematodes,
annelids, arthropods, or gastropods played only a complementary role (Lepp and
Salmon 1999; Zhang et al. 2007; Strandberg et al. 2009; Wang et al. 2009; Zvereva
and Kozlov 2010). However, in the past decade or so, these latter species have
attracted enhanced research interest, and therefore, several active (e.g., Gomot de
Vaufleury and Pihan 2000; Scheifler et al. 2003; Regoli et al. 2006; Gimbert et al.
2008; Fritsch et al. 2011) and passive biomonitoring-related projects (e.g., Rabitsch
1996; Beeby and Richmond 2002; Notten et al. 2005; Mourier et al. 2011) have been
successfully performed with them on both xenobiotic (i.e., Pb, Cd) and physiological
heavy metals (i.e., Cu, Zn).

Apart from their ecological role and importance as the most species-rich group of
terrestrial mollusks, the land snails’ ecological and biological attributes closely
adhere to the preconditions of serving as suitable bioindicators. First, these ubiqui-
tous and sinantropic mollusk species are abundant in the wild and have population
densities up to 200 individuals per square meter (i.e., Carychium tridentatum—
Mason 1970). Second, they are easily reared under laboratory conditions (Hodasi
1979; Dan and Bailey 1982; Pawson and Chase 1984; Gray et al. 1985; Gomot and
Deray 1987; Jess and Marks 1989; Schuytema et al. 1994; Desbuquois and Madec
1998; Lazaridou-Dimitriadou et al. 1998; Dupont-Nivet et al. 2000; Garcia et al.
2006). Third, their physiological particularities (i.e., dual respiration through lung
and tegument, regular ingestion of small amounts of soil and vegetation) allow them
to accumulate pollutants through multiple routes of exposure: oral, dermal, and
respiratory (Gomot de Vaufleury and Pihan 2000; Regoli et al. 2006; Scheifler et al.
2006; Fritsch et al. 2008).

Several authors (Coughtrey and Martin 1976; Bigliardi et al. 1988/1989; Beeby
and Richmond 2003; Viard et al. 2004; Wegwu and Wigwe 2006) have noted that
land snails have the ability to tolerate substantive concentrations of the elements they



Use of Land Snails (Pulmonata) for Monitoring Copper Pollution in Terrestrial. .. 97

bioaccumulate in their tissues. The physiological basis for this amazing tolerance is
the efficient binding of heavy metals ions by specific metallothioneins (Taylor et al.
1988; Dallinger et al. 1989) and their deposition in insoluble intracellular granules
(Howard et al. 1981). Snails do, however, suffer biologic effects from metal expo-
sure, such as inhibition of growth and development, as well as alterations to repro-
ductive functions (Russell et al. 1981; Snyman et al. 2000; Gomot de Vaufleury and
Kerhoas 2000; Notten et al. 2006). Since land snails are important prey for mam-
mals, birds, and large invertebrates (e.g., Symondson and Lidell 1993; Graveland
etal. 1994), they may also be involved in the biomagnification of heavy metals along
food chains (Laskowski and Hopkin 1996b). Overall, land snails (Pulmonata) are
regarded to be a model invertebrate for heavy metal accumulation in terrestrial eco-
systems (Gomot de Vaufleury 2000).

Because land snails (Pulmonata) are sensitive to pollution and are subject to
damage from many pollutants, several pollutants have been candidates for evaluat-
ing snails as potential bioindicator organisms. Copper (Cu) was chosen not only
because it is an anthropic-induced pollutant that has environmental health conse-
quences but also because people have used it and have been exposed to it on a large
scale since the Bronze Age (Hong et al. 1996a, b; Vesely 2000). Even today, large
amounts of copper compounds are routinely released to the environment from sev-
eral key human activities that include industrial and animal production, intensive
agriculture, mining operations, siderurgy, and steel manufacturing (Georgopoulos
et al. 2001; Warnken et al. 2004; Menezes et al. 2004; Finnie 2006; Hulskotte et al.
2007). As a result, copper release and contamination represents a great matter of
concern to much of the World’s population (Nogué et al. 2000; Caldentey and
Mondschein 2003).

Although there are two types of copper ions, copper (I) and copper (II), the
most commonly encountered are copper (II) compounds (Vidal et al. 1999). This
may be because copper (I) ions attain stability only under reducing conditions
(Nenitescu 1972), something that may be expected within certain cells, but not in
an oxidizing environment. At low concentrations, copper ions are trace elements
required by all animals as essential constituents of cofactors, enzymes, and pro-
teins (Gadd 1992; Linder and Hazegh-Azam 1996; Stehlik-Tomas et al. 2004).
However, the persistence of Cu ions renders them potentially toxic in contami-
nated ecosystems (Kuffner et al. 2008; Shrivastava 2009). Weser et al. (1979) men-
tioned at least 30 known copper-based enzymes, all functioning as redox catalysts
(e.g., cytochrome oxidase, nitrate reductase) or dioxygen carriers (e.g., hemocya-
nin); such biologic processes exploit the easy interconversion of copper (I) and
copper (II) ions (Lippard and Berg 1994). These same ions, by contrast, are able to
produce toxic hydroxyl radicals (—OH) in Fenton-like reactions, and as a conse-
quence, they can be toxic to cellular components like proteins, lipids, and DNA
(Schumann et al. 2002).

Generally, organisms are exposed to copper via inhalation, food and water con-
sumption, and dermal contact with contaminated air, water, and soil (WHO 2004).
Because copper (II) sulfate is a compound that has applications in a wide range of
industries (e.g., from pyrotechnics to agriculture), this compound has been used in
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Table 1 Critical levels of tolerance to the action of copper that are dependent on the animal
species, exposure route and duration, dose, and chemical form of the copper compound involved

Contamination
path Copper dose, form, and effect Species Reference
Food LD, =472 ppb CuSO, Rats Extoxnet (1996)
LD,,=833 ppb Cu(OH), Rats
LDLo=1,000 ppb CuSO, Pigeons
LDLo=600 ppb CuSO, Ducks
Toxic effect=11 ppb CuSO, Humans
RDA =13-19 ppm Cu/day Humans WHO (2004)
Dermal LD,,=5,000 ppb Cu(OH), Rats Extoxnet (1996)
Drinking water ~ Safe level=2.0 mg CuSO,/L Humans  Pimentel (1971)
NOAEL =27.20 ppm Cu/day (acute duration Pizarro et al.
oral) (1999)
MRL =10 ppm Cu/day (acute duration oral) ATSDR (2002)
MCLG=1.3 mg Cu/L
Air PEL (8-h TWA)=0.1 mg/m? Cu (fume) Humans ATSDR (2002)
PEL (8-h TWA)=1.0 mg/m* Cu (dusts
and mists)
IDLH =100 mg/m? Cu (fumes, dusts,
and mists)
PM,, (standard)=20 pg/m* (annual average) CEPA (2002)

PM,  (standard)=12 Ug/m? (annual average)

Note: LD, median lethal dose, LDLo lowest lethal dose, RDA average dietary requirements,
NOAEL acute no-observed-adverse-effect level, MRL minimal risk level, MCLG maximum
contaminant level goal, PEL permissible exposure limit, /DLH immediately dangerous to life
and health, 8-h TWA average value of exposure over the course of an 8- work shift, PM!°
particulate matter with diameter less than 10 um, PM, ; particulate matter with diameter less
than 2.5 um

many studies as a benchmark of copper’s hazard to living organisms and to human
health (Brown et al. 1974; Guecheva et al. 2001; Mortazavi and Jafari-Javid 2009).
The toxic effects of copper to organisms, under various conditions, are described in
Table 1. Short-term exposure of humans to poisoning by Cu ingestion has been
associated with vomiting, hypotension, icteric teguments, digestive bleeding, and
gastrointestinal distress (Uriu-Adams and Keen 2005; Brewer 2007), whereas long-
term exposure induced liver and kidney damage (Singh et al. 2006). Nevertheless,
many animals including mammals have efficient mechanisms to regulate copper
accumulation, and such mechanisms allow many animal species to counteract
excess dietary levels (Bremner 1998; Mercer and Llanos 2003). Several studies
have revealed that copper does not bioconcentrate in fish (e.g., Jezierska and
Witeska 2006; Karayakar et al. 2010), but has a high potential to do so in mollusks
(e.g., Pefia and Pocsidio 2008; Lopes et al. 2011). Therefore, these invertebrates
were investigated for their potential to serve as bioindicators of copper pollution in
both terrestrial and aquatic environments (Oehlmann and Schulte-Oehlmann 2002).



Use of Land Snails (Pulmonata) for Monitoring Copper Pollution in Terrestrial. .. 99

Our purpose in this paper is to address the following practical questions relating
to the problems and contradictions of using land snails (Pulmonata) as sentinel
organisms for monitoring copper contamination:

1. What is the potential for using land snails (Pulmonata) as effective bioindicators
of copper contamination when they are exposed via contact with air, soil, or food,
or via field exposure (i.e., mixed air, soil, and food contamination)?

2. How is copper metabolized by gastropods, and what are the putative pathways
for copper accumulation (i.e., in tegument, lungs) and excretion (i.e., urine,
mucus)?

3. How is copper accumulation in land snails relevant to their use as indicators of
short- and long-term Cu contamination?

4. How have various biomarkers of copper pollution thus far been used in terrestrial
ecosystems to perform laboratory and field surveys, what are the limitations
associated therewith, and how can such impediments be overcome?

2 Sources of Copper Exposure to Terrestrial Snails
(Pulmonata)

Davies and Bennett (1985) reported that Cu is relatively abundant in the Earth’s
crust and generally exists at a level estimated to be 50 ppm. Copper (II) ions are
moderately soluble and disperse into the environment through natural phenomena
such as disintegration of minerals and lixiviation—the process of separating soluble
from insoluble substances by dissolution in water (Hulmann and Kraft 2003). As a
result, copper (II) ions are easily accumulated in soil, water, sediment, and air, as
well as in plants and animals.

Because terrestrial gastropods are involved at different trophic levels, both as
herbivorous and detritivore organisms (Dallinger et al. 2001a; Scheifler et al. 2003),
copper accumulates in their bodies when they consume contaminated vegetation,
and when they take up organic debris formed from the decay of organisms that live
in polluted ecosystems. In addition, land snails’ dual respiration (through lung and
tegument) renders them reliable sentinel organisms for monitoring heavy metal
emissions (Regoli et al. 2006). Furthermore, contaminated waters originating from
either mining activities (Samecka-Cymerman and Kempers 2007) or sewage treat-
ment plants (Deng et al. 2004) enter the snail’s bodies via water, food, or soil con-
sumption. As a result, land snails are exposed to the action of heavy metals through
multiple routes of contamination.

Gomot de Vaufleury and Pihan (2000) classified routes of exposure to heavy met-
als as follows: (a) contamination by breathing air; (b) contamination at the soil sur-
face by consuming plants, detritus, soil, and surface water; (c) contamination by
contact with soil, water, plant, and detritus. Land snails have different paths of expo-
sure that produce complex mutual actions at the biocenotic level, and therefore in
this review, we present research results that are related either to simple copper uptake
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via air, soil, or food, or to mixed air, soil, and food exposures (field exposure). In
Table 1, we provide data on the critical levels of animal and human tolerance to the
action of copper; such information may allow a facile assessment of Cu pollution
risk in terrestrial ecosystems by using land snails (Pulmonata) as bioindicators.

When expressing relative levels of Cu toxicity to different organisms, most
researchers have relied on values such as the 50% effective concentration (EC, ), the
half lethal concentration (LC, ) and dose (LD, ), the no-observable-effect concentra-
tion (NOEC), the lowest-observable-effect concentration (LOEC), average dietary
requirements (RDA), lowest lethal dose (LDLo), maximum contaminant level goal
(MCLG), or acute no-observed-adverse-effect level (NOAEL) (Table 1). Other terms
that are routinely used to express a hazard of Cu or other substances to human health
include the permissible exposure limit (PEL), the immediately dangerous to life and
health (IDLH) value, the minimal risk level (MRL), the average value for exposure
during an 8-h work shift (8-h TWA), and the hazard of particulate matter having
diameters <10 um (PM, ) or less than 2.5 um (PM, ,) (see Table 1). Gomot and Pihan
(1997) quantified variable affinities of snails for Cu by using bioaccumulation fac-
tors (BF) from ambient environment to organisms or contamination factors (CF)
related to accumulation in reference animals (Table 2). These two factors are impor-
tant, because the BF provides a measure of the degree to which land snails take up
and retain Cu from all exposure routes, whereas CF reveals the level of contamina-
tion that results from Cu exposure.

2.1 Exposure via Air

Inhaling tiny subdivisions of solid matter that results from pollution and are sus-
pended in a gas or liquid (particulate matter or PM) is known to produce health haz-
ards (Davidson et al. 2005; Sacks et al. 2011). Among the PM that poses the highest
threat are those particles referred to as PM, (particulate matter with a diameter
<10 wm) and PM, , (particulate matter with a diameter <2.5 um); these particle sizes
are known to produce higher metabolic risk to animals (including terrestrial pulmo-
nates) via respiration (Vinitketkumnuen et al. 2002). The toxic hazards imposed by
atmospheric contamination of copper is enhanced relative to other paths because Cu
particles may be easily resuspended in atmosphere as fine dust after they are removed
by gravitational settling, dry disposition, rain, or snow (Barceloux 1999).
Nonferrous metal processing through pyrometallurgically or hydrometallurgi-
cally methods represents a major source of copper emissions. Thus, Jorquera (2009)
reported higher PM concentrations than the standard ones (Table 1) in a copper min-
ing area near Tocopile (Chile), wherein PM, ranged between 79 and 117 pg/m’; in
contrast, PM, ; reached a concentration of 20 pig/m’. These values decreased progres-
sively as distance from the source increased, as shown by Sanchez-Rodas et al.
(2007), Sanchez de 1a Campa et al. (2008), and Zhang et al. (2008). Other significant
sources of copper aerial pollution were associated with urban areas and resulted from
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several combustion processes to wit: coal-fired power stations, vehicular traffic, and
waste incinerators (Bertram et al. 2002; Yoo et al. 2002).

Since many land snails are sinantropic species (e.g., Helix aspersa) that breathe
through their lungs as humans do, it is expected that they may efficiently mirror the
air quality in large urban areas (Gomot de Vaufleury and Pihan 2000). For exam-
ple, the Russian company Vodokanal uses six Giant African snails (Achatina
fulica) to monitor pollutants exhausted from a sewage incinerator (Titova 2011).
Regoli et al. (2006) reported mortality rates <10% for the gastropod Helix aspersa
(4-6 g total weight) after 4 weeks of exposure to exhaust gases from vehicular traf-
fic. These snails had been settled in plastic cages and did not have soil contact; they
were fed on uncontaminated vegetables and were deployed within 1 m of the road
margin in several Italian sites. The average concentration of trace copper in the
midgut glands of these animals, as assessed by atomic absorption spectrophotom-
etry with electrothermal and flame atomization, ranged from 8.65+1.34 up to
80.80+£22.90 ppm dry wt. Hence, from these aforementioned examples it is obvi-
ous that there are objective scientific data that sustain the concept of using land
snails as bioindicators of pollutant emissions.

2.2 Exposure via Soil

In soils, copper exists as both insoluble species and soluble ones bound to anions
such as chloride (CI") or sulfate (SO 42‘) (Sauvé et al. 1997). Although soil accumu-
lation of Cu varies by pH and organic matter content (Jeffery and Uren 1983;
Landner and Lindestrom 1999), free amounts are insignificant compared to the sys-
tem’s total copper burden (Sauvé et al. 1998). Once deposited in soil, Cu remains
relatively immobile over long periods of time (Nanda Kumar et al. 1995). Hence,
soil-bound Cu poses a higher risk to the health of land snails as compared to uptake
via inhaled air. The soil properties influence metal accumulation in land snails
(Gimbert et al. 2006). Pauget et al. (2011) recently revealed, for the first time, the
key parameters that affect metal transfer from soil to terrestrial mollusks (Helix
aspersa). The results showed that soil alkalinization and level of organic matter
content caused decreased metal (Cd, Pb) bioavailability to Helix aspersa, whereas
Kaolin clay had no significant effect.

Harrison et al. (1999) reported that the maximal concentrations of copper in soil
that are protective to soil-residing organisms should range between 40 and 100 ppm,
the exact level depending on the soil type. Elevated soil copper levels are associated
primarily with copper mining, smelting, and other copper-associated industries
(Perez and Calvo de Anta 1992; Kabala and Singh 2000; Mighall et al. 2002); soil
contamination from such activities was restricted primarily to soil surface horizons
and was directly related to the distance from the mining and smelting areas (Kabala
and Singh 2000). In addition, high soil concentrations of copper occur in areas
where waste from sewage treatment plants are disposed of onto soil or are used as
agricultural fertilizers (Singh et al. 2004). Abuse or over use of copper as an additive
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in animal nutrition also adds to the Cu soil levels from the use of manure as a natural
fertilizer (Ogiyama et al. 2005). Furthermore, rather high concentrations of total
copper (ranging from 38 up to 251 ppm) have been found in the upper soil horizon
of vineyards (Brun et al. 2001; Pietrzak and McPhail 2004; Rusjan et al. 2007,
Druart et al. 2011). Such findings are extremely important, because land snails
come in contact with these surface horizons, especially through their motility, egg-
laying, and feeding activities in soil (Gomot et al. 1989; Heller 2001) and as a con-
sequence face potential threats to their health.

Terrestrial gastropods regularly eat soil (Gomot et al. 1989; De Grisse et al.
1996; Elmslie 1998; Coeurdassier et al. 2002), and therefore, they bioaccumulate
copper not only via food from the food chain but also via contaminated soil. Most
studies address the bioaccumulation of heavy metals along trophic chains via food
uptake and do not address direct uptake from soil by cutaneous contact and/or by
eating contaminated soil. As a result, little information exists concerning direct cop-
per accumulation from soil. Coeurdassier et al. (2002) used an original approach to
assess the contribution of digestive and epithelial transfer of Cd from soil to Helix
aspersa. In this study, the snails were kept either in direct contact with the soil or
separated from the substrate with a perforated plate, i.e., allowing the ingestion of
soil, but avoiding the epithelial contact. Interestingly, the results showed that
cutaneous and digestive routes of exposure are equally efficient in transferring Cd
from soil to snail.

Because the foot of land snails comes into direct contact with contaminated soils,
the epithelial transfer is expected to occur as an important additional path of expo-
sure. Severe signs of toxicity have been reported to adult Helix aspersa exposed to
solutions of 0.01-0.1 ppm copper sulfate via the epithelium; such toxicity was
directly related to snail mortalities, the dose rate of the metal, and the amount of
mucus exuded (Bonnelly de Calventi 1965). Ryder and Bowen (1977a) demon-
strated cutaneous uptake of copper into the foot of slug Agriolimax reticulatus. The
slugs crawled on filter paper saturated with 1,000 ppm copper sulfate solution for
30 min. It was found that endocytosis is the primary mechanism by which cutaneous
transfer of molecules into the gastropod foot occurs (Ryder and Bowen 1977b).

Several studies have also shown that transporting proteins for different ions are
expressed in snail epithelial cells (Robertson 1964; Ahearn et al. 1994; Pivarov and
Drozdowa 2002). Among other functions, the epithelium of snail foot regulates the
quantity of water in the mucus, excretion of metabolites, and transepithelial ion
fluxes (Machin 1977; Simkiss 1988; Luchtel and Deyrup-Olsen 2001). Therefore,
the epithelial transfer of Cu ions may represent an important penetration route for
highly soluble copper salts, such as copper sulfate. In addition, evidence suggests
that other possible sources of Cu buildup in living snails may exist than simple con-
tact with soil residues or vegetation consumption. For example, it was found that the
earthworm Aporrectodea tuberculata increased the soil bioavailability of Cu to
Helix aspersa (Coeurdassier et al. 2007). As a result, future studies must be designed
to elucidate the physiological mechanisms specific to this route of contamination
and its potential importance in copper transfer along food chains.
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2.3 Exposure via Food

Most researchers investigating Cu exposure via food have conducted controlled
environment laboratory studies, in which test snails were fed fodder enriched with
selected levels of copper. Exposure to such Cu-enriched foods inhibited land snail
(Theba pisana) feeding and growth in a dose-dependent manner (EI-Gendy et al.
2011). Similar effects were reported for other Cu-exposed terrestrial snails such as
Helix pomatia (Moser and Wieser 1979), Helix engaddensis (Swaileh and
Ezzughayyar 2000), Helix aspersa (Gomot de Vaufleury 2000), Archachatina mar-
ginata (Otitoloju et al. 2009), or Limicolaria flammea (Amusan et al. 2002). The
degree of copper toxicity suffered by snails depends on various factors, such as snail
species, chemical form of the Cu, diet composition (Gomot and Pihan 1997), time of
exposure, age, size (Laskowski and Hopkin 1996a), or physiological status (Moser
and Wieser 1979). Regardless of the foregoing factors, the most significant effects of
Cu toxicity were observed to occur at the highest concentrations, and minimal or no
effects were observed at low and intermediate doses (as shown in Table 2).

In a study with Helix pomatia, about 97% of the ingested Cu accumulated in the
snail body, and the copper assimilation efficiency remained high as long as food
ingestion did not exceed 3% of the fresh snail body wt per day (Moser and Wieser
1979). It was found that this species was able to efficiently absorb copper from their
diet (Dallinger and Wieser 1984a) and was able to maintain a relatively stable Cu
concentration in their tissues (Dallinger et al. 2000). Similarly, Arianta arbustorum
fed on copper-enriched agar plates had an assimilation rate which always exceeded
95% (Berger and Dallinger 1989). In addition, the copper content of Levantina
hierosylima was strongly positively correlated with body wt (*=0.96), showing
that Cu levels were dependent on body wt (Swaileh et al. 2001). One plausible
explanation for such high assimilation rates may be the fact that in natural environ-
ments Cu always occurs at concentrations near the minimum nutritional require-
ments of invertebrate (Hopkin 1993a, b).

Scheifler et al. (2006) investigated the transfer of Cu in a soil-plant (lettuce,
Lactuca sativa)—invertebrate (snail, Helix aspersa) food chain under laboratory
conditions. The snails were exposed for 8 weeks to Cu either via contaminated let-
tuce or via contaminated soil and lettuce. It was found that Cu concentrations did
not increase during any of these experiments. Although incomplete, these data pro-
vides the basic argument that copper does not biomagnify along such food chains,
but it is rather efficiently regulated in the land snail body.

2.4 Field Exposure

In natural environments, land snails (Pulmonata) are exposed simultaneously to
heavy metals through multiple routes of exposure (Notten et al. 2005; Gomot de
Vaufleury et al. 2006). Therefore, Cu uptake may be regarded as a cumulative process
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that occurs via mixed air, soil, and food exposures, i.e., field exposure. Such findings
are extremely important, because terrestrial pulmonates spend their entire lives on or
in the upper soil horizons, and in polluted areas they routinely consume contaminated
soil, vegetation, and organic debris. Jones (1991) surveyed the area near the
Avonmouth nonferrous smelting works (in the UK) and reported the absence of Helix
aspersa, as a result of the extremely high levels of Cu pollution near the factory.
Other investigations (Forray 2002) similarly showed the absence of land snail Cepaea
vindobonensis near the Zlatna copper ore-processing and smelter plant (Alba County,
Romania).

The native land snail, Levantina hierosylima, sampled from several locations in
the West Bank—Palestine (Jerusalem, Abu-Dies, Qarawa, and Taibeh) revealed an
average copper concentration of 126.90 ppm, with significant differences in concen-
tration among the four sites (Swaileh et al. 2001). The concentration differences
were attributed primarily to site variability in atmospheric fallout from traffic roads
and industrial facilities.

Druart et al. (2011) investigated the reliability of Helix aspersa as a bioindicator
of pesticide drift, deposit, transfer, and effects in a vineyard near Bergbieten (Bas
Rhin, France). The juvenile snails (47 g total wt) were caged for 10 days and
exposed to Bordeaux mixture (CuSO, 7.6 g/L) via contaminated soil and wild veg-
etation. The results revealed an increase of copper concentration along the food
chain from 41.1 ppm Cu in the soil up to 140 ppm Cu in the snail body (foot and
viscera). The copper content in the ingested vegetation, foot, and viscera of Helix
pomatia (reared in open air farms) respectively were 1.79, 11.81, and 18.01 ppm
(Jokanovi¢ et al. 2006). Additional data concerning Cu accumulation in land snails
under field conditions are shown in Table 3.

Cu concentrations naturally occurring in plants generally do not exceed 10 ppm,
and the typical ratio between Cu concentrations in plants vs. soil has been estimated
to be 0.25 (Payne et al. 1988). To be nontoxic to plants, the maximum normal Cu
concentration must not exceed 50 ppm (Davis and Beckett 1978; Gogoasa et al.
2011). Phytoremediation studies in polluted areas have revealed that the copper
content of vegetation varies widely among different species, with dry wt vegetation
levels ranging from 0.6 ppm in Agropyron sp. to 80.8 ppm in Artemisia sp. (Porgbska
and Ostrowska 1999). The Cu levels in gastropod food are directly related to which
plant types are preferred and the degree to which Cu is accumulated in these pre-
ferred plants. Studies conducted by Wolda et al. (1971), Carter et al. (1979),
Lazaridou-Dimitriadou and Kattoulas (1991), Desbuquois and Daguzan (1995),
Iglesias and Castillejo (1999), and Chevalier et al. (2001) revealed that snails pre-
ferred such plants as nettle (Urtica dioica), lettuce (Lactuca Sativa), dandelion
(Taraxacum officinale), or members of the Poaceae family. Moreover, nettle (Urtica
dioica) and dandelion (Taraxacum officinale) have proved to be reliable plant indi-
cators of copper contamination (Krélak 2003; Yildiz et al. 2010).

Because land snails are major herbivores in natural terrestrial ecosystems (Beeby
1985), Cu exposure via food uptake is expected to serve as the main path of their
contamination. The best way to assess land snail validity, reliability, and viability as
bioindicator of Cu pollution under field conditions is to relate copper concentrations
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in the gastropod body with concentrations in plants on which the snails feed. Several
study authors have revealed the selectivity in food choice exhibited by many species
of land snails (e.g., Baur et al. 1994; Hanley et al. 1995; Linhart and Thompson
1995). Therefore, to ensure accomplishment of the aforementioned task the food
items that snails had consumed before being collected must be precisely identified
(Dallinger et al. 2001a).

Several authors have studied the relationships between copper accumulation in
soil, plant leaves, and snails. Notten et al. (2005) investigated Cu transfer in a soil—
plant—snail food chain in the Biesboch area (The Netherlands). Cu accumulation
was measured in soil, Urtica dioica leaves, and Cepaea nemoralis soft tissues (i.e.,
whole body without shell). Copper in the snail body was independent of the concen-
tration in soil (#=0.02), but correlated moderately with Cu level in nettle leaves
(*=0.39). By contrast, Nica et al. (2012) reported a strong correlation between Cu
content in Helix pomatia foot and soil (r=0.90). However, the amount of Cu present
in the snail body (i.e., foot, hepatopancreas) was generally independent of concen-
trations in soil and nettle leaves (r=0.20-0.62, p>0.05). In addition, Beeby and
Richmond (2003) found no relationship between copper levels in Helix aspersa soft
tissues (i.e., whole body, whole body without hepatopancreas, hepatopancreas) and
concentrations in both vegetation (dandelion—7araxacum officinale) and soil
(r=0.02-0.08). In summary, these data reveal that land snails do not serve as a
“sink” for copper accumulation along terrestrial food chains, and moreover, they
suggest that these mollusks are metabolically able to tolerate and regulate external
copper influx.

3 Metabolic Regulation of Copper in Land Snails (Pulmonata)

Unlike the hemoglobin in red blood cells found in vertebrates, hemocyanins are
respiratory metalloproteins, which are suspended directly in the gastropods’ hemo-
lymph (Mikkelsen and Weber 1992) and contain two copper atoms that reversibly
bind a single oxygen molecule (Velkova et al. 2010). As a result, all pulmonate spe-
cies, including the terrestrial ones, have blue rather than red blood (when oxygen-
ated), excepting a single gastropod family, the Planorbidae (Markl 1986). Although
these proteins are, at most, one-fourth as efficient as hemoglobin at transporting
oxygen, their free-floating nature allows them to carry higher amounts of oxygen at
higher densities (Karlin et al. 1987). In addition, copper peptides and superoxide
dismutase (SOD) are naturally found inside the complex glycoconjugates secreted
by land snails when under stress (Siddiqui et al. 2009).

Studies conducted on Helix pomatia by Moser and Wieser (1979) revealed basic
information about how copper is metabolized, stored, or transmitted during diges-
tion. Ingestion of copper-enriched foods initially induced a rapid increase of the Cu
concentration in the anterior alimentary tract. This was followed 3 days later by a
massive Cu level increase in the midgut glands, and finally, after 5 days, by a further
accumulation in the posterior part of the alimentary tract, especially in the intestine.
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A major part (97%) of copper ingested via contaminated lettuce (1,390+420 ppm)
remained in the snail body, with the midgut and the albumen glands being the main
storage sites for bound copper. In addition, the amounts of copper appearing in feces
was independent of the food type ingested, and Cu levels found were not so differ-
ent from those found in feces of organisms ingesting untreated lettuce.

Swaileh and Ezzughayyar (2000) showed to Helix engaddensis that the inhibi-
tory effect of consuming a Cu-contaminated diet is reversible after the end of an
exposure event. Hence, a few days after cessation of copper administration it was
quickly eliminated from the body, and intratissular levels decreased to normal values
as observed on other snail species by Dallinger (1996). Sulfur-reducing bacteria that
exist in the gastropod esophageal crop can facilitate Cu absorption in the snail body
(Simkiss 1985). Taken together existing data on how land snails accumulate, excrete,
and metabolize Cu, show that these organisms are a class of invertebrates that are
able to efficiently regulate copper influxes. How snails metabolically respond to Cu
uptake also reinforces the thought encompassed by the last sentence.

Achatina fulica exposed to sublethal doses of copper displayed differential
responses of tissue carbohydrate level and phosphatase activity; these results pointed
to the lactate/pyruvate ratio and intratissular calcium content as direct evidence for
the snail adaptation to Cu-induced toxic stress (Ramalingam and Indra 2002). After
10-12 weeks of exposure, fecal copper levels reached their peak, whereas the total
excreted copper progressively increased (Ireland and Marigomez 1992). Feces as a
main excretory path for Cu was affirmed in other studies as well (Moser and Wieser
1979; Laskowski and Hopkin 1996a; Z6dl and Wittmann 2003). In contrast, there is
no evidence to support excretion of copper via the urine, although mucus is thought
to be a potential route of heavy metal excretion (Menta and Parisi 2001).

Feeding experiments have revealed that most ingested copper remains in the
snail body, and little is excreted via feces, urine, or mucus vs. the total ingested
amount. Therefore, one can conclude that copper is metabolically regulated through
other physiological mechanisms. Several researchers found that the accumulation
and regulation of Cu is associated particularly with tissues of the mantle and hepa-
topancreas (e.g., Berger and Dallinger 1989; Laskowski and Hopkin 1996b; Snyman
et al. 2000). The latter organ was regarded as central to the metabolism of land
gastropods, and among other functions acts as the main site of metal storage and
detoxification (Janssen 1985). The metabolic pathway that trace elements follow
inside mollusks’ bodies is dependent on the physicochemical properties of the ele-
ment involved. Copper is regarded to be among the so-called border-line metals
(class C) that include trace elements that can bind both oxygen- and sulfur-bearing
ligands (Nieboer and Richardson 1980). Once absorbed, Cu may follow the same
pathway by which calcium is metabolized, and therefore, it may finally precipitate
within insoluble calcium granules from hepatopancreatic basophilic cells (Simkiss
1981; Simkiss et al. 1982; Almendros and Porcel 1992). Several study authors
reported that copper precipitation occurred in this manner to Arion ater (Ireland
1979; Marigomez et al. 1986). In some gastropod species, these granules are
released into the hepatopancreatic tubular lumen, and as a consequence, may pro-
vide an additional route of trace element excretion (Simkiss and Mason 1983).
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Several authors have revealed that, in addition to cellular compartmentalization,
heavy metals (e.g., Cu, Zn, Cd, Hg, and Ag) can be sequestered in the snail tissues
by complexation to specific metallothioneins (MTs). These proteins, which are
located on Golgi apparatus membrane, lower heavy metal availability within cells,
and hence, reduce their cytotoxic potential (Kégi and Schéffer 1988; Dallinger
1996; Sigel et al. 2009). In addition, MTs may also be involved in regulating Zn and
Cu homeostasis (Cherian and Goyer 1978).

Berger et al. (1997) was the first to characterize a specific Cu metallothionein
(HpCuMT), which in their case, was from the mantle tissue of Helix pomatia. This
protein, coded in Protein Knowledgebase as P55947 (MTCU_HELPO), consists of
64 amino acids, of which 14 cysteine residues are arranged in C-X-C groups
(UniProtKB 2011). Although the HpCuMt isoform presented the same arrangement
of cysteine like the specific cadmium metallothionein isoform (HpCdMT) obtained
from H. pomatia midgut glands, these two MTs were different in total length and at
26 positions along their peptide chains (Dallinger et al. 1997, 2004b). Because the
thiol group of this protein’s cysteine residues allows it to carry copper (I) ions, the
HpCuMT isoform was associated with regulating Cu in the context of the synthesis
and metabolism of hemocyanin (Dallinger et al. 2001b; Chabicovsky et al. 2003).
Similarly, it was demonstrated that the CaCuMT isoform, isolated from H. aspersa,
is deeply involved in Cu homeostasis, sharing about 30-50% of the task of main-
taining Cu balance (Hockner et al. 2011).

Recently, the aforementioned role of HpCuMT isoform in hemocyanin synthesis
and metabolism has been confirmed. Thus, it was demonstrated that the copper in
the Roman snail (Helix pomatia) is regulated only by the rhogocytes (Dallinger
et al. 2005), which are specialized cells that occur only in mollusks (Albrecht et al.
2001; Sturm et al. 2006). Rhogocytes appear as large cells (up to 30 um long) which
are either scattered singly throughout the connective tissue of body parts (particu-
larly in mantle, foot, gut, and digestive glands) or aggregated in small cell accumu-
lations placed around blood the sinus and/or blood vessels (Dallinger et al. 2005).

Notwithstanding the foregoing, the precise mechanisms involved in the meta-
bolic regulation of copper in land snails (Pulmonata) are still unknown. It was found
that both whole rhogocytes and their storage products can be eliminated from the
bodies of land snails by diapedesis (Brown 1967; Marigomez et al. 2002).
Nevertheless, rhogocytes seem to possess endocytotic and phagocytotic abilities
(Haszprunar 1996), and their potential role in metal uptake, intracellular trafficking,
and extrusion out of land snails cells cannot be excluded. In addition, Dallinger
et al. (2005) suggested that specific carrier proteins may be involved in the efficient
regulation of copper in terrestrial pulmonates. In fact, similar mechanisms were
found to exist in yeasts (Riggio et al. 2002) and in mammals (Pase et al. 2004).
Moreover, Fisker et al. (2011) revealed the possible existence of a genetic compo-
nent in the inheritance of copper tolerance to other soil invertebrates (i.e., earth-
worm Dendrobaena octaedra). Similar mechanisms are likely to exist in terrestrial
gastropods (Pulmonata), and therefore, in the future, researchers must further inves-
tigate and clarify the physiogenetic background of the land snail’s ability to adapt
and live in Cu-polluted areas.
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4 Bioaccumulation of Cu by Land Snails

Because many species of land snails (Pulmonata) are able to concentrate trace met-
als in their tissues, these mollusks can be included among the so-called “bioindica-
tors of accumulation” (Dallinger et al. 2001a). Dallinger (1994) defines the
biological concentration factor as the slope (a) of linear relationship existing
between metal concentration in the environment (x) and metal accumulation in the
gastropod’s body (v). Many land snail species (e.g., Helix pomatia, Helix aspersa,
Cepaea nemoralis) accumulate Cu far above environmental concentrations (a>2),
and therefore, they function as “macroconcentrator” species for Cu (Dallinger and
Rainbow 1993; Laskowski and Hopkin 1996a).

Although copper is widespread throughout land snails tissues, it does not accu-
mulate at specific locations like lead or cadmium do (Coughtrey and Martin 1976).
Most authors reported that Cu distribution among body organs is particularly asso-
ciated with the snail foot, mantle, and midgut glands/hepatopancreas. This trend
(see Tables 2 and 3) is valid for most species of terrestrial gastropods such as Helix
pomatia (Moser and Wieser 1979; Dallinger and Wieser 1984b; Gheoca and Gheoca
2005), Helix aspersa aspersa (Laskowski and Hopkin 1996a; Gomot and Pihan
1997; Druart et al. 2010), Helix aspersa maxima (Gomot and Pihan 1997), Arianta
arbustorum (Berger and Dallinger 1989; Rabitsch 1996), Achatina fulica (Ireland
and Marigomez 1992), Aegonis verticillus, Bradybaena fructicum (Rabitsch 1996),
and Archachatina marginata (Otitoloju et al. 2009).

Adeyeye (1996) and Ozogul et al. (2005) reported copper accumulation in the
meat of edible snails, but did not precisely identify the source of the Cu, which may
have been from natural occurrence or from contamination through ingestion of pol-
luted soil, food, or organic debris. Interestingly, quite different Cu concentrations
were reported to exist in the foot of contaminated snails. Moser and Wieser (1979)
found Cu concentrations from 133+36 up to 817+55 ppm dry wt in the foot of
Cu-exposed Helix pomatia, whereas Gomot and Pihan (1997) determined higher val-
ues that ranged from 1,261.90 to 2,113.00 ppm dry wt in the foot of Cu-contaminated
Helix aspersa. Both species were reared under laboratory conditions and were fed
Cu-enriched diets. In addition, several authors have revealed the levels to which cop-
per bioaccumulates in different land snail species (Berger and Dallinger 1993;
Rabitsch 1996), and therefore, one can conclude that bioaccumulation levels are
related to their different ecophysiological particularities. Because even within closely
related species of land snails there are significant differences in copper uptake, accu-
mulation, and detoxification (Gomot and Pihan 1997), the comparisons of concentra-
tions between different species must be treated with caution, or, preferably, avoided.

Since land snail’s nutrition may be compromised by heavy metal pollution, it is
expected that the copper content of land snails will range widely, even within the
same species. Babafola and Akinsoyinu (2009) reported that Limicolaria sp. and
Achatina sp., sampled from Ibadan (Ido State, Nigeria), contained copper concen-
trations in the foot that were between 0.29+0.07 and 1.03+0.07 mg/100 g of fresh
meat, whereas Fagbuaro et al. (2006) detected no trace of copper in snails purchased
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from Ado Ekiti (Ekiti State, Nigeria). Gomot and Pihan (1997) showed that the
bioaccumulation capacity is higher for the smaller subspecies Helix aspersa minima
(syn. Helix aspersa) vs. Helix aspersa maxima (Table 2). This seems paradoxical,
but it might be associated with different digestive physiology between the species,
as proposed by the latter authors, rather than from differences in food composition,
as suggested by Greville and Morgan (1990), or from chemical speciation of Cu in
the food of snails, as inferred by Berger and Dallinger (1989). In addition, the
amount of copper per unit weight of tissue increased with size and age within
the same species (Marks 1938). Gomot and Pihan (1997) thought this was from the
more intense metabolism that occurred in growing animals. Moreover, Coughtrey
and Martin (1977) found that the copper level increased in a linear fashion with
H. aspersa weight. Because winter dormancy is associated with the cessation of
hepatopancreatic detoxifying activity, higher rates of copper bioaccumulation are
expected to occur in hibernating snails than in the active ones. For example, Moser
and Wieser (1979) revealed that adult H. pomatia fed for 3 weeks with copper-
enriched lettuce retained Cu at values up to eight times higher during the winter than
during the summer. Moreover, H. aspersa exhibited better uptake efficiency of cop-
per (I) sulfate than copper (II) chloride (Gomot and Pihan 1997). Therefore, one
can conclude that copper accumulation in the snail body may be affected by both
genetic and physiological factors.

Most studies on accumulation of Cu in land snails (Pulmonata) have shown that
the animals usually tend to regulate this metal content in their soft tissues, rather than
concentrating it as a function of environmental Cu concentrations in the soil (see
Sect. 2.4). Hence, any increase of Cu concentrations in the land snail organs, in
response to external Cu uptake, have generally proved to be transient (e.g., Moser and
Wieser 1979; Swaileh and Ezzughayyar 2000), whereas an important fraction of Cu
in snail soft tissues was always bound to a Cu-specific MT isoform, irrespective of
environmental exposure (Berger et al. 1997). Berger and Dallinger (1993), Gomot
and Pihan (1997), and Dallinger et al. (2004a) showed that copper bioaccumulated
ten times higher in the tissues of snails living in polluted soil habitats (10~ to 10~ mol/
kg dry mass) than it did in snails inhabiting unpolluted areas (10~ to 10~ mol/kg dry
mass). Dallinger et al. (2005) reported that Cu-exposed Helix pomatia concentrated
only two to three times higher amounts of copper in their soft tissues than did the
control animals. The Cu-exposed snails were fed with Cu-enriched lettuce leaves
(7.22+1.38 uM Cu/g dry wt) for 15 days, whereas the control animals were kept
under the same conditions but were fed with uncontaminated food (0.35+0.13 uM
Cu/g dry wt). This moderate pattern of copper bioaccumulation in the snail soft tis-
sues is in accordance with land snail ability “to maintain Cu concentrations in their
organs within a moderate range, even under conditions of increased Cu availability in
the environment” (Dallinger et al. 2000). These results are in contrast to the long-
term accumulation of nonessential metals (e.g., Cd) by these animals and do favor the
use of terrestrial snails (Pulmonata) as a long-term Cu bioindicator species.

Although, other divalent metals such as cadmium (Beeby and Richmond 1987)
or lead (Beeby and Richmond 2002) do accumulate in the shells of terrestrial pul-
monates, little information exists regarding copper accumulation in this organ.
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However, there are premises to assume that copper may accumulate in snail shells
for a longer time than in their soft tissues. Traces of copper were found in the shells
of Cepaea vindobonensis that were sampled both from polluted and unpolluted
areas of the southwestern Apuseni Mountains (Forray 2002). Because the gastropod
blood contains hemocyanin, it is expected that shells will contain at least traces of
Cu. Copper accumulations of 0.10 up to 2.30 ppm dry mass were reported in the
shells of Archachatina marginata and Achatina fulica that were sampled from dif-
ferent sites in Nigeria (Oyedepo et al. 2007; Aboho et al. 2009). Both Archatina sp.
and Limicolaria sp. inhabiting the same area, however, exhibited higher copper con-
centrations in the shell (viz., 4.31 and 16.98 mg/L) (Jatto et al. 2010).

Laskowski and Hopkin (1996b) reported that the copper content in Helix aspersa
shells increased with Cu exposure concentrations, but its accumulation (<3.70 ppm)
was insignificant as compared to those in soft tissues (ranging from 66 up to
906 ppm). In contrast, Gbaruko and Friday (2007) found that Archachatina margin-
ata had almost threefold higher concentrations of copper in the shell (2.10+0.03 ppm)
than in the body (0.89+0.04 ppm dry mass). Because the duration of most studies
was only a few months, snails were exposed to copper for only short time periods,
which probably restricted significant transport into the shells (Laskowski and Hopkin
1996b). Although little information exists concerning the influence of Cu on shell
traits, such information does exist for aquatic species. The mud snail Cipangopaludina
chinensis malleata presented an inverse correlation between shell width and concen-
trations of copper in the snail body (Kurihara et al. 1987), whereas Lymnaea stagna-
lis deposited copper mostly in the shell (Pyatt et al. 1997). Contextually, copper may
accumulate in the shell of animals exposed for all or the majority of their lives. As
indirect proof of this, Eeva et al. (2010) found spatial variations in the shell mass of
terrestrial snails that were indirectly associated with Cu levels near a copper smelter;
shell size, and mass were highest in moderately polluted areas and smallest in the
most polluted ones. Further studies are required to expand on these findings and to
elucidate the physiological significance of these results.

5 Biomarkers of Copper Pollution in Land Snails

Biomarkers are defined as chemicals, metabolites, susceptibility characteristics, or
changes in the body that relate to the exposure of an organism to a chemical or a group
of chemical agents (Walker et al. 1996). Unlike bioindicators, biomarkers are not spe-
cies but subindividual parameters (Dallinger et al. 2001). The presence of a biomarker
does not necessarily reveal the source or route of exposure (Paustenbach and Galbraith
2006), but it can be used to determine if an exposure has occurred and the resulting
effects of the exposure (Gil and Pla 2001). Although the cytochrome P450 monoxy-
genase system is a commonly used biomarker in mollusks as prognostic tools for
increased levels of pollution (e.g., Peters et al. 1999; Livingstone et al. 2000; Michel
et al. 2001; Zanette et al. 2010), little information exists concerning its engagement in
pollutant metabolism by land snails (Ismert et al. 2002). Instead, several measures of



114 D.V. Nica et al.

exposure and effect can be used in these mollusks as biomarkers of copper exposure:
(a) cellular biomarkers (ultrastructural and hispathological alterations); (b) lysosomal
biomarkers (i.e., lysosomal stability, lysosomal membrane integrity); (c) induction of
metallothioneins (MTs); (d) biomarkers of oxidative stress (i.e., balance between pro-
and antioxidant factors, capacity of cellular antioxidants to neutralize reactive oxygen
species—ROS, loss of DNA integrity). In Table 4 we provide data on the values of
selected biomarkers in Helix aspersa that depend on copper dose and exposure time.
This species was chosen not only because its physiology is well known (Gomot de
Vaufleury 2000) but also because it is one of the most employed invertebrates for
monitoring both accumulation and toxicologic effects induced by metal pollution
(e.g., Laskowski and Hopkin 1996a, b; Gomot 1997, 1998; Snyman et al. 2000, 2009;
Regoli et al. 2006).

5.1 Ultrastructural and Histopathological Alterations

Microscopy of accumulated Cu inside the gastropod body has indicated that Cu is
deposited mainly in the foot, mantle, and midgut glands/hepatopancreas (Moser and
Wieser 1979; Snyman 2001; Otitoloju et al. 2009). Smaller amounts are also present
in the albumen glands, ovotestis, in connective tissue, and the kidney (Moser and
Wieser 1979; Rabitsch 1996; Amaral et al. 2004). Copper exposure may be quantified
by using atomic absorption spectrophotometry (AAS) methods. However, such analy-
sis only provides quantitative information about accumulation (Lemos et al. 2009;
Yetimoglu et al. 2010). In contrast, by assessing the ultrastructural and histopatho-
logical alterations that are induced at the cellular and tissular level (by using electron,
fluorescence, or light microscopy; Jong-Brink et al. 1976) qualitative data is revealed
concerning how land snails are physiologically able to regulate Cu in their bodies.
The digestive glands are the most important gastropod organs involved in pollut-
ant detoxification (Klobu ar et al. 1997; Ismert et al. 2002). Gastropod epithelium
consists of three cell types: excretory, calcium, and digestive cells, the latter of
which is the most abundant cell type (Dimitriadis 2001). The digestive glands also
possess connective tissue, which is composed of pigment cells, rhogocytes (pore
cells), and fibroblasts among other tissue types (Amaral et al. 2004). Since the diges-
tive glands are involved in sequestering and releasing metals (Ireland and Marigomez
1992; Soto et al. 1998), the resulting histological and histochemical changes are
expected to be useful biomarkers of copper exposure (Snyman et al. 2009). For
example, a 100-uM solution of copper (II) ions proved to be acutely toxic to the
hepatopancreatic cells of H. pomatia. As a result, the viability of these cells was
decreased (i.e., from 93% in controls to 87% in exposed groups), whereas bleb for-
mation occurred at the cell membrane level (Manzl et al. 2004). Arachachatina mar-
ginata exposed to concentrations of up to 0.235 mM copper (II) sulfate revealed the
prevalence of hepatocellular foci and hepatocytes that displayed peripheral thicken-
ing (Otitoloju et al. 2009). Adult H. aspersa fed a copper-contaminated diet exhib-
ited significant effects of copper dose (i.e., exposure to 0, 80, and 240 ppm copper
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oxychloride for 6 weeks) and exposure time (i.e., | week and 2 months after exposure
to 240 ppm copper oxychloride vs. control groups) on the height of hepatopancreatic
epithelium cells and digestive glandular epithelium area, but not on the mean area of
digestive gland tubules (Snyman et al. 2009). Use of autometallography disclosed
that intracellular copper accumulations as visualized by light microscopy were black
silver deposits and were associated with the relative volumetric density of connec-
tive tissue cells, but not with the relative volumetric density of calcium cells of the
digestive gland epithelium (Amaral et al. 2004). In addition, under electron micros-
copy, thogocytes and nucleus of snails that were not exposed to copper were entirely
crowded toward the cell edge by a large central vacuole exhibiting a granular inner
texture. By contrast, in the exposed snails, the large central vacuole was condensed
and split into several smaller vacuoles that revealed an increased granule frequency
as copper exposure increased (Dallinger et al. 2005).

It has been suggested in several studies that small amounts of copper may also be
accumulated in snail cells other than those mentioned above (Triebskorn and Kohler
1996; Marigomez et al. 2002). One example of other tissues where such accumula-
tions may be found is the reproductive organs (e.g., ovotestis, vesicula seminalis,
and albumen glands). Otitoloju et al. (2009) reported that basophilic adenoma
occurs within the A. marginata ovotestis when these organisms are exposed to a
copper-enriched diet. Snyman et al. (2009) revealed significant time- and dose-
dependent reductions in gamete densities in the ovotestis (i.e., spermatozoan area
and oocytes number per 1 mm? ovotestis) (Table 4).

When exposed to concentrations of up to 0.1 ppm copper (II) sulfate via epithe-
lial transfer, Helix pomatia revealed no alterations of mantle and foot mucopolysac-
charides (Bonnelly de Calventi 1965). In contrast, Achatina fulica, fed for 4 weeks
with copper-contaminated foods (i.e., 0, 180, 240, 320, 420, and 560 ppm Cu as
copper sulfate), exhibited changes in total polysaccharide content of the albumen
glands (Kalyani 1990). These polysaccharides are important constituents of perivi-
telline fluid, which provides nourishment to the embryo during development
(Egonmwan 2008); such changes may therefore be associated with alterations of
snail reproductive fitness. Thus, high Cu concentrations not only caused a sharp
drop in snail fecundity (Snyman et al. 2009) but also induced the absence of ovipo-
sition (Laskowski and Hopkin 1996a).

Because assessing Cu-induced ultrastructural and histopathological alterations at
the cellular level is expensive, complex, and time consuming, few such studies exist
to complement biomonitoring results (Oehlmann and Schulte-Oehlmann 2002).

5.2 Lysosomal Stability and Membrane Integrity

Lysosomes are multifunctional cellular organelles that serve to digest different
types of food molecules and foreign particles and to restore plasma membranes
after cell injury (Blott and Griffiths 2002; Luzio et al. 2007; Tam et al. 2010).
Molluskan haemocytes are able to sequester metals, including zinc, copper, and
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cadmium (George et al. 1978; McIntosh and Robinson 1999). Pollutant-induced
stress causes the efflux of lysosomal hydrolases into cytosol (Regoli 1998). As a
result of being based on these two features, the neutral red lysosomal retention
assay (NRR) of haemocytes reflects physiological processes that occur after mem-
brane damage and allow the assessment of haemocyte capacity in the context of
adapting to stress conditions (Lowe and Pipe 1994). The digestion of neutral red
cells in unbroken lysosomes produces an intense red coloring of these organelles,
whereas any membrane damage interferes with the lysosomal ability to accumulate
and retain the stain (Zhang et al. 1990; Regoli 2000). Because this assay has proved
to be a rapid and sensitive method for evaluating lysosomal stability (Svendsen and
Weeks 1995, 19974, b; Svendsen et al. 2004), it has been extensively employed as a
biomarker of mollusk exposure to environmental pollutants (e.g., Cajaraville et al.
1995; Donval and Plana 1997; Giamberini and Pihan 1997).

Snyman et al. (2000) was the first to use the NRR times of land snail haemocytes
for assessing the influence of Cu exposure on lysosomal stability. Adult H. aspersa,
fed a copper-contaminated diet, revealed that increasing Cu concentrations and
times of exposure are associated with progressively shorter NRR times (Table 4).
Similarly, for the same species, Regoli et al. (2006) reported an inverse relationship
between internal Cu concentrations and NRR times. Itziou and Dimitriadis (2011)
also found that Cu uptake via food has significantly decreased NRR times to
Eobania vermiculata, both under field and laboratory conditions. The NRR assay
can therefore serve as an useful cellular biomarker of land snail exposure to Cu
compounds and particularly as an early warning system that can detect even low
levels of metal contamination (Svendsen et al. 2004).

5.3 Induction of Specific Metallothioneins (MTs)

Because land snail Metallothioneins (MTs) are involved in heavy metal sequestra-
tion, these proteins are expected to function as biomarkers for risk assessment in
terrestrial environments. The biochemical and functional features of MTs in land
gastropods (i.e., strong inductibility, metal-binding specificity) may allow environ-
mental scientists to assess the effect of metal pollution in time and space. As a
measure of MT response to environmental pollution, researchers have relied on
estimating either MT physicochemical properties (i.e., measurement of sulfyhydryl
groups, immunochemical affinities, spectrophotometric absorption) or the metal
content bound to MTs (i.e., direct quantification techniques, competitive metal dis-
placement) (UNEP/RAMOGE 1999).

Berger et al. (1997) was the first to use a cadmium saturation method (viz., the
cadmium-Chelex assay) to measure metallothionein concentrations in land snails.
This method has allowed assessing not only protein saturation with cadmium but also
the quantification of MT induction in digestive glands of Cd-exposed H. pomatia.
Dallinger et al. (2004b) showed that for land snails (Cepaea hortensis) the cadmium
binding of metallothionein (Cd-MT) is quickly responsive to cadmium exposures in a
dose-dependent manner, and the inductive signal persists over long periods of time.
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The Cd-Chelex assay has been modified by Dallinger et al. (2000) to assess MT
concentrations (i.e., Cu-MT, total MT) in the mantle and the digestive glands of
several helicid species. It was found that the Cu-MT level significantly increased in
the digestive glands of Cu-exposed H. pomatia. Similar responses for total MT
concentrations were reported for other Cu-exposed land snails, such as Helix
aspersa (Regoli et al. 2006) or Eobania vermiculata (Itziou and Dimitriadis 2011).

Dallinger et al. (2005) revealed that, at the cellular level, copper is exclusively
stored in rhogocytes (see Sect. 3) and exists in two forms, one bound to metallothio-
neins (Cu-MT-bound) and another in granular form (granular Cu). If the Cu-MT-
bound remains always stable in relation to external metal supplies, the granular Cu
is able to fluctuate rapidly in response to any outside copper influx. The presence of
Cu-MT in rhogocytes can therefore be associated with the physiological regulation
of copper, whereas granular precipitation is more often related to excessive physi-
ological metal exposure. These data indicate that the copper form inside the rhogo-
cytes (i.e., Cu-MT-bound or granular Cu) can serve as a specific biomarker to
disclose copper toxicity to land snails.

The extent to which terrestrial pulmonate MTs can be applied as specific bio-
markers for metal pollution under field conditions is still unknown (Dabrio et al.
2002). Both endogenous (e.g., age, body weight, size, seasonal cycle of activity,
physiological changes related to juvenile—adult transition) and exogenous factors
(e.g., photoperiod, vapor pressure, temperature, mean rainfall level, soil physico-
chemical properties, location) are known to influence metal body burden (e.g.,
Williamson 1980; Ireland 1984; Menta and Parisi 2001; Mourier et al. 2011).
Nutritional or developmental factors could also impede MT synthesis (Dallinger
1994). As long as the impact of these factors on induction of MTs are not entirely
understood, only snails of similar size, and specimens collected from the same area
during the same season should be used in biomonitoring studies of copper pollution
in terrestrial ecosystems. Dallinger et al. (2001) suggested that a possible approach
to optimize MTs use as biomarkers of pollution is to correlate MT concentration in
land snails with sublethal parameters of toxicity such as growth or fertility.

5.4 Assessment of Oxidative Stress (0S)

Heavy metal toxicity results in heightened production of intracellular reactive oxy-
gen species (ROS) in biological systems (Valko et al. 2005). Oxidative stress (OS)
defines the potential of ROS to damage cellular components such as biomembranes,
proteins, DNA, and RNA (Radwan et al. 2010). Chemically, this phenomenon inter-
feres with cellular redox balance (Jones 2006) by increasing the production of oxi-
dizing species (e.g., xanthine oxidase, NADPH oxidases, cytochromes P450) and
by decreasing antioxidant levels (e.g., catalase, CAT; glutathione reductase, GR;
glutathione S-transferase, GST; glutathione peroxidase, GPx; total glutathione,
GSH; superoxide dismutase, SOD) (Schafer and Buettner 2001). The quantitative
measurement of intracellular ROS production and the balance between pro- and
antioxidant factors in biological systems may therefore be useful as biomarkers for
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assessing the oxidative damage induced by heavy metal exposure. Other OS
biomarkers are associated with the capacity of cellular antioxidants to neutralize
specific ROS such as peroxyl radicals (ROO) and hydroxyl radicals (HO") and are
also associated with the loss of DNA integrity (Moore et al. 2004; Regoli 2000;
Regoli et al. 2004). Regoli et al. (2006) used Helix aspersa as a sentinel organism
for active biomonitoring of urban airborne pollutants (see Sect. 2.1). The average
concentration of trace copper in the digestive glands of these snails was directly
related to the mean level of antioxidant enzymes (CAT, GR) and total oxyradical
scavenging capacity (TOSC) toward ROO" and HO' (Table 4). The land snail, Theba
pisana, exposed to copper via epithelial contact, showed a dose-dependent increase
of GSH activity. In contrast, as shown in Table 4, GST and GPx levels followed an
opposite trend, decreasing as copper concentration increased (Radwan et al. 2010).
Similar responses were commonly encountered in other mollusk species when they
were exposed to Cu (Doyotte et al. 1997; Alves de Almeida et al. 2004; Chandran
et al. 2005). Changes in antioxidant levels can therefore be used as biomarkers of
Cu-mediated prooxidant challenge in land snails.

In both lab and field studies, Itziou et al. (2011) reported an increase in ROS
production, in protein-bound carbonyl (PCC) frequency and DNA strand breaks
(SB) in the digestive cells and haemocytes of the snail Eobania vermiculata after
25 days of Cu exposure. Because the formation of protein carbonyl groups is an
irreversible process (Sheehan 2006), assessing oxidative protein modifications is
regarded to be a more sensitive OS biomarker than antioxidant enzyme activity
(Prevodnik et al. 2007). Although measuring SB in DNA is a sensitive indicator of
genotoxicity (Itziou et al. 2011), SB has limitations as a biomarker of Cu exposure
in land snails, because it results from a wide range of agents and mechanisms
(Mitchelmore and Chipman 1998).

Most land snails are subject to annual cycles of activity that intersperse long
periods of dormancy (hibernation/estivation) with periods of activity (Nowakowska
et al. 2009; Ferreira-Cravo et al. 2010). Such variations are expected to induce a
marked seasonal OS. However, because of their elevated sensitivity, OS biomarkers
can be used as a proper tool to detect early signs of biological disturbance that is
induced by copper pollution.

6 Future Perspectives for Research on Land Snails
(Pulmonata) as Bioindicators of Copper Pollution
in Terrestrial Ecosystems

The studies reviewed in this article attest to the ability of land snails to efficiently
absorb, tolerate, and regulate high amounts of copper ions inside their bodies.
Depending on the concentration, copper can function at the cellular level either as a
vital or toxic element for gastropod metabolism. However, physiological particulari-
ties (e.g., species, age, duration and exposure, and path of contamination) may be
more deeply involved in regulating terrestrial gastropod copper concentrations than
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we actually know. Therefore, to fully evaluate land snail validity, reliability, and
utility as bioindicators of copper pollution in terrestrial ecosystems further studies
are required to provide a more profound understanding of how copper is regulated
and detoxified in terrestrial gastropods. In this regard, we propose the following:

1. Because little information exists concerning the saturation limit of copper in
binding to Cu-MT (Dallinger et al. 2000), future studies should be performed to
evaluate Cu-MT specificity and sensitivity for quantifying tissue levels over
which copper might exert toxic effects on terrestrial snails. In rhogocytes copper
occurs in two forms, the Cu-MT-bound form, which is independent of external
copper uptake, and the granular Cu form, which can fluctuate in response to over
physiological copper exposure (Dallinger et al. 2005). Copper uptake, intracel-
lular trafficking, and detoxification in terrestrial pulmonates appear to be
restricted only to rhogocytes (Dallinger et al. 2005), but the cellular background
of this process has not yet been discovered. There is, however, evidence to sug-
gest that endocytosis, exocytosis, diapedesis, or carrier proteins may contribute
to copper regulation in terrestrial pulmonates (Brown 1967; Marjorette et al.
1998; Marigomez et al. 2002; Riggio et al. 2002).

2. Investigations are needed to address the existence of the genetic background for
copper tolerance in land snails and also the specific effects that copper has on
allele frequencies at particular loci. Genetic mechanisms for copper tolerance
have been reported in several species of invertebrates, such as earthworms (Fisker
et al. 2011) and crustaceans (Lopes et al. 2005). Similar mechanisms are also
known to exist in aquatic gastropods. For example, Kurelec et al. (1995) reported
an increased activity of multixenobiotic resistance mechanism (MXRM) to the
marine snail Monodonta turbinata living in polluted areas. Allozyme loci (i.e.,
allele genes) may be related to the level of pollution in the environment (D’ Surney
et al. 2001), but heavy metal exposure did not seem to account for new allozyme
variants in terrestrial snails (Mulvey et al. 1996; Jordaens et al. 2006).

3. Research concerning the use of pulmonates for monitoring copper pollution in
terrestrial ecosystems should be extended to other land snail species that are
routinely employed as a sentinel organism for monitoring environmental pollu-
tion (e.g., Cepaea species, Achatina fulica). Helix aspersa is the only land snail
species for which reference values, concerning the level to which copper accu-
mulates in the snail body, have been proposed: 72 ppm in the snail foot and
62 ppm in the snail viscera (Pihan and de Vaufleury 2000). Palacios et al. (2011)
showed that although they are different, the Cu-MTs belonging to H. pomatia
and H. aspersa share a common ancestry, and suggested that their evolution over
time was achieved exclusively by modulation of non-cysteine amino acid posi-
tions. Gomot and Pihan (1997) found that the capacity to accumulate copper
varies among different species of land snails: H. aspersa maxima>H. aspersa
maxima=H. pomatia. Depending on the objective of the study, the most adapted
species could be either autochthonous species, really living in the contaminated
area (passive biomonitoring), and/or a sentinel species of known biological past
(“snail watch” as proposed by De Vaufleury et al. 2012), that are not always
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found in this area but can be used to reveal the current availability of copper in
the environment.

4. In addition to commonly used biomarkers (see Sects. 5.1-5.4), several other bio-
markers deserve to be further investigated for assessing the impact of copper
pollution on land snails. For example, it was found that copper exposure can
decrease acetylcholinesterase and ATP-ase activity in the digestive glands of land
snails (De Souza Dahm et al. 2006; Itziou and Dimitriadis 2011). Heat shock
protein HSP 70 may also serve as a potential bioindicator of copper exposure as
Kohler et al. (1996) reported that slugs (i.e., Deroceras reticulatum) exposed to
Zn, Pb, or Cd exhibited an elevated expression of HSP70 biosynthesis.

Such fundamental work as described above must be accomplished prior to stan-
dardizing a targeted screening procedure to use land snails in an environmental
quality grid as bioindicator organisms of copper hazard on terrestrial ecosystems.

7 Summary

Land snails (Pulmonata) are one of the most often employed bioindicator species in
environmental analysis and are considered to be a valuable invertebrate model for use
in ecotoxicological and toxicological studies. Although copper plays a double role in
all live beings (i.e., acting as a vital or toxic element, depending on concentration,
chemical, and physical form), its environmental occurrence at high levels represents a
potentially serious hazard for human health. Cu also poses risks to land snails, wherein
this element is deeply involved in metabolic activities, particularly as a component of
the chromoprotein hemocyanin, which is essential to respiration. Cu can enter into the
land snail body directly through the tegument or the lungs, as well as indirectly via
dietary uptake. The level to which this metal accumulates in snail tissues depends on
the age, species, body part, metabolic status, and chemical compound involved.
Copper uptake in terrestrial gastropods is homeostatically regulated through efficient
metabolic mechanisms that rely on cellular compartmentalization and intratissular
sequestration by complexation to specific metallothioneins (Cu-MT). Therefore, land
snails are not suitable bioindicators for use in measuring long-term Cu exposure.

However, a wide range of biomarkers can be used to assess the effect of short-
term copper exposure on land snails (Pulmonata). The induction of metallothio-
neins and the precipitation of copper inside rhogocytes in response to outside copper
influx provide the most targeted and efficient way to quantify copper hazard on land
snails. Lysosomal stability in gastropod haemocytes serves as an early warning sys-
tem for detecting copper exposure in terrestrial ecosystems. Among various bio-
markers of oxidative stress resulting from copper exposure, the quantification of
oxidative protein modifications is the most sensitive tool for monitoring copper pol-
lution. In addition, ultrastructural, histopathological, and genotoxic alterations that
are induced by copper exposure reveal qualitative data concerning how land snails
are physiologically able to regulate Cu in their bodies.
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Despite regular employment in environmental biomonitoring, using land snail
enzymes and metallothioneins as an effect criterion to indicate copper pollution has
limitations. The limits originate from the variability in metabolic activity that exists
for wild land snails. To overcome this disadvantage, researchers must follow a step-by
step approach to distinguish the most appropriate biomarkers for use in biomonitoring
of copper pollution. What biomarkers are selected will depend upon the aims of the
research and the experimental set-up. In addition, if the stage of the land snails used
is well described (e.g., origin, age, size, season of sampling, activity status) any draw-
backs that arise can be easily reduced, allowing for employment of land snails as
reliable bioindicators of short-term copper exposure in terrestrial ecosystems.
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