INVERTEBRATES -
EXPERIMENTAL MODELS
IN TOXICITY SCREENING

Edited by Marcelo L. Larramendy
and Sonia Soloneski



Invertebrates - Experimental Models in Toxicity Screening
http://dx.doi.org/10.5772/60790
Edited by Marcelo L. Larramendy and Sonia Soloneski

Contributors

Sajal Ray, Paulo Roger Lopes Alves, Elke Jurandy Bran Nogueira Cardoso, Arun Solayan, Chavon Walters, Edmund Pool,
Vernon Somerset, Roberto Rico-Martinez, Mario Alberto Arzate-Cardenas, Daniel Robles-Vargas, Ignacio Alejandro
Pérez-Legaspi, Jesus Alvarado-Flores, Gustavo Emilio Santos-Medrano

Published by InTech
Janeza Trdine 9, 51000 Rijeka, Croatia

© The Editor(s) and the Author(s) 2016

The moral rights of the editor(s) and the author(s) have been asserted.

All rights to the book as a whole are reserved by InTech. The book as a whole (compilation) cannot be reproduced,
distributed or used for commercial or non-commercial purposes without InTech's written permission. Enquiries
concerning the use of the book should be directed to InTech's rights and permissions department
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided
the original author(s) and source publication are appropriately acknowledged. More details and guidelines
concerning content reuse and adaptation can be found at http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the
use of any materials, instructions, methods or ideas contained in the book.

Publishing Process Manager lva Simcic
Technical Editor InTech DTP team

Cover InTech Design team

First published February, 2016

Printed in Croatia
Additional hard copies can be obtained from orders@intechopen.com

Invertebrates - Experimental Models in Toxicity Screening, Edited by Marcelo L. Larramendy and Sonia Soloneski
p.cm.
ISBN 978-953-51-2246-3



INTECH

open science | open minds






Contents

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Preface VII

Levels of Toxicity Screening of Environmental Chemicals Using
Aquatic Invertebrates - A Review 1
Sajal Ray

Nanotoxicity in Aquatic Invertebrates 13
Chavon Walters, Edmund Pool and Vernon Somerset

Overview of the Standard Methods for Soil
Ecotoxicology Testing 35
Paulo Roger Lopes Alves and Elke Jurandy Bran Nogueira Cardoso

Rotifers as Models in Toxicity Screening of Chemicals and
Environmental Samples 57

Roberto Rico-Martinez, Mario Alberto Arzate-Cardenas, Daniel
Robles-Vargas, Ignacio Alejandro Pérez-Legaspi, Alvarado-Flores
Jesus and Gustavo Emilio Santos-Medrano

Biomonitoring of Coral Bleaching - A Glimpse on Biomarkers
for the Early Detection of Oxidative Damages in Corals 101
Arun Solayan






Preface

A wide range of chemicals present in day-to-day life, including petroleum products, petro-
chemicals, surfactants, pesticides, pharmaceuticals, medicines, household products, nano-
materials, food additives, agricultural run-off, by-products of farming, and industrial
wastes, among others, are released into the environment in large quantities. However, the
available information about their toxic effects on biological components of the environment
is inconclusive.

These compounds can be hazardous if not used appropriately, and many of them (if not all)
may present a real risk to the environment of contaminating soil, water, and air. Further-
more, by increasing their jeopardizing effects, anthropogenic activities are daily introducing
extensive amounts of these compounds into the environment. Most of the pollutants in the
different environmental compartments exert their effects through cytotoxic, genotoxic, and
metabolic toxic mechanisms. Accordingly, current awareness of the real and potential haz-
ards of pollutants in the environment has a high interest in the use of invertebrate and verte-
brate species as indicators for monitoring pollutant-induced deleterious environmental
effects. Additionally, it is known that most of the environmental pollutants not only affect
target organisms but also concomitantly exert negative effects on nontarget species.

In pollution studies, there is an increasing interest in biomonitoring markers to provide
measurements of biological exposure to pollutants. To achieve this goal, several end points
for testing toxicity, cytotoxicity, and genotoxicity have been used in aquatic and terrestrial
invertebrates to assess the impact of pollution on contaminated areas (in situ assays) and to
screen for xenobiotics after direct or indirect exposure ( in vivo assays).

In this context, invertebrates have been used for decades in acute and chronic toxicity tests
for hazard identification. They can be very efficient screening systems and have a major role
in toxicity research because certain aspects of their biology, physiology, and genetic charac-
teristics are sufficiently similar to those of vertebrates.

This book, Invertebrates - Experimental Models in Toxicity Screening , is intended to provide an
overview of the use of conventional and nonconventional invertebrate species as experimen-
tal models for the study of different toxicological aspects induced by environmental pollu-
tants in both aquatic and terrestrial ecosystems. We aimed to compress information from a
diversity of sources into a single volume.

The chapters in this book include details of various environmental pollutant-related topics
about ecological risk assessment after xenobiotic exposure. This book presents three compre-
hensive review chapters related to the use of aquatic and terrestrial invertebrate models for
toxicity screening. The first of these chapters focuses on the use of aquatic invertebrates as a
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suitable model for the evaluation of the reactivity and responses of invertebrates toward
xenobiotics, highlighting that the responses are species specific and related to the chemistry
of the toxin. The second chapter aims to validate the use of aquatic organisms as biotic ma-
trices for the environmental health risk evaluation of the large-scale production of nanoma-
terials. The third chapter summarizes the use of soil fauna species for the screening of soil
pollutants. Finally, two additional chapters focusing on the contribution of rotifers as attrac-
tive organisms for ecotoxicological studies and coelenterates for the biomonitoring of coral

bleaching induced by oxidative stress, respectively, are also included.

Several researchers have contributed to the publication of this book, which is of high impor-
tance to researchers, scientists, engineers, and graduate students who make use of these dif-
ferent investigations to understand the importance of the use of conventional and
nonconventional aquatic and soil invertebrate species in environmental risk assessment.
Furthermore, it is hoped that the information in the present book will be of value to those
directly engaged in the handling and use of environmental pollutants and that this book will
continue to meet the expectations and needs of all interested in the different aspects of toxic-

ity screening.

Prof. Dr. Marcelo Larramendy

School of Natural Sciences and Museum
National University of La Plata

La Plata, Argentina

Dr. Sonia Soloneski
National University of La Plata

Argentina



Chapter 1

Levels of Toxicity Screening of Environmental Chemicals
Using Aquatic Invertebrates - A Review

Sajal Ray
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/61746

Abstract

Effective screening of the toxicity of chemicals using living organisms has been consid-
ered as a major issue of environmental biomonitoring. The principle of toxicity screening
involves the quantitation of toxin-induced shift of biological response or tissue morpholo-
gy of test species both in vivo and in vitro. Most of the toxin appears to function as biologi-
cal response modifiers at a defined concentration and span of exposure. In recent years,
invertebrates have been gaining a special scientific attention for being utilized as suitable
model for toxicity screening. Invertebrates like crab, mollusks, sponge, and earthworm
have already been established as model organisms for toxicity screening and analyses. A
number of environmental toxins like arsenic, pyrethroid, pesticides, heavy metals, and
washing soda can be screened for their toxicities using invertebrate species. Cellular and
subcellular parameters like blood cell density, lysosomal membrane stability, cellular
damage, apoptosis, micronucleation, and cytotoxic response of invertebrates had been es-
tablished as biomarkers of environmental toxicity. Toxin-induced histopathological and
behavioral shift had been suggested as effective parameters of toxicity screening in model
invertebrates. However, reactivity and responses of invertebrates toward xenobiotics are
often recorded to be species specific and related to the chemistry of the toxin. Current ar-
ticle reviews different levels of toxicity screening using invertebrate as test model.

Keywords: Sponge, mollusks, crab, arsenic, washing soda, pesticides, hemocytes

1. Introduction

Current global environment is characterized by the presence of diverse chemical compounds
of inorganic and organic in nature [1]. Multiple human activities have been identified as the
sources of origin of these environmental xenobiotics. Various industrial processes and
agricultural activities result in the rapid and precarious contamination of the terrestrial and

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited.
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aquatic ecosystems. Environmental toxins after generation from sources of origin enter the
specific ecological compartments following the nonspecific and specific patterns of dispersion
[2, 3]. Environmental dispersion of xenobiotics largely depend on their physicochemical
characteristics which largely influence the distribution and fate of the toxic compounds related
to half life, polarity, environmental and cellular degradability and toxicokinetics [4]. Upon
entering the cellular environment, many of these environmental chemicals undergo enzyme
guided xenometabolic transformation chemically termed as biotransformation. Xenometabo-
lism of environmental chemicals may exhibit dual modes of transformation i.e. bioactivation
and bioinactivation. Both bioactivated and bioinactivated environmental metabolites are the
enzymatic products of biochemical degradation. Principal objective of xenometabolism
involves transformation of nonpolar chemical compounds into a product with higher polarity
for facilitation of urinary excretion. However, classification of environmental toxins distrib-
uted in the current global environment had never been an easy task for the environmental
chemists. Rapid and uninterrupted contaminations of the global ecosystem by newer genera-
tions of chemical compounds have been identified as a serious challenge and require effective
screening of their toxicity in suitable animal models. Major classes of environmental toxins
that have been characterized by the chemists and biologists include acids, alkalis, pesticides
[1], nuclear fall outs, diverse organic compounds etc. With the rapid shift in the overall
physicochemical characteristics of global environment, a continuous search for suitable
biological systems for toxicity screening of xenobiotics is being carried out by the toxicologists
employing invertebrate species. Scientific information available in the recent years indicates
the suitability of invertebrates as “test organism” for toxic screening of environmental
chemicals (Figure 1).

2. Environmental chemicals

Current global environment is characterized by the presence of diverse chemical compounds
of inorganic and organic in nature [1]. Multiple human activities have been identified as the
sources of origin of these environmental xenobiotics. Various industrial processes and
agricultural activities result in the rapid and precarious contamination of the terrestrial and
aquatic ecosystems. Environmental toxins after generation from sources of origin enter the
specific ecological compartments following the nonspecific and specific patterns of dispersion
[2, 3]. Environmental dispersion of xenobiotics largely depend on their physicochemical
characteristics, which largely influence the distribution and fate of the toxic compounds related
to half life, polarity, environmental, and cellular degradability and toxicokinetics [4]. Upon
entering the cellular environment, many of these environmental chemicals undergo enzyme-
guided xenometabolic transformation chemically termed as biotransformation. The xenome-
tabolism of environmental chemicals may exhibit dual modes of transformation, i.e.,
bioactivation and bioinactivation. Both bioactivated and bioinactivated environmental
metabolites are the enzymatic products of biochemical degradation. The principal objective of
xenometabolism involves the transformation of nonpolar chemical compounds into a product
with higher polarity for facilitation of urinary excretion. However, the classification of
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environmental toxins distributed in the current global environment had never been an easy
task for the environmental chemists. Rapid and uninterrupted contaminations of the global
ecosystem by newer generations of chemical compounds have been identified as a serious
challenge and require effective screening of their toxicity in suitable animal models. Major
classes of environmental toxins that have been characterized by the chemists and biologists
include acids, alkalis, pesticides [1], nuclear fall outs, diverse organic compounds, etc. With
the rapid shift in the overall physicochemical characteristics of global environment, a contin-
uous search for suitable biological systems for toxicity screening of xenobiotics is being carried
out by the toxicologists employing invertebrate species. Scientific information available in the
recent years indicates the suitability of invertebrates as “test organism” for toxic screening of
environmental chemicals (Figure 1).

| Pesticide, metalloids and metals |

!

Test invertebrates molluscs, crab, insect

}

Histo- and cytopathology of target tissue

! ! |

Gill Heart Digestive gland, Labial palp,

hepatopancreas antenna
Respiratory Cardiac Hepatotoxicity Toxicity in
toxicity and toxicity sensory organs
immunotoxicity

Figure 1. Cellular and organ pathology as major screening parameters of toxins.

2.1. Invertebrates and toxicity screening

The anatomical variation of body cavity or coelom greatly influences the physiological and
adaptational attributes of invertebrates. Invertebrates without coelomic cavity are termed as
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acoelomate, whereas the species with a true coelom is termed as eucoelomate. Pseudocoelo-
mate is a characteristic intermediate group without a true coelom. Invertebrates with open
mode of circulatory system evolved blood cells termed as hemocytes and coelomocytes.
Circulating blood cells of molluscan hemocoel is known as hemocytes, whereas coelomocytes
(Figure 2) are the coelomic cells recorded in the annelids. Recent scientific reports indicate the
efficacy of hemocytes and coelomocytes of invertebrates as ideal tools for screening the toxicity
of environmental chemicals of known or less known toxicity. Many of these screening
methodologies involved both in vitro and in vivo modes of laboratory testing.

Figure 2. Morphofunctional attributes of earthworm coelomocyte reflects the efficacy of soil invertebrates to act as
model organisms to screen the toxicity of agrochemicals.

2.1.1. Morphological aberrations of invertebrate blood cells as a measure of the toxicity of environmental
chemicals

Hemocytes or coelomocytes are the main types of circulatory cells of invertebrates. They
perform diverse types of physiological functions and include transport and carriage of gases,
nutrients and bioactive substances, nonself recognition, and deactivation of environmental
pathogens and toxins. Discrete subpopulations of invertebrate blood cells act as immunocytes
and are involved in elicitation of immunological reactivity against environmental toxins and
pathogens. Toxins with diverse chemical identities are capable of generating varied degrees
of morphological damage or alteration of blood cells of invertebrates [2, 5, 6, 7]. The micro-
scopic examination of morphological aberrations of blood cells thus serves as a unique tool for
the testing of the toxicity of environmental chemicals both in vivo and in vitro. The treatment
of the test organisms with measured quantity of chemical toxins in vivo provides satisfactory
result in experimental toxicology for toxicity testing [2]. The testing of toxicity employing
short- or long-term cell or tissue culture technology (Figure 3) occasionally provides an
opportunity for the toxicologists in screening the toxicity of xenobiotics. However, invertebrate
cell and tissue culture technology appears to be a challenging domain due to the lack of the
scientific information and species-specific cellular response in artificial culture media.
Hemocytes of aquatic mollusks upon treatment with xenobiotics yield multiple morphological
aberrations like vacuolation, membrane disintegration, cellular disruption, and shift in size
and shape [2].
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Figure 3. Molluscan hemocyte culture is an effective technology of toxicity screening in vitro.

2.1.2. Functional parameters

Defined functional parameters of hemocytes, coelomocytes, or other body cells may also serve
as a tool for screening the toxicity of chemical compounds. Studies of the functional attributes
of invertebrate cells require advanced level of bioinstrumentation. Some of the established
functional parameters of invertebrate cells include phagocytic response, aggregation response,
cytotoxicity, cell doubling time, lysosomal membrane fragility, etc. Phagocytosis (Figure 4) is
established as an innate immunological response reported in all major invertebrate Phyla [8,
9]. It is characterized by sequential-like recognition, chemotaxis, contact, and internalization
followed by the degradation of the target in the cell’s interior. The degree of phagocytic
response can be quantitated by suitable cellular index. The toxicity of multiple environmental
chemical can suitably be estimated by determining the phagocytic index of invertebrate
immunocytes against ideal control. Cellular aggregation (Figure 5) is also recognized as a
metabolic behavior of cells against chemicals or foreign particulates of toxic nature. Various
molluscan test species exhibit the aggregation response of hemocytes upon the exposure of
environmental pathogens and toxins [10].

Figure 4. Phagocytic response of sponge cells is an established tool of toxicity screening. N—sponge cell nucleus, Y —
yeast particle.
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Figure 5. Aggregation response of molluscan hemocytes is often modulated by chemical toxins.

2.1.3. Dynamics of blood cell density as a measure of toxic response

Blood cell homeostasis of invertebrates is a function of multiple cellular processes. These
include rate of hematopoiesis, mitosis, cell migration, and aggregation tendency of hemocytes
or coelomocytes. The maintenance of steady state of total count of blood cell depends on the
overall health and immunological status [11] of the model organism. The morphological
variation of blood cells is not uncommon in the phylogeny. Therefore, differential cell count
may also act as a suitable parameter of toxicity screening. However, a discrete scheme of the
morphological classification of hemocyte and coelomocyte appears to be absent in many
invertebrates [8]. In many cases, the lack of proper nomenclature of hemocyte subpopulation
creates a scientific problem in the identification of cells needed for toxicity screening. However,
in invertebrates, hemocyte populations like blast cells had been identified as a suitable
candidate for the testing of toxicity both in vivo and in vitro at cellular level.

2.1.4. Nuclear aberration and lysosomal membrane fragility of hemocytes and sponge cells

The natural habitats of aquatic invertebrates are often contaminated with diverse toxins of
known or less known chemistry. Thus, the hemocytes are being continuously exposed to
environmental toxins of varied concentrations. Such a situation often leads to onset of
genotoxicity in many of the species belonging to Crustacea and Mollusca. Hemocytes, upon
exposure to environmental toxins, may present multiple nuclear aberrations like micronu-
cleation, binucleation (Figure 6), or trinucleation; karyolysis; chromatin condensation;
pycnosis; etc. The degree of toxin exposure is often correlated with the magnitude or frequency
of nuclear aberrations in vivo [5]. Environmental toxins like arsenic, pyrethroid, and alkaline
chemical compounds may generate such types of nuclear anomalies in invertebrate. Following
this principle, scientists proposed nuclear aberration as a suitable tool for the testing of the
toxicity of environmental chemicals. The toxin-induced fragility of lysosomal membrane of
hemocytes is in report [2, 7]. Toxin exposure often leads to damage of lysosomal membrane
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leading to the release of hydrolases in the cytoplasm. This may result in impairment in the
structural profile of cells and tissues. The degree of lysosomal membrane fragility can be
quantitated by neutral red retention assay [2, 5, 7] in invertebrates. The lysosomal membrane
stability of molluscan hemocytes and sponge cells has been claimed as biomarkers of envi-
ronmental toxicity (Figure 7).

Figure 6. Pesticide-induced binucleation in molluscan hemocytes is a marker of screening genotoxicity.

Figure 7. Lysosomal membrane stability of cells is an established parameter of screening ecotoxicity in sponge [7]. Ar-
rows indicate the diffused neutral red probe in cytoplasm of sponge cell.

2.1.5. Target enzymes

The activity of enzymes as biocatalysts in invertebrate tissues or cells may be considered as
effective parameters of assessment of the toxicity of chemicals. Target enzymes of toxins are
reported to be located in the cellular or extracellular compartments. Therefore, prior to a
biochemical estimation of the activity of these enzymes, physicochemical characterization, and
lysate preparation methodology appear to be an important step for the toxicologists. Principal
enzymes that are considered and established for toxicity screening include acetylcholinester-
ase [12], glutamate oxaloacetate transaminase, glutamic pyruvic transaminase [13], ATPase,
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phosphatases [13, 7], etc. The activity of acetylcholinesterase is established as an effective
parameter of examining the neurotoxicity of many pesticides and allied compounds. The
activity of enzymes like glutamate oxaloacetate transaminase, glutamic pyruvic transaminase,
ATPase, and phosphatase appeared to be effective and sensitive toward the exposure of many
metabolic toxins.

2.1.6. Histopathology

Selected organs or tissues of aquatic invertebrates undergo histological alterations under
chronic, subchronic, or acute toxin exposure. Pathological changes of target tissues often
provide an excellent scope of assessment of the nature and exposure of chemical toxins (Figure
8). Histopathological analyses had been established as a useful method of toxicity screening
in both invertebrates and vertebrates. Histopathology also provides an early signal of patho-
genesis and environmental toxicity of diverse toxins of known or unknown chemistry in
invertebrates. The magnitude of toxicity by xenobiotics depends on chemical characteristics,
route of entry, dosage, span of exposure, and toxicokinetics.

Figure 8. Histopathological analyses of digestive gland of marine mollusk, Telescopium telescopium, is an effective
screening parameter of aquatic diesel toxicity.

Many aquatic invertebrates respire through gill. Gills are highly vascularized membranous
structures involved in important physiological process like gaseous exchange with environ-
ment, filter feeding, and immunosurveillance [13]. Gills, being relatively exposed to the
external environment, interact intimately with the toxic compounds dissolved or suspended
in water. This characteristic feature permits gills to act as an ideal organ for histopathological
analyses under toxin exposure. In many species belonging to Mollusca and Crustacea, the
histopathology of gill had been reported as a suitable procedure of screening the toxicity of
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chemical pollutants. Toxin-induced histopathological damage of gill is an indicator in the
impairment of the associated functional status of the test organisms. The exposure of the gills
of the aquatic bivalves and gastropods to environmental arsenic [13], detergent, pyrethroids,
and azadirachtin-based pesticides often lead to the appearance of the hyperchromatic ana-
plastic cells, clogging of water channels, and lamellar membrane disruption in varied degree.

The exposure of toxins like arsenic and cypermethrin yielded substantial histopathological
changes in the heart of the aquatic mollusks [12]. Pathological changes in the auricle and
ventricle were prominent under the acute or semiacute treatment of toxins. The unrestricted
exposure of test organisms to toxin may thus lead to onset of cardiac toxicity in invertebrates.
Histopathological analyses in association of functional assessment of target organs provide an
excellent premise of screening the toxicity of xenobiotics. Apart from vital organs like gill and
heart, histopathological examination of organs like labial palp [14] of aquatic mollusks had
been suggested as an effective procedure of the toxicity screening of pesticides.

2.1.7. Behavioral attribute as a measure of toxicity screening

Behavior in general is considered as a manifestation of physiological performance of organism
in both natural and stressed conditions. Invertebrate ethology is relatively a less studied area
with limited scientific information. However, behavioral response exhibited by a test species
under toxic exposure has been indicated as a method of screening environmental toxicity
[14]. Significant deviation in the normal ethogram due to toxin exposure may thus be consid-
ered as an effective method of assessment of toxin-induced stress in the test invertebrate.

In mollusks, salient behaviors like relative mobility, aggregation, and mucus release had been
established as screening parameters of toxicities of azadirachtin, a neem-based biopesticide.
The relative mobility of an organism is often associated with many biological functions like
food gathering, mate approach, predatory escape response, etc. [15], in invertebrates. The
exposure of toxin adversely affects these parameters which interfere with the functional
performance of them and their natural habitat. “Grouping” or aggregation and mucus
secretion response had been examined in bivalve and gastropods [16]. Screening of the
behavioral toxicity of chemical compounds employing aquatic invertebrates thus appears to
be a novel methodology in applied toxicology.

In recent years, invertebrates in general have been gaining a special scientific attraction as
model organisms for screening environmental toxicity. Invertebrates occupy diverse habitats
with multiple physicochemical characteristics. Their response to a particular ecosystem often
appears to be highly specific. Considering the diverse range of global aquatic environment an
estuarine invertebrate may appear to be unsuitable for bioresponse assay of toxin of freshwater
ecosystem. This evolutionary and adaptational specificity renders the invertebrates for being
ideal model organism for screening of a particular toxin distributed in a definite ecological
area. In screening the toxicity of chemicals employing invertebrate species, toxicologists
should utilize both in vivo and in vitro screening systems. Cell culture technology provides an
excellent opportunity in screening the toxicity of xenobiotics in vitro. However, invertebrate
cell and tissue culture is a difficult scientific domain due to variation in the metabolic and other
attributes of invertebrate cells. The chemical sensitivity of organisms had been proposed as a
primitive character expressed in most all species of major invertebrate Phyla.



10

Invertebrates - Experimental Models in Toxicity Screening

Thus, invertebrate in general bears a bright prospect to serve as effective test models for
screening the chemical toxicity of xenobiotics. Many of the invertebrates are less researched
groups of organisms of inadequate cellular and subcellular information. An in-depth research
at the levels of organ, tissue, and cell is required for the proper utilization of aquatic inverte-
brates as model candidates for toxicity screening.
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Abstract

Due to their unique properties, nanomaterials (NMs) are being incorporated in several
applications including consumer products, electronics, pesticides and the pharmaceutical
industry. As such, the rapid development and large-scale production of NMs has in-
spired concerns regarding their environmental health risks. In order to address these con-
cerns, there has been a rapid development in the methods of toxicity testing of NMs,
specifically in aquatic organisms. Understanding the unique properties of nanoscale ma-
terials has proven to be a particular important aspect of their toxicity. Properties such as
surface area, surface coating, surface charge, particle reactivity, aggregation and dissolu-
tion may affect cellular uptake, in vivo reactivity and distribution across tissues. The be-
haviour of NPs is influenced by both the inherent properties of the NP as well as
environmental properties (such as temperature, pH, ionic strength, salinity, organic mat-
ter). As such, this chapter describes methodologies of NM characterization in exposure
media and NM in vivo toxicity experimental procedures under variable environmental
conditions (with special emphasis on temperature).

Keywords: Toxicity, Nanotoxicity, Nanomaterials, Nanoparticles, Silver nanoparticles,
Temperature, Aquatic invertebrates

1. Introduction

There has been extensive growth in nanoscale technology in the last few decades, to such a
degree that nanomaterials (NMs) have become a constituent in a wide range of manufactured
commercial and domestic products. This surge has resulted in uncertainties regarding their
environmental impact due to the significant increases in the amount of NMs released into the
environment [1] through intentional and unintentional releases. Like many other toxins, the
aquatic environment is particularly vulnerable as it acts as a sink for nanoparticles (NPs) [2].
The escalating growth of NMs has not advanced without efforts to understand its properties.
Despite the dramatic advances in both the production and application of NMs, very little is

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited.
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known regarding their interaction with and effects on environmental and human health. Given
the lack in scientific knowledge, particularly under various environmental conditions, it is
often difficult to accurately assess the potential exposure pathways to ecological receptors.

Silver nanoparticles (AgNPs) are the most widely used metal NPs, present in several consumer
productslargely due to their antibacterial properties. It is estimated that the annual production
exceeds 1000 tons/year [3]. The increased use of AgNPs in consumer products (e.g. textiles,
cosmetics and personal hygiene), household appliances (e.g. washing machines and vacuum
cleaners) and medical equipment have led to their increased release into the environment,
thereby posing an environmental risk and human health concern.

When AgNP is discarded, it can enter the environment as aggregates and soluble ions, which
can be highly toxic to aquatic organisms. The dissolution of AgNPs is a significant process
determining AgNPs effects in the aquatic environment and its organisms. Although environ-
mental concentrations of AgNPs have not been determined, it is estimated that more than 15%
of Ag released into waters will come from plastics and textiles containing AgNPs [4]. In
addition, it is predicted that concentrations of AgNPs in natural waters range from 0.03 to 500
ng/L [5]. A fundamental question is whether AgNPs remains in the particle phase in the
environment following dissolution or whether it poses an additional risk.

Silver NPs are known to induce the production of reactive oxygen species (ROS) [6-8]. Also,
since AgNDPs are oxidized to ionic Ag (Ag"), it is still unclear whether the effects of ROS can
be attributed to Ag* release or to the AgNP itself [9, 10]. To cope with these and other stressors,
aquatic organisms are able to modulate their physiological and biochemical metabolism
through antioxidant defences, which consist mainly of antioxidant enzymes that reduce the
damaging effects of hydrogen peroxide (H,0O,) to prevent the production of hydroxyl radicals
(HO-), the most damaging oxygen species [11]. These oxidative stress biomarkers have been
widely used as “early warning” signs of environmental stress.

Assessing the ecotoxicity of NMs is a challenging task. Inexpensive, rapid and reproducible
methods are preferred, and a coordinated standardization could help in avoiding the waste of
resources. Standardized tests established by the Organization for Economic Co-operation and
Development (OECD) and the U.S. Environmental Protection Agency (U.S. EPA) have
protocols for testing aquatic, terrestrial and microbial organisms. However, these tests were
established considering conventional chemicals and not NMs. The general consensus in the
scientific community is that the basis of these standardized tests (i.e. test organism, endpoints)
may generally work for NMs but would require some modifications. Nevertheless, NMs
remain very poorly tested in contrast with their larger counterparts; the main difficulties in
assessing toxicity are due to their colloidal nature and unique properties. The behaviour of
NPs is collectively influenced by inherent (NP size, shape, surface area, surface chard, crystal
structure, coating, solubility/dissolution) and environmental factors (temperature, pH, ionic
strength, salinity, organic matter).

The potential implications and effects of nanotechnology and NMs on environmental and
human health is an important issue of global concern. The focus of the proposed research
is to investigate the effects of AgNPs when exposed to simulated climate changes (such as



Nanotoxicity in Aquatic Invertebrates
http://dx.doi.org/10.5772/61715

extreme temperatures), thus mimicking the conditions experienced naturally in the
environment during potentially extreme conditions. The research areas which this re-
search aims to address include NP fate and transport, bioavailability and ecotoxicology (or
nanoecotoxicology).

1.1. Oxidative stress

Oxidative stress is defined as an imbalance between the production of reactive oxygen species
(ROS) and the cells’ ability to reduce ROS, which may be a result of increased ROS production,
a decrease in the cell’s defence mechanisms or a combination of both. Disturbances in the
normal redox state of cells may cause toxic effects through the production of peroxides and
free radicals that in turn damage cells, including proteins, lipids, and DNA. Because certain
reactive oxidative species act as cellular messengers in redox signalling, oxidative stress may
lead to disruptions in normal mechanisms of cellular signalling. ROS refers to oxygen free
radicals, partially reduced intermediates of the four electron reduction of oxygen to water, i.e.
superoxide anions (-O,"), hydroxyl radicals (-OH) and the nonradical active species hydrogen
peroxide (H,O,). Aerobic organisms, which derive their energy from the reduction of oxygen,
are particularly susceptible to the damaging actions of the small quantities of -O,7, -OH and
H,O, that form during the metabolism of oxygen [12].

Biomarkers of oxidative stress can offer an early warning sign for exposure to xenobiotics.
Biomarkers such as enzyme activity are widely used for environmental monitoring. Measure-
ments in this category range from markers related to redox status (e.g. superoxide dismutase
(SOD activity), reproduction-associated proteins (e.g. vitellogenin) and stress response
pathways (e.g. antioxidant responses and heat shock protein) [13]. Figure 1 represents a
schematic of the major oxidative pathways. A brief description of the oxidative stress bio-
markers used in this study follows in Section 1.2.

1.2. Antioxidant defence system

A number of defence mechanisms have evolved to provide a balance between production and
removal of ROS. Cells have a variety of elaborate defence mechanisms to restore the harmful
effects of ROS. The removal of foreign substances (xenobiotics) from cells is catalyzed by
several enzymes, particularly Phase I and Phase II enzymes. Phase I enzymes initiate the
detoxification process by chemically transforming lipid soluble compounds into water soluble
compounds in preparation for Phase II detoxification [14] (Equation 1). These include the
cytochrome P450 (CYP450) enzymes which are responsible for most Phase I reactions. CYP450
are typically found in the membranes of the endoplasmic reticulum (microsomes) within liver
cells (hepatocytes). Activity of Phase I enzymes can typically lead to an increase in ROS
production. Antioxidant enzymes facilitate the removal of these resulting ROS molecules and
reactive chemical intermediates. The action of CYP enzymes results in the production of O,,
which consequently can be metabolized by SOD to hydrogen peroxide (H,O,) and oxygen
(O,) (Equation 2), which can in turn be reduced to water (H,O) and O, by CAT (Equation 3) or
glutathione peroxidase (GPx) (Equation 4) [15].
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Figure 1. Schematic diagram of oxidative stress (adapted from www.sigmaaldrich.com).
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Nonenzymatic antioxidants also play a role in detoxification. The tripeptide glutathione exists
as reduced glutathione (GSH) and oxidized glutathione (GSSG). Reduced glutathione (GSH)
is a major tissue antioxidant that provides reducing equivalents for the GPx catalyzed
reduction of lipid hydroperoxides to their corresponding alcohols and H,O, to H,O. When
cells are exposed to increased levels of oxidative stress, GSSG accumulates and the GSSH:GSH
ratio increases. This increased ratio of GSSG-to-GSH is indicative of oxidative stress. The
reaction catalyzed by glutathione peroxidase requires GSH as a substrate and is determined
by the ratio of GSSG:GSH. This ratio is an indication of the redox state of cells [16] and is
important to ROS detoxification.

1.3. Uptake and accumulation of silver nanoparticles

Once introduced into aquatic ecosystems, the fate and transport of AgNPs and its uptake by
aquatic biota depends on several factors. NP properties (such as size, shape and coatings), and



Nanotoxicity in Aquatic Invertebrates
http://dx.doi.org/10.5772/61715

water chemistry (such as dissolved organic carbon, ionic strength, pH, temperature) will
largely influence the extent to which these particles will either remain in suspension, partition
to dissolved organic carbon in the water column, form aggregates or adsorb to suspended
particles [17].

In aquatic organisms, the major routes of entry are via ingestion or direct passage across the
gills and other external surface epithelia. Recent studies with Daphnia magna have indicated
that AgNPs may be internalised by these routes [18]. At the cellular level, internalisation of
NP occurs via endocytosis. Mechanisms of cellular uptake of NPs are described in Figure 2.
Three main mechanisms are responsible for NP uptake: phagocytosis, macropinocytosis and
receptor-mediated endocytosis [19]. During phagocytosis (a specific form of endocytosis),
particles are taken up the invagination of the plasma membrane. Jayaseelan et al. [20] showed
internalization of nickel NPs in Mozambique tilapia (Oreochromis mossambicus), demonstrating
the feasibility of uptake via this route. Macropinocytosis involves the internalization of a larger
area of membrane. Other forms of endocytosis include clathrin- and receptor-mediated
endocytosis. Nanoparticles can also enter cells by diffusion or transport through the cell
membrane, resulting in particles located freely in the cytoplasm [21].

The accumulation of NPs by aquatic organisms is dependent on both the uptake and the
elimination (detoxification) of the NP out of the organism [22]. Processes which regulate the
bioaccumulation (and bioavailability) of AgNPs include: the concentration of the AgNP, the
physicochemical properties the AgNP, the characteristics of the environment such as abiotic
factors, the route of exposure, the biology and functional ecology of the organism involved
and exposure duration [23].
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Figure 2. Mechanisms of cellular uptake of NPs.
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2. Crustaceans and exposure routes in ecotoxicology

Potamonautes is a genus of freshwater crabs in the family Potamonautidae. They represent a
fairly common species, having the widest distribution in sub-Saharan Africa, and are wide-
spread under boulders in the middle and lower reaches of rivers and other freshwater water
courses. As with other crustaceans, they have a segmented body with a rigid exoskeleton and
jointed limbs, and an open vascular system in which numerous haemocytes freely circulate in
haemolymph. The colour of the Cape River crab Potamonautes perlatus can vary from dark
brown to mottled green. Freshwater crabs typically have nine pairs of gills, which lie in the
two branchial chambers of the carapace [24]. The digestive system is basically composed of a
foregut, midgut and hindgut. The foregut is comprised of a mouth, oesophagus and stomach,
while the midgut is composed of an anterior and posterior caecum and midgut gland (hepa-
topancreas). The hindgut is a simple straight tube, which finishes at the anus. The reproductive
system is very simple, consisting of paired gonads that open onto the ventral surface of the
trunk [24].

Crustaceans show a high sensitivity to environmental stressors [25] and are therefore found
to be useful bioindicators for monitoring the pollution state in aquatic environments [26].
Contaminated ecosystems induce deleterious effects on aquatic organisms. In crustaceans, the
exposure routes are mainly via ingestion and adsorption to surface epithelia such as the gills.
As an example, de Freitas Rebelo et al. [27] reported histopathological effects in the gills
(disruption of pilaster cells and collapse of gill lamellae) of the estuarine crab Chasmagnathus
granulate following exposure to ammonia. In addition, NPs that are taken up via ingestion
through the digestive tract may accumulate in the hepatopancreas [28]. Nanoparticles may
also diffuse into the circulating haemolymph and settle in a target organ.

Figure 3. Dorsal view of P. perlatus.
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3. Methodology

3.1. Characterization of nanomaterials in solution prior to in vitro exposure

3.1.1. Stock suspension and media preparation

AgNPs (Cat. No. 7440-22-4) were purchased from Sigma-Aldrich (Sigma Aldrich, South
Africa). The product information indicated a particle size of <100 nm diameter, purity of 99.5%,
a specific surface area of 5 m?/g and density of 10.5 g/cm?®. The stock AgNP suspension (1 mg/
mL) was prepared by dispersing AgNPs (1 mg dry AgNPs powder) in deionized water (1 mL)
and sonicating for 5 min in an ultrasonic bath in order to disrupt any possible aggregates. The
1 mg/mL AgNP stock suspension was added to each of the plastic aquaria to obtain the
appropriate final concentration.

3.1.2. SEM of nanoparticles

Scanning electron microscopy (SEM) with energy-dispersive X-ray (EDX) spectrometry
capabilities was used to characterize particle size and confirm the presence of Ag. Sample
preparation for SEM analysis included sonicating a dilute suspension of the AgNP in ethanol
for 1 hour and dropping a portion onto a carbon surface of a SEM stub with a pipette. The
droplet was allowed to dry and the SEM analysis was performed on an EVO® MA15. Samples
were identified with secondary electrons and/or secondary electron images, and compositions
were quantified by EDX analysis using an Oxford Instruments® X-Max 20 mm? detector and
Oxford INCA software.

3.1.3. TEM of nanoparticles

Transmission electron microscopy (TEM) characterization was performed to obtain the NP
size and morphology on a JEOL 1200-EX II electron microscope at an accelerating voltage of
120 kV. Samples were imaged with a MegaView Camera with Gatan Microscopic software
with a resolution of 1376 x 1032, and two seconds exposure time. A suspension of AgNP was
dissolved in ethanol, and subsequently deposited onto copper grids and air-dried. Image]
software was used to generate a particle size distribution based on the TEM images.

3.1.4. Powder X-Ray Diffraction (°PXRD)

A Panalytical X'pert Pro diffractometer was used to collect a PXRD pattern for the AgNP. The
PXRD pattern was collected between the angles of 26 from 3° to 90°.

3.1.5. BET-specific surface area measurements

Brunauer-Emmet-Teller (BET) surface areas were determined using ASAP 2010 (Accelerated
Surface Area and Porosimetry System; Micromeritics Instrument Corporation, GA, USA).
Prior to surface area analysis, samples were heated to 100°C and degassed overnight.
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3.2. Specimen collection and acclimatization

Adult P. perlatus samples were collected from an uncontaminated area of the Eerste River
(Stellenbosch, South Africa) during spring 2014. Individuals were collected using handmade
traps comprising of a fishing rod fitted with mesh net containing bait. Capturing the individ-
uals during spring ensured that they had not been exposed to heat wave conditions prior to
their collection, thereby assuring that their recent thermal history did not include exposures
to high temperatures. After capture, P. perlatus (with a mean length of 50 + 5 mm and weight
of 75 + 10 g) were transported to the laboratory where they were kept unfed in aquaria (21 +
2°C), and at a natural photoperiod for three days to acclimatise before exposure experiments
began.

3.3. Experimental setup

In this study, laboratory experiments were conducted to investigate the physiochemical
properties and temperature-dependent solubility of AgNPs that potentially influence their
toxicity in aqueous environments and to aquatic organisms.

Details of the experimental setup are summarised in Table 1. The experimental setup com-
prised three experiments: (A) AgNP characterization in the dry state and in solution, (B) acute
toxicity study, and (C) in vivo study. Details of each experiment are given in the sections below.
Upon arrival in the laboratory, the crabs were kept in plastic aquaria composed of 2-L tanks
and allowed to acclimatize for three days. There were six individuals per tank (10 systems with
6 individuals per tank = total of 60 crabs). Crabs were kept unfed during the acclimatization
and exposure periods. Crabs were exposed for seven days. Ethical clearance was obtained and
ethical animal care guidelines were followed.

Nanoparticle In vivo study - Experiment A Acute toxicity test - Experiment B
characterization
Al A2 A3 B.1 B.2 B.3 C.1: AgNP - C2: C3
dependant Temperature -
dependant

AgNP conc. 1 1 1 0, 10, 1000, 10, 100 0, 10, 100 0, 10, 100, 1 000,782.77 782.77
(ug/gl) 10 000
Temp. (°C) 21 18 28 18,18, 1821, 21,21 28, 28,28 21 °C (RT) 16, 18, 22, 26, 2825.37
Number of 6 6 6 6,66 6,66 6,6,6 6,6,6,6,6 6,6,6,6,6 6

individuals (n)

Table 1. Experimental conditions for evaluating the effect of AgNPs (RT = room temperature)

3.3.1. Silver nanoparticle characterization (Experiment A)

Experiment A investigated the behaviour of AgNP (1 ug/mL) in three laboratory microcosms:
(1) a control regime kept at room temperature (i.e. 21°C; A1), (2) a low-temperature regime
(i.e. 18°C; A.2) and (3) a high-temperature regime (i.e. 28°C; A.3).
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3.3.2. Acute toxicity study (Experiment B)

The acute exposure study consisted of three experimental stages. Stage 1 involved a concen-
tration-dependent regime comprised of crab specimens exposed to five different AgNP
concentrations, including a control regime (i.e. 0, 1, 10, 100, 1000 and 10,000 ug/mL AgNPs),
in order to cover a wide range of contamination levels that may be reported for polluted
environments. A total of six crabs per treatment were exposed for seven days to room
temperature. At the start of each day, the numbers of live and dead crabs were determined via
visual inspection and the benchmark dose (BMD) AgNP concentration was derived through
LogProbit analysis (U.S. EPA BMDS Program, version 2.5).

During stage 2, a total of six crabs per treatment were exposed for seven days to the final BMD
AgNP (7 days) concentration (obtained in stage 1) at five pre-determined temperature regimes
(i.e. 16°C, 18°C, 22°C, 26°C and 28°C). The experimental temperatures were chosen, taking into
account the predicted increases in mean atmospheric and aquatic water temperatures (Bates
et al.), since climate change projections indicate an increase in the frequency, intensity and
duration of thermal extremes [29]. At the start of each day, the numbers of live and dead crabs
were determined via visual inspection and the Critical thermal maximum (CTMax) were
derived through LogProbit analysis (U.S. EPA BMDS Program, version 2.5) and was used to
estimate the temperature to be used in stage 3. The CTMax is defined as “arithmetic mean of
the collective thermal points at which the endpoint is reached” [30], or that temperature for a
given species above which most individuals respond with unorganized locomotion, subjecting
the animal to likely death [31].

Stage 3 involved the assessment of the role of oxidative stress in AgNP-induced toxicity, a
total of six crabs per treatment were exposed to the corresponding BMD (782.77 ug/mL)
and CTMax (25.37°C) values obtained during the preceding experimental stages. The
experiment was conducted in 2-L plastic tanks (Group B1: six crabs at 0, 1, 10, 100, 1000
and 10,000 pg/mL at 21°C (room temperature) and Group B.2: six crabs at 782.77 ug/mL at
25.37°C) with a 12-h alternating light/dark cycle following modified methods described by
Cheng [32]. Tissue samples for biochemical analysis were collected from each crab specimen
at the end of Stage 3.

For all experimental stages, crabs were exposed for seven days and were unfed during the
acclimatization and exposure periods. Every 24 h during stages 1 and 2, live crabs were counted
and the dead crabs were removed. Death was assumed when no movement occurred when
mechanically stimulated. No food was provided during the exposure period.

3.3.3. In vivo study (Experiment C)

The experimental temperatures for experiment A were 18°C, 21°C (room temperature) and
28°C. These temperatures were chosen to reflect the predicted increases in mean atmospheric
and aquatic water temperatures [33]. Crabs were divided into three temperature-dependent
regimes (i.e. 18°C, 21°C (control temperature) and 28°C) each containing three AgNP-depend-
ent regimes (i.e. Group C.1 at 18°C: 0 pug/mL, 10 ug/mL and 100 pg/mL AgNPs; Group C.2 at
21°C: 0 ug/mL, 10 pg/mL and 100 pg/mL AgNPs and Group C.3 at 28°C: 0 pg/mL, 10 ug/mL
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and 100 pg/mL AgNPs). There were six individuals per regime (nine regimes with six crabs
each = 54 crabs in total).

3.4. Tissue preparation

At the end of the exposure period, crabs were cryoanaethesized and tissues (gills and hepa-
topancreas) were excised from each crab sample. Tissues (gills and hepatopancreas) were
homogenized (1:10 w/v) using an Omni-Ruptor 400 (Omni International Inc,, GA, USA)
homogenizer in a 1:20 protease inhibitor cocktail (Sigma Aldrich, MO, USA) prepared with a
phosphate buffer (PBS). Homogenates were centrifuged (Universal 32R, Hettich Zentrigugen,
Germany) at 4°C for 2 min at 13,000 rpm. Supernatants were removed and used for determi-
nation of enzyme activity.

3.5. Biochemical analysis

Biochemical analyses were done using commercially available kits purchased from a local
supplier and were performed in triplicate following the manufacturer’s protocols.

The enzymatic assay of SOD activity (Sigma-Aldrich, MO, USA), using nitroblue tetrazolium
(NBT) and xanthine oxidase (XO), was carried out by reading the absorbance at 450 nm.

The enzymatic assay of CAT (Arbor Assays, MI, USA) was measured by following the increase
in catalase in the sample with decreasing H,O, concentration and by measuring the absorbance
of 200 mM H,0, at 520 nm. The reaction mixture consists of colorimetric detection reagent,
horseradish peroxidase concentrate and H,O,.

The GST assay (Sigma-Aldrich, MO, USA) was measured at 340 nm following the conjugation
of GSH with CDNB (1-chloro-2,4-dinitrobenzene). The reaction mixture consisted of Dulbec-
co’s phosphate-buffered saline (DPBS), 200 mM L-glutathione reduced and 100 mM CDNB.
The GST activity was measured by measuring the change in absorbance every minute for six
minutes.

For normalization purposes, the results were divided by the total amount of protein (expressed
inmg/g wetmass of tissue), calculated through the Bradford method (Bradford, 1976), to obtain
enzymes activity in SOD units per mg protein (for SOD), CAT units per mg protein (for CAT)
and GST-specific activity per mg protein (for GST).

3.6. Data integration

All data values are given as the mean + SEM (standard error of means). Univariate one-way
ANOVA was used to compare means between treatments followed by Dunnett's test to
discriminate differences from the control group using XLSTat (Microsoft Excel and
XLStat2015®). A minimum significance level of p <0.05 was accepted. Benchmark dose (BMD)
and the critical thermal maximum (CTMax) were calculated with LogProbit analysis (U.S. EPA
BMDS Program, version 2.5).
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4. Results and discussion

Although beneficial, advances in nanotechnology are also associated with expectations of
growing potential toxicity and ecotoxicity largely due to their unusual properties. These
properties that render NPs suitable in numerous applications are also ultimately the same
properties responsible for unpredictable effects in the environment and produce adverse
cellular effects and damage to living organisms. For example, small particle size and high
specific surface area allows for higher reactivity and use in several applications, but also allows
for their passage across biological barriers thereby entering cells [2,34]. It is therefore vital that
NPs are correctly and accurately characterized in environmental media in order to ensure the
reliability and reproducibility of toxicity tests.

Silver NPs are currently very widely used in industry largely due to their antibacterial
properties, with applications in several consumer products. Once released into the environ-
ment, the state and behaviour of NP in the environment is dependent on environmental
conditions (including temperature, pH, and ionic strength) in which the NP occurs. As such,
characterization of both the physical and chemical properties of NM and that of the environ-
ment is necessary in order to predict the NM’s behaviour and potential effects on the envi-
ronment.

Commercial AgNPs were analysed in the dry state (TEM, SEM, BET, PXRD) to characterize
surface composition and coatings, surface area, agglomeration state and size of the nanopar-
ticles, in solution (TEM) to characterize particle size and aggregation potential in solution. The
primary and aggregate size of the AgNPs in the dry state was characterized using TEM analysis
(Figure 4a). A particle size distribution was generated from the TEM images by measuring the
diameter of more than 500 nanoparticles (Figure 4b). The TEM image in Figure 4a verified the
spherical nature of the AgNPs, while the size distribution histogram (Figure 4b) showed a
majority of smaller particles measuring 10 nm and a small quantity of larger particles 30-50
nm. The image also shows that the smaller particles are primarily isolated but form agglom-
erates with diameters of 20 nm.

In the aquatic environment, AgNPs interact with natural water components, which can lead
to chemical or biological alterations (such as size distribution, aggregation or disaggregation.
This, in turn, will influence the potential transport of NPs in the water column and, conse-
quently, their fate and toxicity. TEM images for each experimental regime (control, low and
high temperature) are shown in Figure 5. It is known that larger aggregates imply reduced
bioavailability and toxicity [35]. With this said, the enlarged aggregates evidenced in the TEM
images at 18°C suggest that NP toxicity could be somewhat reduced. However, the TEM image
at 28°C suggests a greater potential for toxicity since aggregation of the AgNPs are minimal.
The propensity of NPs to aggregate in the aquatic environment can lead to sedimentation,
thereby making NPs more available to interact with sediment-dwelling and benthic organisms
than with pelagic (water dwelling) species.

The bioavailability of AgNPs in water and sediment in the different treatment regimes was
assessed at the end of the exposure period (i.e. seven days). The available concentration of Ag
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was found to decrease with increasing temperature (4.7% at 18°C versus 1.1% at 28°C). The
loss of Ag suggests aggregation, sedimentation and dissolution of the particles in the exposure
media that resulted in lower AgNP concentrations in the water column and reduced bioavail-
ability of AgNP to P. perlatus. The bioavailability of Ag is a critical element influencing its
toxicity to aquatic organisms and is dependent on several factors such as aggregation,
sedimentation and internalization within the test organism. With this said, it can be assumed
that, from the TEM image at 18°C, AgNPs formed large aggregates, whereas at 28°C, aggre-
gation was minimal. The lack of obvious aggregation on the water surface in the high-
temperature regime likely reflects the internalization of AgNP at elevated temperatures and
possible sedimentation.
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Figure 5. TEM AgNPs suspensions at (a) room temperature, (b) low temperature and (c) high temperature.

Silver NPs are capable of causing acute toxicity in P. perlatus; however, the toxicity differed
significantly according to AgNP concentration and exposure temperature. The results of the
seven-day acute toxicity tests performed with AgNPs and temperature, expressed as BMD
values, are summarized in Table 2. In the acute toxicity test, survival in the control group was
well above 90%, and thus met biological validity criterion. In Experiment B.1 (AgNP-depend-
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ent regime), no mortalities were observed between 0 and 100 pg/mL AgNP. Mortalities were
only observed in the 1000 pg/mL and 10,000 pg/mL treatment regimes, where mortality was
observed from day 2 and increased until 75% and 100% mortality was confirmed at the end of
the exposure period for the 1000 pg/mL and 10,000 pg/mL groups, respectively. In Experiment
B.2 (temperature-dependent regime), 50% mortality was observed after 2 days at 28°C (Figure
4). No mortalities were observed in the 18°C and 22°C temperature groups. No significant
differences in mortality between the two experimental stages were found. At the end of the
exposure period, 75% had died in the temperature-dependent experiments. The mortality data
during the experimental periods indicate that the AgNPs and temperature combinations were
toxic to the survival of P. perlatus.

SOD CAT GST

Temperature (°C) AgNP (ug/mL) G HP G HP G HP

Acute toxicity study (Experiment B)

25.37 0 570.6 +18.0 203.5+14.1 1842.8+41.4 2783+414 89.6+10.3 583+10.3
25.37 787.77 1005.5+136.3 233.6+15.1 34909 + 388.7+04 1063+19.9 42.8+27.0
2468.5

In vivo study (Experiment C)

18 0 6698.4 +1221.7 3797.3 +249.5896.5 + 136.7 3269.8 + 118.410426.2 + 11679.1 +
2858.0 1288.0

10 4119.1+535.0 3286.9 +693.9977.7 £56.9 2989.2 +49.7 9066.5 + 21783.6 £
1975.7 4279.9

100 2924.6 +591.7 4788.3 +740.2684.3 +40.2 2327.9 +351.33826.1 + 121874 +
1368.2 1807.2

21 0 3135.4 +655.8 4357.4 + 646.126061.6 + 3825.6 = 1683.9 +278.09802.4 +

5963.0 1064.7 3540.7

10 2728.4+261.3 6584.0 + 14350.5 + 4016.8 + 1569.6 + 267.817188.5 +
1284.9 3145.1 2150.3 5827.2

100 3071.7 +250.4 6304.3 +756.010732.3 + 3496.9 + 1669.7 + 386.113342.8 +
835.3 2022.3 4038.7

28 0 3445.0+836.3 3968.8 +673.220028.0 + 5184.7 + 11890.4 + 15018.7 +
6017.6 1301.1 2221.6 2708.8

10 6458.3 +519.0 5297.3 +685.613526.1 + 13884.9 + 13865.6 + 40822.1 +
3048.6 22914 1127.6 6828.5

100 9570.0 +1989.6 8339.1 +796.117765.2 + 22142.6 + 11197.1 + 48342.8 +
5873.4 2078.8 1483.0 5463.5

Table 2. Activities of antioxidant enzymes SOD (SOD units per mg protein), CAT (CAT units per mg protein)and GST
(GST specific activity per mg protein)in tissues (G = gills; HP = hepatopancreas) of P. perlatus exposed to AgNP (10
ug/mL and 10 ug/mL) Data are presented as mean + SEM (n = 6). Statistical significance (indicated by *) was denoted
by p <0.05 versus the respective control crabs.
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Figure 6. Mortality of P. perlatus exposed to various concentrations of AgNP (A) and various temperatures (B).

Based on these results, AgNPs appear to exert increased toxicity with increasing AgNP
concentration and temperature. Previous studies have reported the toxic impacts of different
NPs on crustaceans. In a recent study on Chlamydomonas reinhardtii, Navarro et al. reported
that AgNPs (10-200 nm) induced 2 h ECs; of 3300 + 572 nM [35]. Others have reported 48 h
ECs, of 2.5 pg/mL and 4.9 ug/mL AgNPs in Oncorhynchus mykiss [36]. As such, these results
suggest that AgNPs can generate different degrees of toxicity under different exposure
conditions (such as NP size, coating and concentration, temperature and salinity) [37]. As such,
these results suggest that AgNPs can generate different degrees of toxicity under different
exposure conditions (such as NP size, concentration and temperature).

Oxidative stress is an important component of the stress responses in aquatic organisms, which
are often exposed to a wide variety of environmental stressors (such as temperature variations
and anthropogenic contamination). Biomarkers of oxidative stress are among the most
commonly used biomarkers of cellular stress. These include superoxide dismutase (SOD),
catalase (CAT) and glutathione-S-transferase (GST), which are used mainly as indicators of
cellular stress resultant from both environmental contamination and environmental variables.

The crustacean antioxidant system is based on the collective actions of SOD, CAT and GST to
counteract the overproduction of ROS. An important objective of this research was to assess
the differential responses among different tissues. Because different tissues are located in
different locations and perform different functions, each tissue may be more or less exposed
to contaminants and will therefore have different cellular responses. To date, the gills and
hepatopancreas have been the most used tissues for the determination of oxidative stress in
crustaceans. The hepatopancreas is the major site for toxicant uptake and oxyradical-generat-
ing biotransformation enzymes [38]. The gills have a large exchange area and are in direct
contact with the external environment [38]. For this reason, these tissues were chosen to assess
the antioxidant defence mechanisms following AgNP and temperature exposures. In this
study, in response to AgNP concentrations (i.e. 10 pg/mL and 100 pg/mL), antioxidant
enzymes (SOD, CAT and GST) activity were significantly higher in the hepatopancreas when
compared to the gills, suggesting that the hepatopancreas might be a more sensitive organ to
the effects of AgNPs. Similarly, Zhu et al. [39] reported significant stimulation of SOD activity
in liver (when compared to the gill and brain) following exposure of juvenile carp to C60. This
indicates that AgNPs have tissue-specific effects on redox metabolism in P. perlatus.
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Enzyme activity in the higher AgNP treatment (i.e. 100 ug/mL) was generally lower than the
lower AgNP treatment (i.e. 10 pg/mL). SOD is the first defence against oxidative toxicity at a
cellular level and is responsible for catalysing the dismutation of the superoxide radical O, to
0, and H,O,. The inductions of SOD and CAT in the higher-temperature and AgNP regimes
suggest the production of superoxide anions by AgNP. The depletion of the antioxidant
enzyme capacity (SOD, CAT and GST) suggests that the antioxidant defence system is
overwhelmed by ROS [40] and further suggests that the antioxidant defence systems of these
tissues were being stressed.

Experiment Exposure () BMD (ug/L) 95% confidence Slope Correlation
AgNP limit coefficient
Experiment B.1
24 - - - -

48 3689.16 18 827.00 p<0.05 0.29

72 3689.16 18 827.00 p<0.05 0.29

96 4209.83 1947.73 p<0.05 0.55

120 4209.83 1947.73 p<0.05 0.55

144 4209.83 1947.73 p<0.05 0.55

168 4083.36 782.77 p<0.05 2.75
Experiment Exposure (h) CTMax (°C) 95% confidence Slope Correlation
limit coefficient

Experiment B.2
24 - - - -

48 26.14 p<0.05 18.00 0.83

72 26.14 p<0.05 18.00 0.83

96 25.37 p<0.05 18.00 0.75

120 25.37 p<0.05 18.00 0.75

144 25.37 p<0.05 18.00 0.75

168 25.37 p<0.05 18.00 0.75

Table 3. BMD values of the performed acute toxicity tests with AgNPs and temperature on P. perlatus

Elevated temperature has been shown to result in oxidative stress and affect enzyme activity.
As a consequence, the induction of antioxidant defences is an important component of the
stress response against oxidative stress [41]. The results reported here generally support the
fact that oxidative stress biomarkers are highly sensitive to temperature, likely due to tem-
perature-induced ROS production. It is hypothesized that exposure to AgNPs and elevated
temperature will generate ROS and elicit oxidative stress in P. perlatus. Oxidative stress
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responses are generally lowest at conditions of lowest stress (i.e. at 21°C—similar to room
temperature) and highest at conditions of highest stress (i.e. 100 pg/mL AgNPs at 28°C and
18°C). In our study, antioxidant enzymes (SOD, CAT and GST) activities were generally lower
atlower AgNP concentrations and at lower temperatures (e.g. at 0 pg/mL and 100 pg/mL, and
at 18°C and 21°C), and was highest at higher AgNP concentrations and at higher temperature
(e.g. at 100 pg/mL and at 28°C). Since the dissolution of oxygen is generally higher at lower
temperatures (and vice versa), it is expected that oxidative stress responses are inversely
correlated to temperature [42]. However, the present study indicates that oxidative stress
responses were generally lowest at conditions of lowest stress (i.e. at 21°C and 18°C). Other
studies have also provided similar evidence of temperature effects on oxidative stress param-
eters. For example, Vinagre et al. [43] reported the effect in tissues of Gobius paganellus in an
experiment at increasing temperatures. In an earlier study, Vinagre et al. [42] also reported
variation in oxidative stress responses (i.e. increased catalase activity) due to temperature
(28°C) in Dicentrarchus labrax. A similar conclusion was reported by Rodrigues et al. [44] in in
the muscle and digestive gland of Callinectes maenas, while Paital et al. [45] reported the
seasonal effects on oxidative stress biomarkers in the gills and hepatopancreas of Scylla
serrata. The capacity for aggregation, sedimentation and solubility of AgNPs in aqueous
environments can limit their transport within the water column, and thereby reduce their
bioavailability to aquatic organisms [46]. As seen, smaller aggregates were formed at the higher
temperature regime, thereby enhancing the potential for toxicity.

5. Conclusions and significance

Nanoparticle toxicity is a growing concern in freshwater habitats. However, understanding
NP effects on aquatic organisms is largely impeded by the lack of the studies addressing these
effects combined with other environmentally relevant stressors. The present study was
designed to investigate the behaviour of AgNPs in aqueous suspension under different
environmental parameters with particular focus on environmental conditions such as tem-
perature, and the concomitant effects on AgNP uptake, toxicity and antioxidant defence
mechanisms in a freshwater crab species P. perlatus, common in the waters of southwestern
region of the Western Cape [47]. Nanoproducts are increasingly being used in various products
and, consequentially, the potential adverse effects associated with exposure to NMs are of
concern. The risks associated with NMs (i.e. its fate and behaviour in the environment) are
largely unknown and difficult to predict. As the ultimate sink for conventional contaminants,
the aquatic ecosystem is therefore predisposed to the potential effects of NPs. Although our
knowledge on the toxicity of various NMs in the aquatic environment has increased over the
past few years, there is still a lack of knowledge regarding exposure concentrations, bioaccu-
mulation in tissues, as well as environmental factors which could potentially affect its toxicity
or bioaccumulation. This book chapter emerges in this context, centring on the effects of the
most commonly used and commercially available AgNP using P. perlatus as a sentinel species.
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Coexposure to AgNPs and elevated temperature resulted in a significant increase in ROS
production rates and increase in antioxidant enzyme activity. Elevated temperatures often
increase the negative impacts of pollutants in aquatic organisms, especially as the temperatures
approach the upper tolerance limits. As such, it is imperative to assess the effects of pollutants
(such as NPs) on sentinel species in the context of the environmentally relevant thermal
variability.

6. Future perspectives

The work conducted here has focussed largely on the collective effects of AgNPs and temper-
ature on the oxidative stress defences of P. perlatus. Whether the reported results could be
applicable in a more environmentally realistic setting has to be investigated; however, these
findings do offer several directions for future research:

* South Africa’s National Nanotechnology Strategy (DST, 2007) envisages the exploitation of
nanotechnology in South Africa. Future studies should consider the transformation of
AgNPs (both coated and uncoated) as it passes through wastewater treatment plants. Since
the levels of AgNPs are expected to increase in the environment, one should question
whether our wastewater treatment plants are capable of managing the elevated levels in
terms of their treatment capacity and efficiency. As such, the evaluation of the removal of
selected NPs in wastewater by different water treatment processes should be undertaken
in order to estimate the concentrations of NPs in reclaimed wastewater for potable reuse.

* Asevidenced, AgNPs are not, at present, in isolation. It is therefore important that future
studies consider the effects of multiple toxins such as emerging pollutants (pharmaceuticals,
etc.). Other abiotic factors are also worthy of consideration in future coexposure studies.

* Previous studies have reported notable differences between the responses of male and
female individuals, suggesting that there may be some gender-specific effects to NP
exposure. Different responses between genders should thus be considered.

* Future investigations should assess the combined oxidative stress responses of AgNPs and
lower temperature limits, i.e. critical thermal minima (CTMin).
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Abstract

This chapter briefly describes the importance of the services provided by soil inverte-
brates in terrestrial ecosystems and highlights the role of soil fauna in the risk assess-
ments of potentially polluting substances for the terrestrial environment, considering the
sensitivity of these organisms, when compared to other indicators of soil quality (e.g.,
chemical and physical). The main invertebrate groups used in laboratorial ecotoxicologi-
cal assays are presented and, based on its physiological characteristics and habit require-
ments, the advantages and disadvantages of using certain taxonomic groups in
laboratory assessments are also discussed. The most frequently used methods to perform
this type of toxicity tests are summarized, highlighting the fundamental steps of the as-
says with the species Eisenia fetida/Eisenia andrei, Folsomia candida, Enchytraeus albidus/
Enchytraeus crypticus, and Hypoaspis aculeifer, as well as the possible adjustments that are
being carried out in tropical countries. Finally, the future prospects, related to the chal-
lenge of increasing the realism of laboratory ecotoxicological analyses, are discussed to
show the main needs of this study at global and regional perspectives.

Keywords: Soil invertebrates, Bioassays, Ecotoxicity, Risk assessment, Standard proce-
dures

1. Introduction

1.1. The role of soil invertebrates in soil-risk assessments

Soil represents one of the most complex and diverse ecosystems on earth. In addition to
providing the main environmental support for the majority of plants, soil provides the habitat
for a vast diversity of animals (vertebrate and invertebrate) and microorganism taxa. Soil is
estimated to harbor one-fourth of all of the described biodiversity [1-2]. Although organisms
may occur in almost all soil profiles, biological activity is highly concentrated in the most

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited.
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superficial layers, mainly within the top 30 cm of soil, where the highest concentrations of
organic material are also found [3—4].

The transformations promoted by soil organisms, especially those that benefit human popu-
lations, are known as ecosystem services [5]. The concept of ecosystem services is recent, and
a large number of services have already been identified as priorities for terrestrial ecosystems
because they significantly influence the daily life of human populations and are fundamental
for the maintenance of ecosystems and agriculture.

Soil invertebrates are directly or indirectly responsible for various biological and biochemical
processes underlying terrestrial ecosystem services, namely, at the level of microbiota regu-
lation, nutrient cycling, soil structuring, and water-quality regulation through filtration
processes. These organisms act directly on the fragmentation and distribution of organic
material deposited in the soil (animal and plant debris) and function as catalysts of organic
matter (OM) decomposition processes and the biogeochemical cycles of carbon, nitrogen,
phosphorus, and sulfur [5]. Moreover, these organisms regulate microbial activity (including
the control of pathogens), microorganism distribution along the soil profile, and soil structur-
ing because certain fauna species build tunnels, galleries, and other structures along soil
profiles (horizontally and vertically) that are used to transport microorganisms and/or their
latent forms (e.g., fungal spores) and provide preferential routes for organic matter incorpo-
ration and distribution as well as for root growth.

A classic example of a terrestrial ecosystem service provided by soil invertebrates is their
influence on the mineralization of nutrients contained in the soil organic matter (SOM), a
process that is fundamental for the maintenance of agriculture and forestry systems. This
recycling of chemical elements is responsible for the supply of a large portion of the nutrients
required by plants as well as increases in the productivity of these systems [6]. Therefore, it is
essential to protect the ecosystem services provided by soil fauna.

In order to rapidly meet the high demand for food and products at lower production costs,
methods that are more aggressive to the environment are being used, such as the intensive use
of pesticides (to control pests and diseases), discharge of agro-industrial waste directly into
the soil (without treatment), and other types of exploitation of the edaphic system [7]. These
interventions may present a high risk for terrestrial ecosystems because they constitute
entryways of several potentially toxic contaminants that may compromise invertebrate
performance and their services, thus also affecting soil microorganisms and the functionality
of soil ecosystems.

Until recently, the impact of anthropogenic contamination of terrestrial ecosystems has been
primarily measured using indicators of soil chemical and physical properties because biolog-
ical properties have generally been considered more difficult to predict or even measure [8].
The pH, cation-exchange capacity (CEC), organic matter content, and soil nutrient levels
(fertility) are the most commonly used chemical parameters for evaluating soil health.
However, these parameters are especially relevant when analyzing the soil’s capacity to
increase crop yield [9]. Similarly, the physical parameters texture, aggregate stability, soil
density, and soil porosity, which are simple, fast and lowcostanalyzes [9], can be used as



Overview of the Standard Methods for Soil Ecotoxicology Testing 37
http://dx.doi.org/10.5772/62228

indicators of soil health. Nevertheless, they aremainly related to hydrological processes such
as erosion, aeration, soil runoff, infiltration rate, and water-holding capacity (WHC) [10].

A large number of traditional studies that have applied environmental impact indicators for
terrestrial ecosystems have only utilized the parameters organic matter (as chemical indicator)
and soil-aggregate stability (as physical indicator), whereas a smaller number of studies have
correlated biological indicators (bioindicators) to soil quality [8]. However, the impact of
contaminants on soil may be more easily identified through their effects on biota than from
the results of chemical and physical analyses [11-13] because of the higher sensitivity of
biological processes and the capacity of organisms to detect and rapidly respond toa particular
part of the contaminant concentrations in the soil (e.g., heavy metals), which is the fraction of
contaminants available for uptake by living organisms known as the bioavailable fraction [14].
Therefore, assessing the impact of contaminants through their effects on biota may provide an
early warning of risks to terrestrial ecosystems [3]. In addition, assessments using living soil
organisms, called bioindicators, can be used to determine whether contaminants released into
soil affect ecosystem services.

Standardized ecotoxicological laboratory tests using invertebrates are one of the first steps in
risk assessments of soil contaminants, and they can be considered one of the main assessment
tools because they are frequently sufficient for determining the ecological risk level of
substances and the safe exposure limits for humans and soil biota [13, 15]. This type of test
provides quantitative and/or qualitative information on the toxic effects of contaminants on
soil invertebrate fauna, including information required by several global regulatory authorities
prior to the sale of pesticides [16] or to allow the application of residues to agricultural soils [17].

In the European Union (EU), the sale of phytopharmaceuticals (including pesticides) is
regulated by specific guidelines that require standardized ecotoxicological tests to assess the
impact of these substances on nontarget soil organisms [16, 18]. Regarding the application of
agro-industrial residues to soil, the EU requires that assessments be performed according to
Directive 2008/98/EC [17], which includes an ecotoxicological risk criterion (H14 — “ecotoxic”).
This criterion is used to identify wastes that constitute or may constitute immediate or delayed
risks for one or more sectors of the environment (including soil invertebrates) and may be the
determining factor used to decide the hazard level of more than 80% of wastes [19].

Two different approaches can be distinguished in laboratory ecotoxicological tests [20]. The
first approach involves analyses that are predictive/prognostic and aim to determine the
possible toxic effects of the substances tested on invertebrates in case the substances are
released into the soil. This approach is mainly used to test new substances (e.g., new pesticides
and pharmaceutical drugs) for which the safe exposure levels in terrestrial environments are
unclear; thus, this approach can be used to regulate their use or prevent their introduction to
the market. The second approach involves analyses that are diagnostic and aim to determine
the actual ecological risk or current damage using samples of contaminated natural soils. In
this case, the assessments are used to define the priorities for remediating contaminated areas
and/or actions for reducing ecological risks.
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These two approaches include various tests that can be classified according to exposure time
(acute or chronic toxicity), observed effect (mortality, reduced growth or reproduction,
bioaccumulation, or behavioral changes) or effective response (lethal or sublethal) [21]. In these
tests, representative species of the soil fauna are exposed to increasing contaminant concen-
trations and the contaminant effects are measured in one (single species) or several species
(multispecies) to test dose-response relations [22].

There are various methods for evaluating toxicity in invertebrates, including topical applica-
tion, force-feeding, and immersion tests [23]. However, the main laboratory assays standar-
dized by the norms of the Organization for Economic Cooperation and Development (OECD)
and International Organization for Standardization (ISO) consist of exposing standard species
to samples of contaminated soil. These protocols describe methods used to determine acute
and chronic toxicity and the effects on the behavior of earthworms, collembolans, enchytraeids,
mites, mollusks, and few other insects [20].

The objective of acute toxicity tests is mainly to assess whether a substance causes organism
death. These tests are useful for short-term identifications of highly toxic contaminants;
however, they do not consider different stages of the test organism life cycle (growth, repro-
duction, and birth of juveniles) or determine whether particular life cycle stages present
increased sensitivity to toxic substances [24]. These tests are also used as preliminary evalua-
tions (“range-finding tests”) to determine the concentration ranges to be used in definitive
acute toxicity tests and/or the sublethal concentrations for chronic toxicity assays [13].

Chronic toxicity tests are medium-term tests that measure the sublethal effects of potentially
toxic substances on organisms, such as changes in reproduction and growth, and are more
adequate for assessing effects at the population level [20, 25]. The primary standard methods
for laboratory chronic toxicity tests have been established in ISO [26-27] and OECD [28-31]
guidelines. The objective of these standardized tests is similar for different groups of inverte-
brates, although they do present differences, especially in test duration, as a result of the
different reproductive characteristics of different species. In these tests, adults are exposed to
a range of sublethal concentrations of the test substance, with the concentrations defined
according to preliminary tests (range finding) or results from the literature.

Behavioral tests with soil invertebrates are also becoming common because they provide a
preliminary evaluation of responses to soil pollution over a shorter period relative to that of
toxicity tests [13]. In addition to providing ecologically relevant results because of the sensi-
tivity of species in detecting polluting substances in soils, these tests can be performed more
quickly (2 days on average) and at a reduced cost [13, 32]. Avoidance tests, for example, can
be used as triage tools to assess the habitat suitability of soils because they are based on the
ability of animals (e.g., earthworms) to avoid potentially toxic substances upon exposure to
contaminated soils [33] because of the presence of chemoreceptors that are highly sensitive to
chemicals in the environment [34].

Although behavioral assays offer alternative endpoints for assessing the impact of contami-
nants on soil invertebrates, it is recommended to use such evaluations along with acute
and/or chronic toxicity tests [35] because in certain cases, the substances can cause 100%
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mortality without the observance of an avoidance effect [32]. Such cases may be related to the
test substance’s narcotic properties, an absence of irritating effects, or physiological adapta-
tions associated with the species” mode of life [36]. Integrated laboratory analyses should
therefore be performed when a higher precision is required when assessing the interactions
between contaminants, animal species, and soil properties because such analyses decrease the
amount of uncertainty when determining ecological risks.

Although the standardized guidelines for ecotoxicological tests for terrestrial environments
are relatively new, compared with the guidelines for aquatic environments, the number of tests
based on these guidelines has increased considerably, and such tests have been used to
investigate the ecological risk assessment of fungicides, herbicides, insecticides, heavy metals,
nanomaterials, agro-industrial residues, and other substances in soil [13, 20].

2. Standard species for soil ecotoxicology

Ideally, the toxic effects of all chemicals introduced to terrestrial ecosystems, such as agro-
industrial and urban wastes, should be tested on all species inhabiting the ecosystem before
commercialization (xenobiotics) or direct application to the soil [13]. Because these measures
cannot be achieved in the laboratory, edaphic invertebrate species that have known sensitiv-
ities to anthropogenic changes and provide the main representative ecosystem services of the
fauna have been chosen as indicators of the ecotoxicological risk to terrestrial ecosystems. The
review presented in Ref. [20] provides a list of the main invertebrates used in terrestrial
ecotoxicological assays. This list includes earthworms (Eisenia andrei and Eisenia fetida),
enchytraeids (Enchytraeus albidus and Enchytraeus crypticus), mollusks (Helix aspersa), mites
(Hypoaspis aculeifer, Platynothrus peltifer, and Oppia nitens), isopods (Porcellio scabere and
Porcellionides pruinosis), collembolans (Folsomia candida and Folsomia fimetaria), insects of the
family Carabidae (Pterostichus oblongpunctatus and Poecilus cupreus), Oxythyrea funesta, and
other organisms used in the methods standardized by international guidelines for ecological
risk assessments of soil contaminants.

The methods described by the ISO and OECD international guidelines for ecotoxicity tests
with terrestrial invertebrates are designed to standardize the tests so that similar results can
be obtained in different laboratories regardless of the region. Such standardization facilitates
comparisons and increases the reliability of the established toxicity levels. To develop stand-
ardized tests, standard species must be selected based on ecological relevance, ease of
maintenance in the laboratory, and short-generation time [37-38]. In addition, the selected
species should have well-known biological parameters so that a large number of healthy,
homogeneous (same size and biomass), and age-synchronized individuals can be obtained.
The number of species that meet all of these requirements is small.

In general, toxicity assays with standard species are performed individually; therefore, each
species is tested separately to exclude the effects of interactions among species present in soil.
However, the use of several species, even when tested separately, increases the ecological
relevance of laboratory analyses because different organisms respond differently to pollutants,
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and the potential risk to the ecosystem varies [20]. The performance of a balanced battery of
tests using organisms of different functional and taxonomic groups and different routes of
exposure is therefore necessary to improve the reliability of ecological risk assessments
determined via laboratory tests [39].

The main standard invertebrates used in batteries of soil ecotoxicological tests are earthworms
[29, 40-42], collembolans [26, 31], mites [39], and enchytraeids [22, 28, 43]. Because of different
morphological (e.g., epidermis structure) and physiological (e.g., water and oxygen uptake
pathways) characteristics as well as feeding and behavioral habits (e.g., movement within the
soil or at the soil surface and digging habits), these taxonomic groups encompass different
pollutant uptake routes and encounter pollutants through the exposure to water and air
present in the soil pores and ingestion of food and soil particles [44].

Earthworms are important components of the soil biota because they aid in the formation and
maintenance of soil structure and fertility. Although they are not numerically dominant, their
large size makes them one of the main contributors to invertebrate biomass in soil. These
organisms are important indicators of soil life and quality because their populations are
affected by common agricultural practices, especially by the use of pesticides and fertilizers
and application of waste [45]. Because they are soft-bodied organisms, earthworms absorb
water mainly through their skin; therefore, they can accumulate chemicals during water
absorption [44]. Another important route of contaminant absorption is through ingestion
because these organisms ingest large amounts of soil with adsorbed substances along with
their food (soil organic material, which may also be contaminated).

Although several earthworm species have been used in terrestrial ecotoxicological tests [22],
only E. fetida and E. andrei were included in the ISO and OECD guidelines. These species are
preferred because they have worldwide distribution, are naturally tolerant to various organic
substrates, are easily handled in single species or mixed cultures [45], and may be easily
acquired commercially (adults, juveniles, or cocoons) or obtained from other soil ecotoxicology
laboratories.

E. fetida and E. andrei were initially differentiated into two forms, var. tipica and var. unicolor
(lightly stripped and uniformly pigmented, respectively), by Bouché (1972), who considered
them as subspecies (E. fetida fetida and E. fetida andrei). These organisms were thought to belong
to the same species for a long time because of their similar appearances, ecological demands,
and frequent associations. However, recent investigations have determined that their crossing
does not result in viable descendants, and biochemical methods were used to confirm that they
constitute different species [46]. This differentiation is important for their use in ecotoxicolog-
ical tests because the effects of contaminants on the two species may be different.

Neither of the two species is typical of most agricultural soils, and they only occur in soils rich
in organic matter. Under ideal conditions, their life cycle until maturity is relatively short
(varying between 45 and 51 days) compared with that of other species and extends from the
recently deposited cocoon until the adult stage, when the worms are sexually mature (with
the presence of clitellum) and ready to produce the next generation. The time for juveniles
(recently hatched) to reach sexual maturity varies between 21 and 30 days. Both species are
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prolific, and between two and five juveniles are generated from each viable cocoon. Depending
on the rearing temperature and substrate, their maximum life span ranges from four and a half
to five years [45].

Enchytraeids (family Enchytraeidae) belong to the same class as earthworms (Oligochaeta)
and can live in both water and soil. However, they are mostly found in soil, where they perform
important ecosystem services, such as increasing the rate of organic matter decomposition,
maintaining the soil structure (creation of biopores), and dispersing microbes on a local scale
[47-48]. These services are especially important in acidic, sandy, and nutrient-poor soils, where
enchytraeids are the dominant soil fauna group (up to 75% of the biomass) [48-49]. In these
environments, the role of enchytraeids in organic matter decomposition may not be performed
by other fauna groups [50].

The family Enchytraeidae has over 600 described species [48]. Known as white worms or
potworms because of their pale color and small size (many are only a few millimeters long,
although some may reach up to 5 cm), most enchytraeids are hermaphroditic (capable of self-
fertilization), although certain species are parthenogenetic or reproduce through fragmenta-
tion [51]. Enchytraeids have a limited capacity for movement inside the soil; therefore, they
live in the most superficial soil layers (0-10 cm) where the organic material and biological
activity are concentrated. These organisms are found from arctic to tropical regions, and they
are more abundant in forest soils (or soils rich in organic material) and less abundant in
pastures and agricultural fields [52]. Their main food source is fungal mycelium; however,
they also feed on organic matter that has been predigested by fungi as well as on other
microorganisms [48].

These oligochaetes are sensitive to potentially toxic substances abundant in many soils where
earthworms are not present or are not well represented. In addition, these animals are easy to
handle and rear and have a significantly shorter life cycle than other worms, which is con-
venient for standardized toxicity assays [28, 43, 53]. These organisms live in close contact with
the soil pore water and are exposed to soil contaminants through dermal, intestinal (through
feeding), and respiratory routes [44]. Although their use in laboratory ecotoxicological tests
was reported for the first time approximately 40 years ago, enchytraeids were selected for use
in standardized ecotoxicological laboratory tests only 10 years ago as reported in the guidelines
ISO 16387 [43] and OECD 220 [28].

Enchytraeus is the only enchytraeid genus with species selected for ecotoxicological tests
standardized by ISO and OECD guidelines (e.g., E. albidus and E. crypticus) because this genus
is considered typical of environmental stress indicator organisms and can be easily reared in
the laboratory. E. albidus is the best known species for soil ecotoxicology [54] because it can be
reared in many different substrates (it is widely distributed in terrestrial ecosystems) with
different types of food, and it has a proven sensitivity to soil contaminants [55]. When these
animals reach maturity (approximately 21 days at 18°C), the size of E. albidus adults can vary
between 15 and 40 mm. Variations are observed in the total developmental cycle (33-74 days),
embryonic development period (12-18 days), eggs per cocoon (7-10), and viable cocoon
percent (40-50%) according to environmental conditions, especially in response to changes in
culture temperature [43, 54]. The ideal reproduction temperature for the species is 15°C,
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although they can reproduce at temperatures between 12 and 22°C. Temperatures above 25°C
should be avoided because they can suppress reproduction [54].

Although E. crypticus has lower ecological relevance because its prevalence in the field is
unknown [56], the species is adequate for ecotoxicological laboratory tests, and its use in
current standardized tests appears to be increasing [20]. Compared with E. albidus, E. crypti-
cus has the advantage of being able to grow in agar medium, and it also has a higher repro-
duction rate, has a shorter generation time, tolerates a wider range of soil properties, and
presents other characteristics considered methodologically advantageous [53, 57]. The adults
of this species vary in sizes between 3 and 12 mm, and they have a generation time of approx-
imately 18 days (at 21°C) in agar medium. The mean number of eggs per cocoon can vary
between 1 and 35 with a mean of 4.6 eggs produced per day [58]. Studies have indicated that
the number of juveniles may also vary according to the type of soil used, with apparently
higher numbers in standard LUFA 2.2 natural soil [59] than in artificial OECD soil [60].

The order Collembola is one of the most diverse and abundant terrestrial arthropod orders,
with 21 families and 20,000 described species [61]. In general, collembolans are small, varying
from a few to approximately 10 mm in length [62]. The body can exhibit colorful pigmenta-
tion, although the inhabitants of deeper soillayers are typically not pigmented [63]. Most species
feed on fungal hyphae and decomposing plant material; thus, they have a significant effect on
microbial ecology and soil fertility and can control certain plant diseases caused by fungi [62, 64].

Collembolans are vulnerable to the presence of potentially toxic contaminants in soil [3]
because they are exposed through water ingestion or absorption from wet/moist surfaces, food
(living or dead) consumption, and soil pore air inhalation [44]. The responses obtained in tests
using these arthropods may indicate environmental stress levels and the ecological risk of
substances; therefore, these organisms supply information that can serve as a basis for
legislation [65]. Collembolans have been used to estimate the effects of pesticides and other
environmental pollutants on nontarget soil arthropods for approximately four decades, with
F. candida — being typically used in standardized ecotoxicological tests [26, 31, 66]. F. candida
has great importance for terrestrial ecosystem services because of its high sensitivity, short
generation time, high reproduction rate, and easy culturing in the laboratory using a diet of
granulated dry yeast [67].

F. candida (Willem 1902) is an arthropod of the family Isotomidae, and it is distributed in soils
worldwide, although it is not common in most agricultural soils. This animal has a high
occurrence rate in sites rich in organic matter [68]. This species has no pigmentation or eyes
[38], and it reproduces exclusively through parthenogenetic females, which are approximately
2 mm long and sexually mature at 21-24 days of age (at 20°C). The optimal temperature for
egg incubation and production is 21°C, and under these conditions, females lay 30-50 eggs,
which take 7-10 days to hatch. This species has strong feeding preferences for certain species
of fungi, and they are classified as microsaprophagous [62] and can be fed dry yeast in the
laboratory [26, 31].

Although used in a fewer number of studies, F. fimetaria has been used as complementary or
alternative species to F. candida, and the choice to use F. fimetaria is related to its higher
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ecological relevance because it is present in many natural and agricultural habitats where F.
candida is not found. In addition, F. fimetaria meets all of the necessary requirements of a
standard species for ecotoxicological laboratory tests [69]. In 2009, OECD guideline no. 232 [31]
established F. fimetaria as a standard species for standardized laboratory assays. In addition to
F. fimetaria, other species can be used to increase the ecological relevance of tests, although
they may not be included in guidelines [21, 68, 70-71].

Mites are arthropods belonging to class Arachnida and subclass Acari, and they have a small
size and unsegmented bodies [61]. In total, mites are ordered in 1,200 families and approxi-
mately 500,000 species [72], of which many are the most abundant mesofauna inhabitants in
many types of soil and litter [73]. Suborder Gamasida (order Mesostigmata) includes the main
species of predatory mites inhabiting soil pores [74]. The community structure and abundance
of predatory mites are strongly dependent on the nature and availability of their prey [22].
Most mites feed on enchytraeids, nematodes, and microarthropods, although certain groups
are considered fungivorous, bacteriophagous, facultative phytophagous, or have unknown
feeding habits [73].

The ecosystem services provided by soil predatory mites include the biological control of pests
and other species with abundant populations; thus, they significantly contribute to the flow
of energy and matter in terrestrial ecosystems as well as to the maintenance of food chains [22].
In addition, several genera have been isolated for over 30 years from soil and tested as quality
bioindicators [72]. Currently, reports are available for different toxicity tests using these
arthropods; however, only the reproduction test using H. aculeifer has been standardized by
guidelines for the evaluation of soil quality [20, 22, 30]. H. aculeifer has been considered the
most adequate mite species for ecotoxicological assays because it has an acceptable generation
time (approximately 1 month at 20°C), is a generalist predator, and can be easily handled in
the laboratory [20, 72]. Because it represents a different trophic level from the other inverte-
brates used in standardized tests and is exposed to contaminants through different routes [44],
H. aculeifer has been included on the EU community’s list of nontarget organisms considered
in the assessment of environmental risk of pesticides in soil [16, 72, 75].

Specimens of H. aculeifer are brown and have a light-brown dorsal shield. Although the size
of both sexes is rather small, females are larger (0.8-0.9 mm) than males (0.55-0.65 mm) [22,
76]. Under temperatures between 20 and 23°C, these organisms become adults in approxi-
mately 16 (females) and 18 (males) days after going through larval, protonymph, and deuto-
nymph developmental stages. However, their development time can be strongly affected by
the temperature [76]. Usually, reproduction is sexual, although arrhenotokous parthenogen-
esis may occur in the absence of males, with this process only generating males [77]. However,
females generally occur at a higher frequency because the sex ratio can also be controlled
through selective cannibalism [78]. Each female lays approximately 100 eggs during its
reproductive life [79]. These eggs are white, elliptical, and laid at the soil or culture substrate
surface. Although it is a polyphagous predator, it is usually fed with the mites Tyrophagus
putrescentiae or Rhizoglyphus sp. in ecotoxicological tests [30]. In the case of food scarcity, these
organisms can survive cannibalistically [78].
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In Ref. [22], the main invertebrates used in standardized terrestrial ecotoxicological tests were
compared and it was concluded that the standard species of earthworms (E. andrei and E.
fetida), enchytraeids (E. albidus and E. crypticus), collembolans (F. candida and F. fimetaria), and
predatory mites (H. aculeifer) are adequate for the performance of tests on several soils from
temperate and tropical regions. However, earthworms present limitations in acidic or basic
soils. Enchytraeids are more tolerant to changes in soil pH and organic-matter concentrations,
although they grow better in sandier soils. Mites and collembolans appear to be adequate for
tests in most soil types and are considered less sensitive than oligochaetes (earthworms and
enchytraeids) to soil properties. In tests that use soils with extreme characteristics (acidic or
sandy soils), more than one species as well as alternative species should be used [22]. In
addition, H. aculeifer generally appears to be less sensitive to certain substances compared with
the remaining species. However, because it is the only predatory standard species, its inclusion
in routine assessments of ecotoxicity is supported [80].

3. Summary of the standard procedures for bioassays with soil
invertebrates

Performing ecotoxicological laboratory tests requires a series of steps, including planning and
material preparation, animal rearing and maintenance in the laboratory, contamination of
artificial/natural soils (or preparation of previously contaminated soil samples), experimental
procedures for the initial test conditions as well as the maintenance and evaluation of toxicity
tests using organisms, and data analysis and interpretation. The steps of the standardized tests
using the species E. andrei/E. fetida, E. albidus/E. crypticus, F. candida, and H. aculeifer described
in the guidelines ISO no. 11268-2 [27], no. 16387 [43], no. 11267 [26] and OECD no. 226 [30],
respectively, will be summarized in this section to describe the main methods established by
the guidelines and the adaptations that are used in regions with tropical climates.

Most standardized tests using soil invertebrates were developed to quantify the impact of
chemical exposure on organisms in artificial soils [42]. However, although studies using
artificial soils supply information that can be internationally compared, natural soils may
provide information on local problems. Although the practice is still not described by the
guidelines, the use of natural soils in standardized ecotoxicological tests has been increasing.

OECD soil is a standard artificial substrate recommended by ISO/OECD guidelines for most
terrestrial ecotoxicology studies [42]. This substrate consists of a mixture of 70% industrial
sand (with more than 50% particles between 0.05 and 0.2 mm), 20% kaolinite clay, and 10%
peat (ground and dry). However, for assays in tropical regions, studies have used a modified
version of this substrate [81-83] known as tropical artificial soil (TAS). TAS uses powdered
coconut husks as replacement for peat because of its higher availability in tropical regions. In
both cases, after the materials are mixed, the pH (1 M KCL 1:5 weight:volume ratio) of the
artificial soil should be adjusted to 6.0 = 0.5 through the addition of CaCO;. In addition, the
soil water-holding capacity should be determined for moisture adjustments [26].
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To use natural soils in standardized tests, the soils should offer minimum conditions for the
survival and reproduction of the test species without causing morphological or behavioral
changes in the absence of the contaminant. To test chemicals for regulation purposes (e.g.,
ecological risk of pesticides), natural soils are artificially contaminated, and the results should
be comparable between laboratories. Therefore, the soils should have similar characteristics,
as is the case for LUFA soils [84-85], EURO soils [86], SIM soils [87], and other natural soils
selected as standard soils for specific regions, for example, Polish [88] and Mediterranean soils
[89]. In the case of natural soils from contaminated areas, the use of a control soil with the same
characteristics (texture, pH, organic matter concentration, and C:N ratio) but without contam-
inants is recommended [87].

Natural soils should be dried, sieved (5 or 2 mm, preferentially), and chemically and physically
characterized before use, and at least the texture, pH, WHC, and moisture content should be
determined. In addition, the organic matter concentration (or organic C), CEC, C:N ratio, and
metal (or other element) concentration may also be measured [87]. Regardless of the type of
soil (artificial or natural), defauning is recommended (by soil freezing at —20°C followed by
thawing to room temperature) to eliminate the original soil fauna organisms [90].

According to the guidelines, incorporating test substances directly into soil (artificial contam-
ination) varies with the water solubility of the contaminant, and there are three main methods:
(a) for water-soluble substances; (b) for water-insoluble but organic solvent-soluble substan-
ces; and (c) for water-insoluble and organic solvent-insoluble substances. In all cases, the
concentration gradients of the test substances should be prepared immediately before the
beginning of the assay in the volume necessary to maintain the soil moisture between 40 and
60% of its WHC. In the case of water-insoluble substances, after applying the solutions in
increasing concentrations, the soil moisture should be adjusted through the addition of pure
water. It is recommended that the concentrations be prepared in a geometric series separated
by a factor of 1.8 or lower. If effects are not observed for the tested substance (e.g., active
ingredient of a pesticide) at the highest concentration (1,000 mg kg™) in the preliminary tests
(acute toxicity assays), then a limit test should be performed to evaluate the toxicity using only
the control treatment at a concentration of 1,000 mg kg™

The environmental conditions of the standardized ecotoxicological tests and laboratory
cultures should be controlled. Controlled temperatures and light conditions in the test/culture
chamber/room are fundamental for obtaining homogeneous cultures (with the same age and
size) with development cycles that occur within the time predicted for the tests. The main
recommended protocols are a mean temperature of 20 + 2°C and constant light intensity
between 400 and 800 lux on the culture containers [26, 31]. In addition, it is recommended that
cultures be kept under controlled light/dark cycles, preferably 12 hours light/12 hours dark or
16 hours light/8 hours dark. However, the environmental test and culture conditions have been
adapted for regions with predominantly tropical climates to better reflect the influence of local
climate conditions. To simulate tropical conditions, temperatures varying between 23 and 27°C
have been used [83, 91-93].

The earthworms E. andrei and E. fetida should be reared in substrates composed of a mix of
horse or cow manure (defauned following the same process described for soils) and peat (1:1,
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dry weight) [27], and the culture medium should be moistened weekly with pure water. Similar
to artificial soils, peat is usually replaced with powdered coconut husks in tropical climate
regions [13, 18, 81]. Earthworms should be fed weekly with a mixture of oat flakes and water,
and the rearing substrate should be periodically replaced.

E. crypticus can be cultured in natural soil, although recent studies have opted for culturing in
Petri dishes with agar medium [83, 94]. This culture medium is composed of a mixture (1:1,
v:v) of a salt solution (calcium chloride, magnesium sulfate, potassium chloride, and sodium
bicarbonate) and a bacto-agar solution (e.g., Oxoid - Agar No. 1). Approximately 50 mg of
ground oat flakes should be supplied as food once a week, and the organisms should be
transferred to new substrate every 2 months.

Laboratory cultures of collembolans and mites should be performed using a substrate
composed of a mixture of activated charcoal, plaster of Paris (calcium sulfate), and deionized
water, with a recommended 1:8 charcoal:plaster of Paris ratio for F. candida and 1:9 ratio for
H. aculeifer (w:w) [26, 30]. The volume of deionized water should be 60-100 mL for each 100 g
of mixture, although the water content varies with the type of plaster of Paris. The bottom of
plastic containers should be filled with the mixture to a height of approximately 1 cm.
Collembolans should be fed dry yeast once a week, and cultures of T. putrescentiae or Calogly-
phus sp. (cheese mites) should be simultaneously maintained with H. aculeifer cultures to serve
as food (prey) for the predator. Small quantities of cheese mites should be supplied to H.
aculeifer twice a week and the cheese mites should be fed once a week with powdered brewer’s
yeast [30].

Avoidance assays with E. andrei/E. fetida or F. candida, which are described by the guidelines
150:17512-1 and 1SO:17512-2 [41, 95], are performed using rectangular (earthworms) or round
(collembolans) plastic boxes that are divided into two equal compartments by a plastic divider
vertically introduced and filled with the test soil (amounts depend on the size of the container).
Contaminated soil is added to one of the compartments, and the same amount of the respective
control soil is added to the other compartment. Ten E. andrei or E. fetida adults (with developed
clitellum) or 20 F. candida individuals at 10-12 days of age (originating from synchronized
cultures) are then placed on the separation line between the two compartments, and the plastic
divider is removed. The containers are then closed with perforated lids to allow air circulation.
The animals are not fed during the test. After 48 hours, the number of individuals present in
each compartment is recorded according to the specific method for each species [18, 96]. A
double control test is also performed with control soil in both compartments to determine
whether the organisms are randomly distributed between the two compartments in the
absence of contaminants.

Chronic toxicity tests with E. andrei/E. fetida should be performed according to ISO:11268-2 [27].
Round plastic containers are filled with approximately 500 g soil (dry weight) treated with
solutions with increasing contaminant concentrations (or dilutions of the naturally contami-
nated soils) or the respective control soils. Ten adult earthworms (with visible clitellum) with
individual weights between 300 and 600 mg that had been previously incubated in control soil
for at least 24 hours are selected for each experimental unit. The containers are closed with
perforated lids, and the earthworms are fed horse manure (=5 g per replicate) at the beginning
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of the assay and then once a week until the end of the assay. The assay lasts for a total of 56
days. Adult earthworms are removed after 28 days, washed with water, and weighed. The
final percentage of body biomass (after 28 days) relative to the initial weight can be calculated
to assess the effects of contaminants on organismal growth. After 56 days from the beginning
of the assay, the number of juveniles is counted to verify the treatment effect on species
reproduction (for additional details, see Ref. [27], and/or Ref. [18]).

Reproduction tests with E. crypticus are described in 1SO:16387 [43]. Ten similar-sized adults
(with visible clitellum) are placed in cylindrical containers containing 20 g soil (dry weight)
that had been treated with the test substance or the respective control soil. Finely ground oat
flakes can be supplied as food (=2 mg per replicate), and the containers should be hermetically
closed [83]. The containers are opened weekly to allow for gas exchange, and food and soil
moisture are replenished as needed. Twenty-eight days following the beginning of the assay,
the total number of enchytraeids are counted using a stereoscopic microscope following
fixation in 80% ethanol, staining with rose bengal (1% in ethanol), and wet sieving of the
organisms [94]. For E. albidus, the experimental procedures are somewhat different, especially
with regard to the assay duration.

Tests evaluating the impact of contaminants on the reproduction of the collembolan F.
candida are described in I1SO:11267 [26]. Thirty grams of contaminated or control soil (fresh
weight) are added to cylindrical containers (approximately 100 mL). Ten adult collembolans
aged between 10 and 12 days (originating from synchronized cultures) are then placed into
each experimental unit, and the containers are then hermetically closed. Food (dry yeast) is
supplied at the beginning of the assay and on the 14th day, and the containers are opened
weekly to allow for gas exchange. On the 28th day after the beginning of the assay, the soil of
each replicate is submersed in water to force the survivors to float to the surface, and the
juveniles are counted following the addition of several drops of black ink (for increased
contrast) [93].

Reproduction tests with H. aculeifer are described in guideline OECD no. 226 [30]. The
containers are filled with 20 g (fresh weight) of soil treated with the test substance or control
soil. Ten females with ages between 28 and 35 days and originating from the synchronized
cultures are then placed in each container. The animals receive small amounts of food (cheese
mites) at the beginning of the assay and then twice a week until the end of the assay. The
containers are then hermetically closed and opened weekly for airing and soil moisture
adjustments. Fourteen days after the beginning of the assay, the mites are removed from the
soil using a MacFadyen extractor with a gradient of increasing temperatures for 48 hours (12
hours at 25°C, 12 hours at 35°C, and 24 hours at 45°C). Adults and newly emerged juveniles
in each replicate should be fixed in 70% ethanol and counted using a stereoscopic microscope.

The following parameters are used to evaluate the critical values: NOEC (no observed effect
concentration) and LOEC (lowest observed effect concentration), LC,, and LC;, (lethal
concentration to 10 and 50% of the population, respectively), EC,, and ECj, (concentration at
which 10 and 50% of the contaminant’s maximal effect is observed on the growth or number
of juveniles, respectively), and ACjy, (concentration causing the avoidance of 50% of the
organisms from the contaminated soils). These toxicity parameters are designed to detect the
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ecological risk of the chemicals in soil and used to derive protection limits for terrestrial
ecosystems.

The significance of avoidance responses (LOEC and NOEC) is tested with Fisher’s exact test
using a two-tailed test for the double control conditions and a one-tailed test for the contami-
nated soil combination conditions [97]. The AC;, values can be obtained using regression
analyses [98]. The significance of the effects (LOEC and NOEC) on the body biomass of the
earthworms and number of earthworms, enchytraeids, mites, and collembolan juveniles
following exposure to the contaminated soils should be tested using a one-way analysis of
variance (ANOVA). When differences are detected (p < 0.05), the treatment means should be
compared with the results from the respective controls using a post hoc test such as Dunnett’s
test. The EC,, and ECs, values should be estimated by nonlinear regression using pre-defined
exponential, logistic, Gompertz, or hormesis models [71]. The normality and homogeneity of
variance should be tested prior to the ANOVAs.

4. Future prospects in soil ecotoxicology

The future prospects for soil ecotoxicology refer to the challenge of increasing the realism of
the analyses in the terrestrial environment and to reduce the uncertainties about the real degree
of ecological risk obtained by laboratory tests. To improve the ecological relevance of labora-
tory assays, it needs a transition from research based on artificial soil to the use of natural soils,
which consider the real relationship between contaminants and test organisms in the exposure
scenarios. Moreover, it is necessary to increase the list of standard organisms for the tests,
considering the practicality in assays, and especially the inclusion of species that represent the
geographical and ecological conditions of the test site [99]. As an example, Ref. [20] suggests
the standardization of the sublethal toxicity tests with isopods, since they represent an
ecologically relevant group of soil fauna, and the effects on these arthropods can be determined
at biochemical, genomic, individual (growth, behavior), and ecological (feeding activity)
levels.

It is still necessary to move forward in the assessments of long-term sublethal effects; besides,
there is a need for better understanding of exposure, absorption, and metabolism of substances
in individuals, and the identification of the responses at different levels of biological organi-
zation (e.g., communities) [20]. Based on this assumption, one of the apparent possibilities to
evaluate the long-term impact in standard laboratory tests would be the use of multigenera-
tional assays, where toxic effects such as delayed reproductive failures, transmission of the
bioaccumulation to offspring, or accumulation of DNA damage could be identified [100]. For
a better understanding of the relationships between pollutants and species, more studies using
chemical, biochemical, and molecular prospects (ecotoxicogenomics) are needed, particularly
assessments of bioavailability, bioaccumulation, and molecular biomarkers [20, 101]. The
assessment of impacts at higher levels of biological organization can be accomplished through
multispecies assays, which consider the relationships between species, contaminants, and soil
properties. In addition, the semi-field and field tests may offer a better understanding of the
contaminant’s impacts on soil communities, although they are more complex, especially when
there is the involvement of comparisons between different ecosystems [13, 20].
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Finally, it is necessary that future adjustments be performed in the standard assays available,
in order to enable them to address the new and emerging needs of the current ecotoxicology,
such as the case of evaluation of the toxicity of nanoparticles and mixtures of contaminants,
among others [20]. These adjustments also extend to the studies performed in tropical regions,
where there is a need for a revision of the methods, especially in terms of soils, species, and
climatic conditions, in order to increase the ecological relevance of the analyses at local level.
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Abstract

An important objective of aquatic ecotoxicology is to determine the effects of toxic com-
pounds in organisms that play a central role in aquatic communities where rotifers have a
large impact on several important ecological processes. The contribution of the rotifers to
secondary production in many aquatic communities is substantial as they are often the
larger fraction of zooplankton biomass at certain times of the year. In addition to the im-
portance of their ecological roles in aquatic communities, the rotifers are attractive organ-
isms for ecotoxicological studies by its short life cycles and rapid reproduction, their
small size, and little volumes needed for culture and toxicity assays. The main end points
used in ecotoxicological studies are mortality, reproduction, behavior, and biomarkers.
Such parameters are included in international regulations from all over the world, where
different species are used to evaluate the effect of environmental samples or chemical
compounds. The high diversity of rotifers is an important issue because it can modify
their relative susceptibility to toxicants. Thus, more studies are needed to know the rela-
tions and mechanisms involved in clonal variation, sensitivity, and development, which
can be all assessed by state-of-the-art procedures.

Keywords: aquatic toxicology, ecotoxicology, metal toxicity, acute toxicity, endocrine dis-
ruption

1. Introduction

The analytical equipment can identify and quantify a chemical substance but not its toxicity
in the organisms or the environment, which can be evaluated only in life organisms [1]. Toxicity
testing in water samples assesses the concentration and exposure time of the chemical

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited.
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substances that produce an adverse effect in aquatic organisms, generating useful data for risk
assessment. A toxicity test can be accepted by the scientific community if (a) it is capable to
predict adverse effects for a variety of compounds in different organisms, (b) it must be
replicable with statistical-based analysis, (c) its data must include adverse effects in a range of
concentrations in real exposure times, (d) it must be useful to evaluate a risk, (e) it is economic
and easy to perform, and (f) it is sensitive and realistic [2].

A model organism for a toxicity test must be abundant, native, or representative of the
ecosystem that would be impacted, with ecological and economic importance; there must be
a good knowledge of its basic biology that helps interpretation of data and be available for
routine maintenance in the laboratory [2].

Toxicity tests have been developed for rotifers to assess many and diverse end points like (a)
mortality, (b) reproduction, (c) production of amictic females, (d) cyst production, (e) proba-
bility of extinction, (f) behavior, (g) ingestion rates, (h) swimming activity, (i) in vivo enzymatic
activity, and (j) genetic expression, among others [3-5].

Most of the toxicity tests in rotifers are lethal tests that rely in mortality as the end point to
calculate the LC50 value typically at 24 or 48 h without feeding [5]. These tests once standar-
dized are the base to develop monitoring protocols to assess water quality [4, 5]. On the other
hand, chronic toxicity tests assess sublethal parameters like behavioral, physiological, or
reproductive alterations as the first responses to toxic substances [5, 6], which show high
sensitivity in shorter periods of time. The rotifer species Brachionus calyciflorus and Brachionus
plicatilis are among the species most frequently used for both lethal and chronic tests [7, 8].

1.1. Phylum Rotifera

Rotifers are aquatic or semiaquatic microscopic invertebrates with nearly 1850 species; they
are unsegmented, pseudocoelomate, and bilaterally symmetric [4, 9, 10]. Nowadays, two
classes are recognized: Pararotatoria (with the single order Seisonacea) and Eurotatoria, with
two subclasses, Bdelloidea and Monogononta. The size of rotifers ranges from 50 to 2000 um
inlength. Most of the species are free swimmers, but some species are fixed to some substratum
[4]. Their morphology is of saccate type that is cylindrical with three easily recognizable
regions: corona, trunk, and foot (Figure 1) [11].

1.2. Ecological relevance

Rotifers are cosmopolitans. They inhabit aquatic environments of the three types: marine,
freshwater, and estuarine [9]. Most rotifers are freshwater, littoral with a few species truly
planktonic. The few species that comprise the order Seisonacea and nearly 100 species of the
subclass Monogononta are exclusively marine [4]. Species of the subclass Bdelloidea are found
in freshwater ecosystems, lakes, temporary pools, interstitial water, soil, moss, and lichens [4,
12]. Rotifers are important in freshwater environments due to having one of the highest
reproductive rate among metazoans, thus obtaining high population densities in short times,
being dominant in many zooplanktonic communities. They act as links between the microbial
community and the higher trophic levels. Rotifers colonize habitats quickly and convert
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Figure 1. Diagram of the freshwater rotifer Brachionuscalyciflorus (Monogononta) [11].

primary production (algae and cyanobacteria) in a usable form for secondary consumers,
making energy available for the next trophic levels. In interstitial water from swampy soils,
they contribute to nutrient recycling [4]. Some bdelloids and Monogononta are abundant in
wastewater treatment plants as part of activated sludge, in filtration systems, or residual
lagoons feeding on the bacterial biomass [2, 13]. The population dynamics of rotifers is well
characterized both in field as in the laboratory; for this reason, they are useful to investigate
ecological and demographic principles. Besides, they are frequently used to assess aquatic
toxicity from a population point of view. The intrinsic growth rate () is an end point commonly
used and has proved to be highly sensitive [5, 14].

1.3. Culture

Rotifers can be obtained directly from a natural aquatic system or from laboratory cultures.
Rotifers can be hatched from cysts, and today there are toxicity kits of two species: B. calyci-
florus and B. plicatilis (Rotoxkits). The culture of rotifers has been developed for freshwater,
estuarine, and marine organisms taken directly from the natural environment after a previous
filtration, sterilization, and neutralization are performed. There is also synthetic hard like EPA
medium [15] or synthetic marine water (Instant Ocean) that can be adjusted to the desired
salinity. In freshwater species, usually the pH level is maintained in the physiological range
(6.5-8) and temperature oscillates between 20 and 30°C. Marine species are maintained at
salinities of 10 to 20 psu depending on a particular strain [16]. Rotifers are mainly filter feeders
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on microalgae, bacteria, or detritus; a few species are predatory. The supply of fresh and
optimal food is the main problem for culturing rotifers. However, numerous rotifer species
have been kept in the laboratory routinely [4]. Among the main marine microalgae used to
feed rotifers are as follows: Nannochloropsis sp., Chaetoceros sp., Dunaliella sp., Pyramimonas,
Isochrysis sp., and Tetraselmis sp.; for freshwater: Nannochloris sp., Nannochloropsis sp., and
Chlorella sp. [16]. Culture media have to be renewed 2-3 times a week, and the supply of food
must be frequent. Some species are maintained on diluted suspensions of commercial fish food,
grain extracts or infusions, manure, and soil [4]. Among the most cultured species are found
those of the genus Brachionus: B. plicatilis, B. rotundiformis, and B. calyciflorus [17, 18]. Some
species of the genus Lecane can be easily cultured [19]. The economicimportance of these rotifer
species that are mass cultured are mainly based in their use as live feed for fish larvae and
crustaceans in aquaculture [18].

1.4. Reproduction

The life cycles of rotifers are shorter than many other animals [14]. The Bdelloidea are repro-
duced by exclusive parthenogenesis and males are unknown. In the subclass Monogononta,
the life cycle is haplodiploid with cyclic parthenogenesis as the dominant phase (amictic
females), whereas the sexual reproduction (mixis) involves mictic diploid females that produce
haploid eggs that if fertilized produce diploid embryos or cysts (in old literature they are called
“resting eggs”), which go through diapause before hatching into amictic females that go back
to the asexual phase of the cycle (Figure 2). Mixis is triggered by specific environmental stimuli
like high population density or photoperiod [18, 20]. Parthenogenesis eliminates the high cost
of producing males resulting in a rapid growth population [18], which allows for the high
production of clonal individuals that can be used for aquaculture or toxicity tests.

Figure 2. Reproductive cycle of Brachionus calyciflorus. Modified from Alvarado-Flores [21].
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1.5. Cysts

Once the eggs are produced, they fall into the bottom and are deposited in the sediments [18].
The cysts are diploid and have a thick cover and can be viable for many years in dormancy.
Cysts are very resistant to harsh environmental conditions like draught and freezing. Cysts
can be dispersed through wind, water, or migratory animals. Under favorable conditions in a
specific habitat, the cysts respond to a specific environmental clue (photoperiod, temperature,
and salinity) and starts hatching producing an amictic diploid female [4]. Cysts can be stored
for great periods of time without losing viability having rotifers in the desired period of time
[22]. The use of rotifers hatched from cysts to develop toxicity tests was introduced by Snell
and Persoone [23]. Nowadays, it is possible to obtain cysts from marine (B. plicatilis) and
freshwater (B. calyciflorus) species in the market.

1.6. Rotifers as sentinels or bioindicators

Aquatic invertebrates are attractive model organisms in aquatic toxicology due to their short
generation time compared with fishes besides their small size require small test volumes [14,
24]. Their small size, the fact that they are filter feeders, and the permeability of the integument
made rotifers quite susceptible to chemical and physical changes [19, 25]. Due to the impor-
tance of rotifers in the aquatic trophic webs, they are useful as sentinel species to indicate
toxicant exposure in affected ecosystems [4].

The knowledge of the (a) basic biology of rotifers, (b) sensitivity to contaminants at the
physiological and demographic levels, (c) cosmopolitan distribution, (d) great ecological
relevance, (e) high growth rate, (f) availability of neonates, (g) high ingestion rates, (h) ease of
culture and handling, (i) transparency, (j) short life cycles, (k) ease to obtain clonal individuals,
and (I) cyst production makes rotifers useful tools for assessment of aquatic ecosystems [4, 5,
8,17, 18, 22, 24, 26].

2. Rotifers as model organism among invertebrates

Invertebrates are the most widely distributed organisms on the Earth and consist of a large
and very diverse group, consisting in more than 30 phyla, several of which include more than
1000 different species [27]. The largest phylum within invertebrates is the Arthropoda, with
more than one million species, in which insects and crustaceans are the two largest groups [28].
Aquatic crustaceans is a larger group in comparison to the aquatic insects, which a few of them
have aquatic larvae [29]. Consequently, crustaceans are the most numerous and ecologically
important group of invertebrates in marine and freshwater ecosystems, playing an important
role in regulatory toxicity testing, whether in field or laboratory conditions [30, 31]. In addition,
these methods are cost-effective because of the facility to obtain amictic eggs or in some cases
resting eggs, which have been used to produce commercial kits for toxicity evaluation [32].

Current international protocols include several invertebrates’ taxa for toxicity assessment
(Table 1), in which cladocerans are the most used organisms and have more approved
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protocols for both acute (lethal) and (sub)chronic (sublethal) water toxicity assays than other
taxa. The genus Daphnia is the most studied taxon within cladocerans. For the acute toxicity
test, three replicates for at least five toxicant or effluent concentrations are required, every one
of them with 100 mL, 48 h for exposure, without feeding [33]. Moreover, the chronic toxicity
assay needs almost the same conditions but with feeding and daily medium renewal for 21
days [34]. In comparison, the Brachionus or other rotifer bioassays need only 1 mL per replicate
[23], and the results can be obtained within 2 days for acute toxicity evaluation, and in 5 days
for the chronic ones. Hence, rotifers tests involve similar conditions to the cladocerans, but
when time is a matter of concern, the former is the best option to know the toxicity of chemicals
or field samples.

Rotifers are even more versatile than daphnids. In April 2010, after the Macondo oil spill in
the Gulf of Mexico, the Environmental Protection Agency of the United States (USEPA) in
order to assess the impact of petroleum and oil dispersants on the aquatic biota recommended
using B. plicatilis, a species complex that included B manjavacas, B. plicatilis sensu stricto, and B.
rotundiformis among other that can exist [35]. This cost-effective test can be replicated hundreds
of times in very short periods of time when necessary [36].

The Organization for the Economic Cooperation and Development (OECD) encourages
developing test protocols that include crustaceans [37]. In this concern, the copepod Eucyclops
serrulatus has been proposed as a model organism, with acute toxicity evaluations in 96 h [38]
and chronic toxicity assessment in about 60 days [39]. These periods differ due to intrinsic
characteristics of the species; copepods last longer to reach sexual maturity after hatching and
require mating to obtain eggs for assays, while rotifer eggs are produced by parthenogenesis
[40—42]. Nevertheless, with regard to the importance of copepods in aquatic ecosystems, there
is not yet any approved protocol for toxicity evaluation as in rotifers [43, 44].

The cnidarian Hydra attenuta is another model organism included in standard methods [45].
This one is particularly interesting since lethal and sublethal end points are assessed in the
same assay by quantifying the number of death animals and abnormalities found in the
survivor hydras during 96 h for acute procedures, which are performed in 12-well microplates,
whit a test volume of 4 mL [46]. Clubbed tentacles appearance is the first sign of abnormalities
due to toxicants exposure. From this point, abnormalities follow shortening tentacles and the
tulip stage (all tentacles have disappeared), and finally the disintegration of animal bodies
occurs. Therefore, lethal effects should be registered from the tulip stage [47].

It is worth to compare with some rotifers in which it is also possible to determine sublethal
effects in the same time period. Alvarado-Flores et al. [48] found abnormal body shapes in B.
calyciflorus after vinclozolin exposure, demonstrating this pesticide also acts as an endocrine
disruptor. As result, both models can be used for sublethal toxicity screening in short periods
of time, but the difference lies on the apparent ease to determine such effects, while in Hydra
attenuata are very obvious. In B. calyciflorus, more than one thousand organisms were analyzed
to find statistically abnormalities in this rotifer species.

Bivalves in ecotoxicology procedures refer the use of species such as Lampsilis siliquoidea,
Corbicula fluminea, Leptodea fragilis, Ligumia subrostrata, and Megalonaias nervosa, among others
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[49, 50]. In the scientific literature, most of the bivalve specimens used in toxicological research
and evaluations have been collected from environmental samples or commercial producers
[51-54]. Glochida are dissected from adult bivalves and need a fish host to develop into
juveniles [55-57]. Both immature stages, glochida and juveniles, are used for water quality
assessment or chemicals released into aquatic systems [58]. In contrast, rotifer experimental
organisms are produced in laboratory-controlled conditions, and animals are ready to use a
few hours after hatching instead for several weeks to have juvenile unionids. Hence, rotifer
bioassays are less time consuming than bivalves protocols.

In freshwater sediment, toxicity screening several protocols are currently carried out by
international regulation agencies (Table 1). Nevertheless, rotifers are not included as test
species, but it has been proved that the genus Lecane is suitable for those evaluations, repre-
senting a cost-effective and high reliable alternative to the standardized methods.

Class Order Family Species
Freshwater
Cladocera Branchiopoda Diplostraca Daphniidae Daphnia magna [62-65]

D. pulex [66-68]
D. similis [69]
D. carinata [70-71]
Ceriodaphnia dubia [62, 64, 66, [72]
Copepoda Branchiopoda Anostraca Thamnocephalidae Thamnocephalus platyurus [73-76]
Maxillopoda Calanoida Cyclopidae Eurytemora affinis [77-80]
Eucyclops serrulatus [31, 81-83]
Rotifera Monogononta Ploima Brachionidae Brachionus calyciflorus [43, 84]
B. rubens [23, 85-87]
B. patulus [88-90]
Lecanidae Lecane quadridentata [91-93]
L. hamata and L. luna [94,95]
Euchlanis dilatata [96, 97]
Asplanchnidae Asplanchna brightwelli [98-101]
Cnidaria Hydrozoa Anthoathecata Hydridae Hydra attenuata [45]
H. vulgaris [102-104]
Mollusca Bivalvia Unionoida Unionidae Elliptio complanata [58]
Lampsilis siliquoidea [58)

Veneroida Corbiculidae Corbicula fluminea [105-108]
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Class Order Family Species
Freshwater sediments
Crustaceans Malacostraca Amphipoda Hyalellidae Hyallela azteca [109, 112]
Annelida Clitellata Lumbriculida Lumbriculidae Lumbriculus variegatus [113-115]
Stylodrilus heringianus [116, 117]
Rotifera Bdelloidea Philodinidae Philodina roseola [118]
Arthopoda Insecta Diptera Chironomidae Chironomus dilutus [109, 110,
119-121]
C. riparius [109, 110, 119-121]
Seawater
Rotifera Monogononta Ploima Brachionidae Brachionus plicatilis [43]
Echinodermata  Echinoidea Arbacioida Arbaciidae Arbacia punctulata [122]
Arthropoda Malacostraca Mysida Mysidae Mysidopsis bahia [123]
Copepoda Maxillopoda Calanoida Acartiidae Acartia tonsa [44, 124]
Harpacticoida Miraciidae Amphiascus tenuiremis [44]
Molluscs Bivalvia Mytiloida Mytilidae Mytilus edulis [125, 126]
Ostreoida Osteridae Crassostrea gigas [127]
Seawater sediments
Annelida Polychaeta Capitellida Arenicolidae Arenicola marina [128]
Artropoda Malocostraca Amphipoda Corophiidae Leptocheirus plumulosus[110, 129,

130]

Note: Numbers in square brackets indicate reference number

Table 1. Toxicity evaluations protocols using different invertebrates for freshwater and freshwater sediments,

seawater, and seawater sediments.

Differently to the protocols mentioned above, all those for seawater and seawater sediments
are found in standardized probes approved by agencies such as USEPA, ASTM, and the OECD
(Table 1). As previously described, B. plicatilis is a marine rotifer used in seawater toxicology

evaluation, an although it is not included in the USEPA guidelines, the agency recommended

its used based on the ASTM method [43]. For sediments, the prime option is the polychaetes

such as Arenicola marina, mainly collected from beach sand in different locations around the

world. The protocol involves an exposure time of about 28 days using artificial sediment and

field sediments samples [59-61]. Moreover, B. plicatilis has been exposed to interstitial water

from littoral ecosystems; although it is sensitive to bioavailable toxicants in pore water, it does

not respond in the same manner that those organisms that live in the sediment.
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Afterward, the use of rotifers in all the above-mentioned matrices is possible due to some
advantages, such as their relative small size, their simple organization, their short life cycles
that permit multigenerational studies in very short time periods, their reproduction through
parthenogenesis, and their genetic homogeneity that leads to almost identical offspring [22].
Despite of these characteristics, there is still a need to continue researching the effect of
toxicants and to improve protocols for rotifers in (eco)toxicology to better understand their
physiology and how external factors alter rotifers normal responses, since studies with rotifers
are not as numerous as other taxa (Figure 3).

Eucyclops (copepod)
Stylodrilus (annelida)
Amphiascus (copepod)

£ - ® Amphipod
Philodina (rotifer)
Lampsilis (bivalve) & Urchin
Hyallela (amphipod) Mysid shrimp
Lecane (rotifer) & Annelida
Leptocheirus (amphipod) “ Rotifer
Thamnocephalus (copepod) Copepod
Elliptio (bivalve) Insect
Eurytermora (copepad) Cnidarian
Arbacia (urchin) Bivalves
Arenicola (polychaete) Cladoceran
Mysidopsis (mysid shrimp)
drea de trazate

Lumbriculus (annelida)
Corbicula (bivalve)
Acartia (copepod)
Brachionus (rotifer)
Chironomus (insact)
Crassostrea (bivalve)
Hydra (cnidarian)
Mytilus (bivalve)

Daphnia (cladoceran)

Figure 3. Number of publications for the groups described in the text. The databases consulted were Elsevier
(www.sciencedirect.com), Springer (www.link.springer.com), and Wiley Online Library (http://onlineli-
brary.wiley.com). Query terms were the genera name and the word “toxicity”. Pie chart data represent percentages
based on published material.

3. Rotifer sensitivity

The toxicity of a wide variety of chemicals including organic compounds, metals, and phar-
maceuticals that can be found in water reservoirs as a result of human activity has been tested
by performing toxicity tests using rotifers as bioindicators as these organisms play an impor-
tant ecological role in aquatic environments [3, 131]. Rotifers of the genus Brachionus can be
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found between the most commonly used tests organisms [132]; moreover, several rotifers are
included for comparison purposes.

A test organism with high sensitivity to detect adverse effects of xenobiotics is always
desirable; nevertheless, differences in sensitivity among species can always be found. Gener-
ally, these are due to the biological characteristics of test organisms, the type of chemical, and
its mode of action; thus, one species might be very sensitive to one toxic but not that sensitive
to another compound [133]. This section focuses on the sensitivity of different rotifers, all of
them from freshwater ecosystems, with exception of the marine species B. plicatilis and
Brachionus koreanus, when testing the toxicity of pesticides, organic compounds, and metals
attending their toxicological importance and the availability of literature.

Some examples of these variations on sensitivity are shown in Table 2. In relation to pesticides,
malathion (organophosphorus) displays the lower toxicity and has a toxicity range from 33.72
to 45.5 mg/L, where the lower toxicity level is reported to B. calyciflorus and the higher to B.
plicatilis [134, 135].

Lindane, an organochloride pesticide, and methyl parathion (organophosphorus) show
moderate toxicity and have wider toxicity ranges in comparison to malathion. For the orga-
nochloride, toxicity range is given by B. koreanus and B. plicatilis (14 and 35.89 mg/L, respec-
tively). In the case of methyl parathion, which shows higher acute toxicity, a range from 0.607
mg/L for Euchlanis dilatata to 29.19 mg/L for B. calyciflorus was found. Another organophos-
phorus of ecotoxicological relevance, chlorpyrifos, tends to affect significantly aquatic
invertebrates due the LC50 values reported for B. koreanus (3.9 mg/L) and B. calyciflorus (11.85
mg/L) [96, 134, 136, 137].

The organochlorides endosulfan and pentachlorophenol (PCP) stand as highly toxic agro-
chemicals. For endosulfan, B. koreanus and B. plicatilis correspond to the reference organisms
to establish the range because of their 24-h LC50 values found in literature [135, 136]. For PCP,
the lowest and highest toxicity levels were noted for B. calyciflorus [138, 139].

On literature, little information is available about the toxicity of other organic compounds such
as benzene, toluene, xylene, and hexane. Nevertheless, Ferrando and Andreu-Moliner [7] and
Pérez-Legaspi et al. [95] have obtained some toxicological data (Table 2). For xylene, hexane,
and toluene, B. calyciflorus and B. plicatilis are the reference organisms, where the first was most
sensitive for the three chemicals [7, 95]. For benzene, rotifers from the genus Lecane resulted
being more sensitive, but also a wide toxicity range is registered from 6.97 for Lecane luna to
3762 mg/L for Lecane hamata [95].

The lowest LC50 values, and thus, more toxic metals, were reported for zinc, copper, and
mercury. Besides, a relatively not wide toxicity range can be observed for these three chemicals
(Table 3). The most sensitive test organisms in these cases were Lecane quadridentata, B.
plicatilis, and B. calyciflorus, respectively, while the more resistant were Brachionus havanaen-
sis (Zn), P. acuticornis (Cu), and L. hamata (Hg) [93, 95, 135, 140, 143, 144].

Moreover, it is important to mention that there are physical factors that can alter the sensitivity
of a test organism when performing a toxicity test. One example is given by Preston et al. [138],
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Pollutant

Acute toxicity range in terms of 24h-LC50 (mg/L)
Pesticides
Malathion 33.72[134] - 45.5[135]
Lindane 14[136] - 35.89[137]
Methyl parathion *0.607[96] - 29.19[134]
Chlorpyrifos 3.9[136] — 11.85[137]
Endosulfan 4[136] - 6.6[135]
PCP 0.21[138] - 2.16[139]

Another organic compounds

Xylene 252.7[7] - 495.9(7]

Hexane 68.3[7] - 154.3[7]

Acute toxicity range in terms of 24 and 48h-LC[50](mg/L)

Benzene 6.97[95] - 3,762[95]

Toluene 113.3[7] - 552.6[7]

Note: Numbers in square brackets indicate reference number
*48h LCs, value

In the case of inorganic toxicants (Table 3), lead appears as the “less” toxic and with the wider toxicity range from 0.035
for E. dilatata to 56.2 mg/L for Philodina acuticornis [97, 140]. For cadmium, E. dilatata shows a great sensitivity with a 48-
h LC50 of 0.014 mg/L, while B. plicatilis is more resistant (39 mg/L) [97, 141]. The most sensitive rotifer to chromium was
Lecane luna (48-h LC50 of 3.26 mg/L) [95], and the highest 24-h LC50 of 17.4 mg/L was registered for B. calyciflorus [142].

Table 2. Toxicity range for some pesticides and organic compounds to rotifers used in bioassays.

Metal Acute toxicity range in terms of 24 and 48h-LC[50] (mg/L)
Lead 0.035[97] - 56.2[140]
Cadmium 0.014[97] - 39[141]
Chromium 3.26[95] - 17.4[142]
Zinc 0.123[93] - 2.271[143]
Copper 0.01[135] - 1.9[140]
Mercury 0.06[144]- 1.37[95]

Note: Numbers in square brackets indicate reference number

Table 3. Toxicity range for different metals to rotifers used in bioassays.

where a decrease in LC50 values for PCP and mercury using B. calyciflorus as bioindicator was

recorded as UV-B exposure time was increased.
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Other physical condition that might modify the sensitivity of a test organism is desiccation.
Robles-Vargas and Snell [145] found a remarkable resistance of Philodina sp. emerged from
desiccation to PCP, chlorpyrifos, and mercury in comparison to continuously hydrated rotifers
when reproductive tests were implemented [145].

According to the information reviewed and in terms of acute toxicity, rotifers from the family
Brachionidae tend to show a great sensitivity to different chemicals, including organic and
inorganic compounds. Invertebrates from the family Euchlanidae and Lecanidae appear to be
sensitive mainly to inorganic toxicants. Furthermore, rotifers belonging to the family Philodi-
nidae exhibit a notorious resistance to chemicals.

4. Rotifer database for screening toxicants

Every chemical product that can reach ecosystems and, as a consequence, the human being
needs to be characterized to avoid noxious effects on all organisms exposed. At first instance,
toxicological studies were mainly anthropocentrically focused, but that point of view would
not have been enough to protect our own existence at all if affecting organisms in different
ecosystems would have continued. It is known that rotifers play an important role as secondary
producers and in some freshwater ecosystems represent the larger fraction of biomass of
zooplankton [146]. Therefore, these organisms are nowadays considered as model organisms
for toxicological screening.

Currently, one can find in the scientific literature reports of almost every class of chemical
compound used or produced by man, investigating their toxicological properties. These papers
are relatively abundant in several websites specialized in gathering such kind of information,
which is available to everyone who has access to the published material. For scientist, collecting
this material is a daily activity that guarantees their studies to follow the right direction by not
working in exactly the same topic and manner, which would represent the duplicity of
information but at higher cost because of multiple double efforts and resources investment.
Nonetheless, it must be pointed out that differences in susceptibility to toxicants can be found
among clones or strains, which is very interesting to assess by multiclonal analyses [22, 147].
However, when it is not possible to access multiple clones or strains, previous reports
(published material) from databases become more relevant as a source of comparison to
improve the comprehension of the observed results.

The USEPA, in an attempt to ease the search for environmental toxicological data, has created
the ECOTOX database, hosted in their website [150]. It provides a user-friendly interface and
allows discrimination among taxonomic and chemical groups, aquatic or terrestrial environ-
ment, tests results or conditions, and type (year) of publication. Although it does not give
access to the cited references, it returns a list of publications to be consulted elsewhere. In the
ECOTOX results table, the data shown are species name, exposure type, chemical, media type,
end points, bioconcentration factor, effects, and statistics, among others (Figure 4). A complete
list of all abbreviations used in the ECOTOX database can be directly downloaded for the same
host website.
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Figure 4. Print screen of ECOTOX database results. Query terms were Brachionus and chromium, selected from the op-
tions displayed in the database [150].

Nowadays, toxicity assays with rotifers include very diverse toxicants, and a relatively high
number of test have been assessed the effect of inorganic (metals and metalloids) and very
versatile organic compounds like pesticides, solvents, colorants, detergents, and emergent

toxicants, in which health and care products and pharmaceuticals form part of it (Table 4).

Some of these toxicants are effective at concentrations as low as some nanograms per liter,

altering rotifers population dynamics by different mechanisms like endocrine disruption.

Species

Chemical compound or metal

Species

Chemical compound or metal

Bp

Be, Ke

Ba, Ka,Kc

Bc

1,1,1-trichloroethane [150]

1,3,5-Trinitrobenzene [150]

1-Dodecanesulfonic acid, Sodium salt [150]

1-Octanol [150]

Ab, Ai, Be, Ed Lh,
Ll Lg, Pa

2,2'4,4'-Tetrabromodiphenyl ether (BDE-47)

[151]

2,3,4,6-Tetrachlorophenol [150]

2,4,5-T [150]

2,4,6-trichlorophenol [150]

2,4,6-Trinitrotoluene [150]

Bc

Ap, Be,Br, Kq

Bc

Pa

Lauryl alcohol [150]
Lead [91, 94, 97]

Lindane [150]

Linuron [150]
Lithium [157]

m- and p-Xylene [150]
Malathion [150]
Malathion [150]

Malathion [150]
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Species Chemical compound or metal Species Chemical compound or metal
2,4-Dichloro aniline [150] Be Malathion [152]
2,4-Dichlorophenoxyacetic [150] Be Malathion [153]
2,4-dinitrochlorobenzene [150] Be, Li, Lq Manganese [150], [166], [169]
2,4-xylenol [150] Be MARLON A390 [150]

Bc, Bp, Ed, Lh, LI,

2,5-Dichloro aniline [150] Mercury [91, 94, 97]

Lq, Pa
2- [2- [2-(Dodecyloxy)ethoxy]ethoxy]ethanol,
H}Edn[)ge(n sulfa}t,e, Szz:lium :a]lt [150}]/] Be Metallie silver [150]
3,4-dichloro aniline [150] Av Methacrylamide [171]
Acetaminophen [150] Methacrylic acid [150]
Bc, Lh, L1, Lq Acetone [94, [150]] Be Methanol [150]
Bc Acetylsalicylic acid [152, 153] Methoprene [150]
Av Acrylamide [154] As, Ba, Be, Bp, Ed Methyl parathion [97, 150]

Acrylic acid [150] Molinate [150]
N,N,N—Trimethyl—l—octanamonium

Aldrin [155
[1%3] chloride [150]

Bc
N,N-Dimethyl-1-dodecanamine

Be [150]
N,N-Dimethyl-1-octanamine [150]

Alkyl* sodium benzene sulfonate [150]

Alkyl* trimethyl ammonium chloride [150]
Ab, B, Li, Lq  Aluminum [93, 150, 156] Naphthalenol [150]
Bc Amitriptyline [152, 153, 157] Naproxen [150]

Bc, Br Ammonia [150] n-Hexane [150]

Bc, Pa Ammonium chloride [150] Bc, Pa Nickel [150]
Be Amphetamine sulfate [153] Nicotine [152, 153]
Be Aroclor 1260 [150] Nitric acid, Cadmium salt [150]
Bc, Pp, Pr,  Arsenic [150, 158>] Nonyl phenol [150]
Bk Atenolol [159] e Ofloxacin [161, 165]
Bc, Kq Atrazine [150] Orphenadrine [152, 153, 157]
Be Atropine [152, 153, 157] Oxytetracycline [150]
Bc Barium nitrate [150] Bc, Bk Oxytetracycline [159, 165]
Bc, Lh, LI, Lq Benzene [94, 150] Be Paracetamol [152, 153]
Be Bezafibrate [160] Para-chlorophenol [150]
Ab, Ai, Bc, Bh, Be

Bp, Br, Bu, Ed,
Lh, L], Lq, Pa

Cadmium [94, 143, 150, 160]

Para-dichlorobenzene [150]
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Species Chemical compound or metal Species Chemical compound or metal
Be Caffeine [150] P-chloroaniline [150]
Pa Calcium hypochlorite [150] A8 B(I:;aBr, Ka Pentachlorophenol PCP [150]
Bc, Bk Carbamazepine [159, 161, 162] Be Phenobarbital [152, 153, 157]
Ba, Hm, Mq, Pa Carbaryl [150] Bg, Br, Pa Phenol [150]
Eb, Kq Carbendazim [150] Br p-Nitrophenol [150]
Carbofuran [150] Bp polybrommat;dé]lphenyl ethers
Bc Carbon tetrachloride [150] Bc Potassium chloride [150]
Cetyl trimethyl ammonium chloride [150] Bc, Pa Potassium cyanide [150]
Chloramphenicol [152, 153, 157] Bc, Pa Potassium dichromate [150]
Pa Chlorine [150] Prednisolone [174]
Bu Chlornitrofen [150] Prednisone [175]
Chloroacetic acid [150] Prococene [150]
Be Chloroform [150] Propranolol [152, 153, 157, 176]
Chloroquine [152, 153] Be Quinidine [152]
Ab,Ba,Bb, Bc Bg,
Bu, Eb, Ft, Hi,
Him, Kq, Mg, Pg, Chlorpyrifos [150,163] Ranitidine [177]
Tp
Bc, Bp, Lh, LI, Lq Chromium [94, 150, 163] Selenium [150]
Be Clarithromycin [165] Pa Silver nitrate [150]
Pa Cobalt chloride [150] Br Simetryn [150]
Ab, Bc, Bp, Br,
Lh, L1, Lq, Li, Pa, Copper [94, 150, 158, 164, 166, 167] Bp SLS [178]
Pp
Ab,Bc, Bp  DDT, p,p' [150, 169] Bc Sodium bromide [150]
Diazepam [152] Be Sodium chloride [150]
Diazinon [150] Pr Sodium chromate [150]
Be Diclofenac [161, 162] Be Sodium dodecylbenzene sulfonate
[150]
Dicofol [150] Pa Sodium fluoride [150]
Digoxin [152] Be Sodium hypochlorite [150]
Pa Dimethoate [150] Be Sodium laurate [150]
Bc Dinitro cresol [150] Bc, Br Sodium lauryl sulfate [150]
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Species Chemical compound or metal Species Chemical compound or metal
Diphenylhydantoin [152] Sodium oxalate [150]
Endosulfan [150] Sodium selenate [150]
Endothall [150] Sodium tetradecyl sulfate [150]
Erythromycin [165] Sulfamethoxazole [159, 161, 165]
Estradiol [150] Bc Testosterone [168]
Ethinylestradiol [94, 168] Thallium(I) sulfate [150]
Lh, L, Lq  Ethyl acetate [94, 168] Theophylline [152, 153]
Ethyl alcohol [150] ThiobencarB[150]
Ethyl methacrylate [150] Thioridazine [153]
Bc Ethylene glycol [150] Li Tin [166]
Fenitrothion [150] Lh, LI, Lq Titanium [94]
Fenofibrate [160] Bc, Lh, L1, Lq Toluene [94, 150]
Bc, Pa Ferrous sulfate [150] Tributyl phosphate [150]
Ab Iron [156] Be Tributylstannane [150]
Flutamide [150] Tributyltin chloride [150]
Be Furosemide [170] Bc, Kq. Pa Trichlorfon [150]
Gemfibrozil [160] Bk Trimethoprime [159]
Bc, Lq Glyphosate [150] Bc Verapamil [152, 153]
Hexachlorophene [150] Lh, L1 Lq Vinyl acetate [94]
e Hydroquinone [150] Warfarin [152]
Ab, Li,Lq  Iron [96, 156, 166] e Xylene [150]
. Isoniazid [152, 153] Ab Be, E: b Lg Zinc [93, 143, 150, 156, 166]
C

Isopropyl alcohol [150]

Note: superscripts indicate reference number

Notes: Species are abbreviated with the first letters of their genus and species: Ad = Adineta vaga, Ab = Asplanchna
brightwellii, Ag = Asplanchna girodi, Ai = Asplanchna intermedia, As = Asplanchna sieboldi, Ba = Brachionus angularis, Bb =
Brachionus bidentata, Bc = Brachionus calyciflorus, Bh = Brachionus havanaensis, Bk = Brachionus koreanus, Bp = Brachionus
patulus, Bp = Brachionus plicatilis, Bq = Brachionus quadridentatus, Br = Brachionus Rubens, Bu = Brachionus urceolaris, Eb =
Epiphanes brachionus, Ed = Euchlanis dilatata, Ft = Filinia terminalis, Hi = Hexarthra intermedia, Hm = Hexarthra mira, Ka =
Keratella americana, Kc = Keratella cochlearis, Kq = Keratella quadrata, Lh = Lecane hamata, Li = Lecane inermis, L1 = Lecane
luna, Lq = Lecane quadridentata, Mq = Monostyla quadridentata, Pa = Philodina acuticornis, Pr = Philodina roséola, Pp = Plationus
patulus, Pq = Platyias quadricornis, Tp = Testudinella patina.

Table 4. Relation of toxicants and rotifers species used in ecotoxicological studies
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The available data about toxicity to rotifers show that organic compounds, as a complex group,
is the most studied (32.4%) followed by the drugs group (24.58%), which could be due to the
complexity of both groups, as they include a huge variety of toxicants. Inorganic compounds
among other groups represent 17% out of the total number of tests included in this chapter,
which can be split up into inorganic (nonmetallic compounds) and metals (Figure 5). The last
one comprised those commonly named heavy metals [148]. Other groups might not be as
numerous as the former ones, but this should not be misinterpreted as a lack of interest from
the environmental toxicologists, but a challenge and a continuous research to find out how
these chemicals are affecting the aquatic ecosystems and their inhabitants like rotifers species.

CH em ifﬂi grnups B Banzimidazale fungicide
0.56% _1.13% ® Carbamate

B Chlorinated phenol

1.68% W Chlorophenoxy
W Dicarbosylic ackd
5.03% ¥ Drug
B Herbicide
¥ Hormone

¥ Inorganic compound

B petal

B Organic compound

¥ Organochloride

¥ Organophosphate

B Organotin compounds
Palychlorinated biphenyls

B Thiocarbamate

® Triazines
Urea

Figure 5. Comparison of toxicity tests between chemical groups conducted with different rotifers species.

Several rotifer species have been used to evaluate the effect and toxic mechanisms of the
chemical groups aforementioned, where B. calyciflorus is the most abundant in the literature,
with about 63% out of the total publications (Figure 6). However, there are other species that
present advantages over brachionids, such as the littoral genus Lecane that might be used to
assess the effect of sediment-associated toxicants, or the predator genus Asplanchna, used to
evaluate toxicants biomagnification among rotifers and other aquatic invertebrates [149].
Therefore, rotifers represent a group of organisms that have not been completely studied and
require more attention from toxicologists.
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Figure 6. Number of ecotoxicological studies through by different rotifer species.

5. Rotifer tests already used worldwide and in certain regions

The ability to produce cysts has allowed the development of toxicity kits, called Rotoxkits,
employed for acute/chronic marine and freshwater toxicity testing [179]. Cyst production is
an outstanding characteristic that has enabled the development of several toxicity protocols
using rotifers that have been used worldwide [180]. Rotifers are not directly represented in the
legislation of several countries (as the cladocerans Daphnia magna and Ceriodaphnia dubia do).
However, toxicity tests with rotifers have been published by official societies [43, 84, 181]
Perhaps the most notorious participation of rotifer toxicity tests is when EPA asked BP plc (the
former name of the company was British petroleum) to use the acute toxicity test with the
euryhaline rotifer B. plicatilis to assess the toxicity generated after the 2010’s Gulf of Mexico oil
spill [35]. The marine water rotifer toxicity test TK22 was used to analyze thousands of sites
in the Gulf of Mexico; toxicity was analyzed for both oil and the oil dispersant used [36].
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5.1. Europe

The Convention for the Protection of the Marine Environment of the North-East Atlantic (the
“OSPAR Convention”) was established in 1992. The convention started working in 1998. It has
been ratified by Belgium, Denmark, Finland, France, Germany, Iceland, Ireland, Luxembourg,
Netherlands, Norway, Portugal, Sweden, Switzerland, and the United Kingdom and approved
by the European Community and Spain. One of their goals was the development of directives
for the analysis of toxicity both in marine and freshwater environments. In their 2007 publi-
cation “Practical Guidance Document on Whole Effluent Assessment” (OSPAR, 2007), they
applied the protocol of determination of the chronic toxicity to B. calyciflorus in 48 h [84] and
validated its use.

In the Port of Aveiro, Portugal, standardized acute toxicity test using the marine rotifer, B.
plicatilis, on sediment elutriates revealed higher toxicity levels in cases where the European
Union Water Framework Directive suggested that sediment quality was acceptable [183].
Isidorietal. [184] employing B. plicatilis in 24-h toxicity tests found that all samples of municipal
solid waste landfills in southern Italy expressed acute toxicity.

In Poland, the toxicity of the leachates from sewage sludge were investigated using different
toxicological kits: Microtox (Vibrio fischeri), microbial assay for toxic risk assessment (ten
bacteria and one yeast), Protoxkit F™ (Tetrahymena thermophila), Rotoxkit F™ (B. calyciflorus),
and Daphtoxkit F™ (D. magna). Differences were observed in the sensitivity of the test
organisms to the presence of sewage sludge in the soil. The highest sensitivity was a charac-
teristic of B. calyciflorus [185].

5.2. Oceania

The Resource Management Act 1991 of New Zealand [186] requires local authorities and
industry to apply for consent to discharge effluent to water or land. Therefore, the requirement
for whole effluent toxicity testing is now being included in these Resource Consents. The
Ministry for the Environment (MfE) has encouraged research which evaluates technology used
to monitor environmental parameters (e.g., effluent toxicity). Such research was done using
the Rotoxkit F™ and Rotoxkit M™ (with B. calyciflorus and B. plicatilis, respectively). The study
concluded that “while very cost effective and with very good precision (repeatability), were
not as sensitive as the others, and therefore are not recommended for whole effluent toxicity
screening” [187].

5.3. Latin America and the Caribbean

Sarma et al. [188] showed that Mexico City urban wastewater affects instantaneous growth
rate of Brachionus patulus. Acute 48-h lethal effect measurements generated with L. quadriden-
tata on municipal, industrial, and agricultural sites around the city of Aguascalientes, Mexico,
indicated that most samples tested were toxic [189]. The municipal drinking water wells of
Aguascalientes have also been assessed using acute toxicity tests with L. quadridentata [190]. L.
quadridentata has been used to assess the status of the major wastewater treatment plants in
the State of Aguascalientes [191, 192]. An ecotoxicological study of the most important river
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in the State of Aguascalientes has also been performed [93]. L. quadridentata has also been used
to assess toxicity in several rivers of the southern Huasteca area of Mexico with high concen-
trations of manganese (Mn) and the presence of DDT in the sediments and pore water. L.
quadridentata was highly resistant to DDT and less susceptible to Mn than the cladocerans D.
magna [165]. José de Paggi and Devercelli [193] examined the influence of watershed land use
on microzooplankton around the city of Santa Fe in Argentina. Six rivers and a shallow lake
located in rural and urban areas were sampled during 4 weeks. River microzooplankton
abundance and rotifer species assemblages were found to be good indicators of land use.
Brachionus spp. were associated with saline waters in rural areas and Keratella spp. (except
Keratella tropica) with urban water bodies.

5.4. Asia

Many Asian countries have used rotifer toxicity tests for diverse monitoring and scientific
purposes. Microcosm studies with rotifers have been used in India to evaluate tannery effluent
[194]. B. plicatilis has been used to assess the toxicity of the various sewage sludge, one of the
major ocean dumped materials in the Yellow Sea of Korea [195].

6. Perspectives for future studies regarding the importance of rotifers as
models for toxicity screening of chemicals

Different rotifer species from all around the globe have been used to test the toxicity of a huge
number of chemicals, both from freshwater (FW) and marine water (MW) ecosystems (see
Rico-Martinez et al., 2013). Such species were initially collected from their natural habitats, a
specific biogeographical zone, for their further acclimation to laboratory conditions and use
as model organisms in toxicity evaluation protocols.

Nowadays, the rotifer species used as model organisms, due to their representativeness and
wide natural distribution, include those of the genus Brachionus sp.: B. calyciflorus (FW), B.
plicatilis (MW), B. manjavacas (MW), and B. koreanus (MW) (Lee et al.; Snell et al.), although
some others like B. rotundiformis (MW) and B. ibericus (MW) could be used as model organisms
(Pérez-Legaspi, 2015). Moreover, organisms within the genus Lecane sp. have been used for
toxicological screening, demonstrating that L. quadridentata and other Lecane species are good
indicators of water quality because of their high susceptibility to toxicants.

Despite all efforts to understand rotifers biology and their susceptibility to contaminants, there
is still a need to conduct new studies with rotifers belonging to different habitats (biogeo-
graphical zones), climates, and niches. For such studies, researchers should take into consid-
eration topics like clonal cultures obtaining, rotifers identification and classification through
morphological and genetic (cytochrome oxidase tDNA, COI) characters, and the production
of sexual eggs to preserve them in a resting eggs bank. Such eggs could be also a source for
developing toxicity assessments kits, like those of Microbiotests Inc. [179], which mainly uses
Brachionus sp. resting eggs in very efficient systems for their production.
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Due to their immeasurable dispersion and diversity, annotating correctly the rotifers speci-
mens’ origin and recording their chemical backgrounds has become a very important issue
because of the variable responses to toxicants observed within the same genus or even within
the same species. For example, Brachionus sp. VER, isolated from the Gulf of Mexico, was the
most tolerant to Macondo oil exposure (LC50 =19.33%) in comparison to B. rotundiformis (LC50
=11.02%) from Hawaii, B. plicatilis ss. (LC50 = 2.47%) from Tokyo, and B. manjavacas (LC50 =
5.43%) from Russia [36], which could be due to the presence of cryptic species within the taxon.
Recently, researches and students from different countries participated in the workshop
“Cryptic Speciation in B. plicatilis: A Workshop to Described Species within the Complex,” and
they estimated that there may be as many as 20 new species for this complex. In addition, the
rotifers B. calyciflorus and Lecane bulla form a part of cryptic species [196, 197]. Thus, genetic
and phylogeographic studies should be performed to assess how this species are distributed
around the world.

In aquatic toxicology, currently there are methods that help elucidating the toxicity mecha-
nisms for different sorts of chemicals. Therefore, they can be listed as follows:

a. Standardized protocols for evaluation of acute, chronic, and sublethal toxicity. These
methods are carried out by exposing neonates or resting eggs, for 24 to 48 h or more
depending exposure concentrations, periods, and end points to measure. Acute and
chronic toxic ratios are still in use despite all new technologies, as they are finally a
reference point for further analysis. Mortality or immobility are the common responses
observed in acute toxicity tests, but in chronic assays, population parameters are followed
during the exposure period, such as the intrinsic rate of population increase (r) obtained
from the life table analysis. Another possibility is assessing the hatching percentage, which
represent the stability and health of cysts produced during stressful conditions, including
abiotic factors like desiccation or the presence of contaminants. Alvarado-Flores et al. [48]
evaluated the effect of 1.2 mg/L of the fungicide vinclozolin on the rotifer B. calyciflorus.
Their findings demonstrated that there was no significant difference between exposed
and nonexposed organisms. In addition, the population parameter r of rotifers hatching
from VZ-promoted cysts was 1.21 + 0.063 (mean + SD), and for rotifers hatching from
control cysts was 0.90 + 0.064.

It has been shown that multigenerational studies should be conducted as these could repro-
duce what happens in natural conditions when parthenogenetic females are exposed to
toxicants and in their offspring is in certain way altered even before hatching [198], a phe-
nomenon called the maternal effect, which could be for good while providing more energetic
resources to deal with the stressful conditions in the medium, or negative through inheriting
mutations that could bring deleterious effects in consecutive generations.

b. In vivo enzyme activity assessment (esterases and phospholipase A2): This method has
the potential to assess the adverse effects of contaminants for rotifers. In the rotifer E.
dilatata (FW), a native species from Mexico, the inhibition of esterases and phospholipase
A2 was assessed fluorometrically after in vivo exposure (30 min) to sublethal concentra-
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tions of metals and pesticides in laboratory conditions. This study concluded that both
enzymes are very sensitive to toxicants-induced alterations [96, 97].

Stress granules (SGs): Eukaryotes share diverse mechanisms of adaptation and responses
to the stress. In this matter, it has been shown in different insects, trypanosomids, yeast,
mammal cells, and rotifers, in which they can sequester some proteins and mRNA into
granules that protect cellular mRNA. Thus, SGs appear to be useful as biomarkers in
rotifers [199].

Bioconcentration factors (BCF): According to van der Oost et al. [200], biomarkers of
exposure include the quantification of the toxicant or its metabolites. Therefore, BCF are
very valuable tools to study exposure to a certain kind of compounds. Moreover, these
assessments could help to trace toxicants in discharges to aquatic ecosystems, by moni-
toring both in laboratory and in natural conditions exposed animals [149, 201]

Elemental composition using X-ray analysis on rotifers cuticles. This is an easy method
that qualitatively determines different elements of interest, principally inorganic metals
[48].

Morphological analysis: These are changes induced by toxic exposure; although it could
be controversial, it can be carried out by comparing morphological characters through
image analysis. Because of rotifers phenotypic plasticity, the comparisons should be
carefully performed to avoid misinterpretation of the results. However, is has been
demonstrated, in B. calyciflorus, that morphological changes occurred after exposure to
the fungicide vinclozolin and that abnormal and healthy animals are easily differentiated.
However, the percentage of deformities is low, only 0.63% of 2868 organisms. Neverthe-
less, this is still significantly different to the control groups. Hence, morphometric analysis
in rotifers could be a helpful tool to identify unrevealed targets of toxicants, and it might
contribute to create a database for such effects and for several rotifers species to further
comparisons among them, besides the likely identification process through image analysis
[48].

Aging in rotifers: because there is a great diversity in aging rates among species, geo-
graphical populations, and mutants within species, Smith and Snell [202] designed an
experiment to follow rotifers longevity through 84 generations (about 1 year). Their results
show that optimal growing conditions (e.g., constant food supply) altered life span and
can reduce aging, which could be evolutionary adjustable, with selection working
primarily on the length of the reproductive life span. Rotifers are considered good models
to investigate the effect not only of toxicant on their life span but also other factors such
as caloric restriction and the effect of vitamins. Thus, this represents a new field to
incorporate studies with rotifers [203, 204].

Hormones: Alvarado-Flores et al. [205] demonstrated the presence of some mammal-like
proteins in the rotifer B. calyciflorus and concluded that it is necessary to generate more
information about catecholaminergic and cholinergic systems in rotifers and the hor-
mones related. Then it will be possible to assess their participation in mechanisms of
detoxification and likely be used as toxicity models.
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Genetic tools in rotifers and their applications

RNA-seq: With mRNA-seq libraries for obligate parthenogenetic and cyclical parthe-
nogenetic strains of the rotifer B. calyciflorus, it has been possible to identify genes
specific to both modes of reproduction. Additionally, the studies performed by Hason
et al. [206] allowed insights in the reproductive biology of obligated asexual bdelloid
rotifers.

Heat shock proteins (HSPs): The genes for these proteins synthesis are found from
bacteria to higher eukaryotes and are related to functions like refolding denatured
proteins due to stress that includes heat shock, reason for which they are called HSPs.
Smith et al. [207] provided conclusive evidence that hsp40, hsp60, and hsp70 are required
for rotifer survival following heat stress, but that hsp90 seems not to be essential for
survival, at least with their data.

Metallothionein (Mt): These are low-molecular weight and cysteine-rich proteins
present in eukaryotes. They provide potent metal binding and some other functions
are being discovered. Their presence in rotifers has been demonstrated as a conse-
quence of chromium exposure [208]

P-glycoprotein 8P-gp (Pg-p): This protein could be considered as the first line of defense
against some chemicals, including pharmaceuticals and endocrine disruptors. This
protein has been found and characterized in the rotifer B. koreanus. Specimens of this
rotifer were exposed to several pharmaceuticals that retarded growth and promoted
the overexpression of Pg-p [209].

Epigenetics: Germ cells can be specified early in embryogenesis by maternal determi-
nants inherited in the cytoplasm of the oocyte or they can be selected later in the
embryonic development from undifferentiated precursors by a localized inductive
signal that is called epigenesis [210]. Epigenetic processes were found in the ovary of
B. plicatilis, describing the participation of vasa and nos genes. As the first description
of its kind, it opens the possibilities to explore and perform embryo development within
the phylum.

Cell-penetrating peptides (CPPs): Liu et al. (2013) demonstrated that some little
peptides can penetrate cell membranes and delivered their cargoes; then their function
(if cargoes have it) can be assessed as the functional HR9-delivered plasmid DNAs and
RFP coding sequences that could be actively expressed in rotifers. This method provides
a tool not only for genetic material but also for nanoparticles and proteins, which in the
future could facilitate studying the effect of chemicals within rotifer cells.

Innate immunity in rotifers: In invertebrates, the nomenclature, annotation, and reports
of cytokines could be controversial. Nonetheless, there is a continuous and increasing
knowledge about cytokine-mediated immune regulation, although adaptive immune
responses are likely absent in invertebrates, including rotifers. In this field, Jeong et al.
[211] identified three genes of lipopolysaccharide-induced TNF-a factor (LITAF) in B.
koreanus. The in silico analysis showed that these genes could be involved in innate
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immunity in primitive rotifers. In addition, exposure to lipopolysaccharide caused the
overexpression of LITAF1 and LITAF2 but depleted glutathione concentration. Thereafter,
LITAF genes have potential sensitivities to immune stimulator-triggered oxidative stress.

In conclusion, rotifers as models for ecotoxicological tests present several advantages, includ-
ing a relative short life cycle that allows multigenerational studies and epigenetic research to
unveil functions and processes in mictic and amictic rotifers, the simplicity of their body
structure that ease the permeability of dyes for in vivo examination to quantify toxicant
concentrations (e.g., Leadmium green®) or for systems descriptions like both the cholinergic
and catecholaminergic systems, and their easy culture conditions and supply of resting eggs
from different sources like some commercial brands. Nowadays, there are several protocols
that describe the use of rotifers as indicators of water quality and safety as even thousands of
probes can be performed in very short periods. Furthermore, every year, new technologies are
becoming available to explore in deep detail the effect, the mechanisms, and the targets of
toxicants. Hence, rotifer studies cannot be the exception, opening new possibilities to explore
and describe more accurately the interaction of toxicants with the aquatic biota.
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Abstract

Corals live in a symbiotic life with single-celled algae, zooxanthelle. Anthropogenic
threats and natural threat-mediated stress destabilize the photosynthetic electron
transport chain resulting in an increased production of reactive oxygen species
(ROS) in symbiont algae and causes coral bleaching. In this review, the early warn-
ing system and biomarkers for oxidative damages in corals are explained. The re-
view also discusses (1) the mechanism of coral bleaching, (2) the uses of biomarkers
to detect the early signs of bleaching, and (3) laboratory and field studies that are
carried out on biomarkers and coral bleaching.

Keywords: Antioxidant enzymes, oxyradicals, coral bleaching, sym32gene, cytochro-
meP450

1. Introduction

Coral reefs are among the most productive and diverse ecosystem on earth and support myriad
of fish and invertebrate species. The importance of their productivity has prompted the world
conservation strategy (UNEP/WWF) to recognize coral reefs as the most essential life support
system for food production, health, and other aspects of human survival and sustainable
development [1,2]. Coral reefs provide a wide array of food organisms such as fish, mollusks,
crabs, shrimps, and algae that are consumed by humans. The destruction of these coral reefs
would definitely lead to substantial reduction in supply of animal protein in the diet of coastal
population.

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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In general, the major hazardous threat to coral reefs can be categorized into anthropogenic and
natural origin [1]. Bryant et al. [3] developed a risk index based on the impact of anthropogenic
threats to the health of coral reef system, namely, coastal development and marine pollution.
Under the natural threats, mortality of corals as a result of increased sea temperature is a
relatively recent phenomenon that has resulted in the dramatic decline in the number of
healthy reefs around the world [4]. Although various numbers of factors are proposed as a
threat to coral reefs, the important toxic consequences is oxidative stress, which leads to coral
bleaching [5].

The suitable way to assess sub lethal effects of oxidative stress or early detection of coral
bleaching is to quantify the physiological and biochemical responses of corals as a biomarker
in response to natural and anthropogenic disturbing agents. The measurement of biochemical
responses (antioxidant enzymes, oxyradicals, cytochrome P450 isoforms, heat shock protein,
and symbiosis-specific genes) in reefs with response to oxidative stress caused by various
factors (temperature, UV radiation, and contaminants) will serve as a good biomarker for the
early detection of bleaching.

2. Coral bleaching

The major reason for global degradation of corals by bleaching is a process whereby corals lose
their algal symbiont or the symbionts photosynthetic pigments degrade [6]. The existence of
corals is dependent on a mutualistic symbiont relationship between the individual coral polyp
and a photosynthetic dinoflagellate such as zooxanthella. Zooxanthellae are intracellular
residents of the tissues of coral and provide the coral with energy produced by its photosyn-
thetic activities. In return, the coral effectively fertilizes the zooxanthella, providing nutrients
in the form of ammonia and phosphates [1]. The successfully proposed model concerning a
possible mechanism of coral bleaching is based on the response to oxidative stress by both
components of the symbiont relationship [7]. However, understanding the structure of coral
tissues could facilitate readers to know about the mechanism of coral bleaching. Corals are
formed of two layers of cells known as epidermis and gastrodermis. Both these layers were
covered by mucus layer and connected with porous calcium carbonate skeleton. Tissues of
corals contain large populations of eukaryotic algae, bacteria, and archaea as well as numerous
viruses. In the beginning of 1883, it has been reported that hard corals were associated with
intracellular microscopic algae [8], and further it was identified as dinoflagellates, Symbiodi-
nium [9]. Symbiodinium supply a large part of the energy requirements of the corals by
transferring photosynthetically fixed carbon to the coral [10]. In addition, during photosyn-
thesis, algae produce large amounts of molecular oxygen for the respiration of corals.

As mentioned in the introductory section, anthropogenic and natural threat-mediated stress
can destabilize the photosynthetic electron transport chain resulting in an increased produc-
tion rate of reactive oxygen species (ROS) in symbiont algae. In addition, it is worth to note
that the generation of ROS occurs in the choloroplast by various mechanisms associated with
an electron transfer catalyzed with photosystem I and photosystem II [11,12]. According to
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Mehler reactions, hydrogen peroxide (H,0,) is generated by oxygen evolving complex, and
these oxyradicals can easily diffuse from the algal symbiont in to the coral cytoplasm. When
ithappens above the threshold level, ROS will cause oxidative damage and bleaching to corals
(Figure 1). Bleaching leads to high mortality and is considered as a serious threat to the health
of reef ecosystem [13]. Supporting with earlier works, it is suggested that oxidative stress plays
a major role in coral bleaching [1,5,14]. Although cellular-based mechanistic models concern-
ing oxidative stress and coral bleaching are not well established, an increasing number of
works have been carried out on coral symbiotic oxidative damage in relation to free radicals
generated by disturbance of symbionts photosystem [5,14,15]. Hence, an effective management
of the health state of coral reefs requires an early detection or biomonitoring of the oxidative
stress. The suitable way to assess sublethal effects of oxidative stress or early detection of coral
bleaching is to quantify the physiological and biochemical responses of corals in response to
natural and anthropogenic disturbing agents.

Photosystem II (H,0)

Dinoflagellate Membrane

Figure 1. ROS mediated coral bleaching

3. Biomarkers

The conditions and health state of reefs are unknown since majority of them occur in remote
locations [3]. It is very difficult to make a decision about the sustainable use of their resources
without having an appropriate data/evidence on their health status. Hence, increased moni-
toring of reefs is urgently needed. We hope that biochemical responses (antioxidant enzymes,
oxyradicals, fluorescent proteins, Cyp 450 isoforms, HSP, and symbiosis-specific genes) on
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reefs in response to oxidative stress caused by various factors (temperature, UV radiation, and
contaminants) will serve as a good biomarker for the early detection of bleaching.

3.1. Oxyradicals and antioxidant enzymes

In summer, the elevation of water temperature may affect the cnidarians symbiotic life by
generating oxyradicals. Ultraviolet (UV) radiation has also been shown to cause bleaching
either alone or by acting synergistically with elevated temperature, wherein they produce
active forms of oxygen in the zooxanthellae of corals [16]. The absorption of excitation energy
in the presence of oxygen leads to the production of reactive oxygen species, ROS (O,, H,0,),
etc.

O,+e" =0,
20,7+2H" - H,0,+0,

ROS will further lead to the photoinhibition of photosynthesis in algae and causes bleaching
in symbiotic cnidarians. Superoxide dismutase inactivates the superoxide anion by transform-
ing it into hydrogen peroxide (H,0O,). Hydrogen peroxide is then quickly altered by catalase
and peroxidases into dioxygen (O,) and water (H,0). Different studies have confirmed that
the production of H,O, under the action of SOD is the triggering factor in the natural antiox-
idant defense mechanisms. SOD therefore seems to be the key enzyme in the natural defense
against free radicals. Thus, antioxidant enzyme superoxide dismutase (SOD ; 20, + 2H* —
H,0, + O,), catalase (CAT ; 2H,0, — 2H,O + O,), glutathione peroxidase (GSH-Px ; 2GSH +
ROOH — GSSG + ROH + H,0), and ascorbate peroxidase are demonstrated to inactivate the
oxyradicals such as O,” and H,0O, (Figure 2). In 2004, Mydlarz and Jacobs [17] revealed that
H,O, production occurred as an oxidative burst in a physically injured Symbiodinium sp. that
was isolated from Pseudopterogorgia elisabethae. Since H,O, acts as an important signaling
molecule between Symbiodinium, i.e., zooxanthellae, and their symbiotic host, itis believed that
H,0, is the most important ROS associated with coral bleaching [18]. Ross et al. [19] reported
that micromolar concentrations of H,O, (>10 uM) induced cell death in the cyanobacterium
Microcystis aeruginosa. In 2009, Higuchi et al. [20] studied the response of antioxidant enzymes
in the coral Galaxea fascicularis against elevated level of H,O,. During short-term H,O, exposure
experiment, SOD and CAT activities in zooxanthellae were not significantly altered even at
higher H,O, concentration. Similarly, coral bleaching was not observed when exposed to
H,0, concentration for a period of 5 days. Both SOD and CAT activities in coral tissue and
zooxanthellae were increased with high seawater temperature. It denotes that both.O, and
H,0, were formed within the cell by the increased temperature. Further, they opined that high
seawater temperature had a greater impact on the SOD and CAT activities of the coral.
Anithajothi et al. [21] analyzed antioxidant enzymes (SOD, CAT, and GSH-Px) in selected
scleractinian corals such as Acropora formosa, Echinopora lamellosa, Favia favus, Favites halicora,
Porites sp., and Anacropora forbesi. They concluded that the assay of these enzymes can be
used as biomarkers for identifying the susceptibility of corals towards coral bleaching. Regoli
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et al. [22] characterized the antioxidant efficiency of Petrosia ficiformis on a monthly basis by
combining an analysis of the main antioxidants (superoxide dismutase, catalase, glutathione
S-transferases, glutathione reductase, and glutathione peroxidases) with measurements of the
total oxyradical scavenging capacity (TOSC). In summer season, significantly increased levels
of catalase and TOSC were observed. The greater production of H,0, in the symbioses during
this period supports the hypothesis that seawater temperature can significantly modulate the
pro-oxidant and antioxidant status in Mediterranean symbioses.

Coral algae
regeneration Antioxidant
enzymes
SOD
ROS Production CAT
_ GSH-Px
CONTAMINANT 0 2
O, W
OH- Oxidative
Damages and
Coral algae
UV- symbiosis
Radiation breakdown
Coral Death/
Bleaching

Figure 2. Oxyradicalsand antioxidant enzymes in Coral Sp.

It is very important to study the stimulation of oxyradical production in corals in vivo by water
temperature and to what extent the oxyradicals overcomes antioxidant defenses to cause
oxidative damage. No detailed study have been carried out so far on the direct measurement
of oxyradicals generation in vivo, but an indication of such process can be obtained by
detecting/analyzing the lipid peroxidation products and carbonyl proteins in heat stress
exposed corals. The formation of carbonyl groups on amino acid residues as a result of free
radical-initiated reactions is well documented [23]. Carbonyl formation is increased by
oxidative stress and is a good marker of protein degradation [24,25]. An increased number of
works have been carried out on carbonyls [26] and lipid peroxidation products [27], which
shows that it could serve as a biomarker for contaminant stimulated oxidative damage. Downs
etal. [7] demonstrated that heat stress causes oxidative damage in corals, which is exacerbated
by exposure to light. Later in 2002 [5], they made an attempt to test whether oxidative damage
is associated with coral bleaching and examined the levels of protein carbonyl and lipid
peroxidation (LPO). Carbonyl protein concentration differed significantly with the exact
combination of sampling date and depth and was positively correlated with ocean tempera-
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ture. Lipid peroxide (LPO) also showed a similar pattern. The levels of oxidative damage
products increased with water temperature and preceded coral bleaching.

3.2. Fluorescent proteins

Corals produce fluorescent proteins (FPs) that are similar to the green fluorescent protein (GFP)
of jellyfish. Fluorescent protein absorbs high-energy light and protects corals. These proteins
are predominantly found in scleractinian corals and constitute up to 14% of the total protein
content [28]. These highly conserved molecules contain 238 amino acids that comprise 11 beta
sheets and fold to form a cylinder like shape with three amino acids: serine, glycine, and
tyrosine forming a posttranslationally modified fluorescent. Although the function of FPs in
corals remains unclear, it is believed that it is involved in photoprotection and also acts as an
antioxidant [29,30]. Blue light significantly affects corals and their symbionts. Blue light
photoreceptors of corals, which are known as cryptochromes, are thought to play a role in coral
bleaching during the elevation of seawater temperature. Blue light primarily damages photo
system I directly and secondarily inhibits the repair of photo system II through the production
of ROS [31]. The GFP of corals maximally absorbs high-energy blue light and provides
photoprotection on corals. In 2009, Palmer CV and coworkers [32] found that scleractinian’s
fluorescent protein scavenges H,O, and revealed that FPs also act as antioxidant. Carolyn
Smith-Keune and Sophie Dove [33] explained that gene expression of host-specific genes such
as GFP homologs may act as highly sensitive indicators for the onset of thermal stress within
host coral cells. Thus, in future studies, fluorescent protein could be used as a biomarker for
the early detection of thermal stress in coral reef, and based on this indication, necessary
prevention steps could be taken to prevent coral bleaching.

3.3. Cytochrome P450 and monooxygenase system

Cyp 450 and flavoprotein reductase components of the microsomal mixed function oxidase
(MFO) system are involves in the formation of ROS in the presence of contaminants

RH +0O,+ NADPH + H" <» ROH + H,0O + NADP".

It has been clearly demonstrated that algae have an ability to bioaccumulate and metabolize
(via biotransformation) xenobiotic compounds through available detoxifying system such as
cytochrome P 450 [34]. Also, the presence of cytochrome P 450-dependent MFO system has
been documented in sea anemone and scleractinian coral [35]. CYP-carbon monoxide differ-
ence spectra have been detected for the coral species Favia fragum, Siderastrea siderea, and
Montastraea faveolata [36,37]. Ramos et al. [38] analyzed the activities of cytochrome P450 and
monooxygenase enzymes (CYP450, P420, and NADPH cytochrome c reductase) in corals
collected from two different sampling sites (one from least contaminated site and other from
contaminated site). An increased content of CYP450, P420, and NADPH cytochrome c
reductase was observed in the corals collected from the contaminated site. This difference was
attributed to the difference in contamination levels between the two sampling sites. Ben-
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zo(a)pyrene-induced CYP gene expression analysis in the scleractinian coral Montastraea
faveolata [37] revealed that fuel oil exposure [39] induces CYP gene expression. Environmen-
tally induced changes in CYP activity were observed in the coral Stylophora pistillata after
exposure to hyposaline conditions [10] as well as in Madracis mirabilis after exposure to the
photosynthesis inhibitor Irgarol [40]. Rosic et al. [41] discovered the presence of three new
cytochrome P450 (CYP) genes from the reef-building coral endosymbiont Symbiodinium.
Alteration in the expression of coral’s CYP genes were analyzed during exposed to severe and
moderate heat stress experiments. Samples of the scleractinian coral Acropora millepora were
exposed to two different elevated temperatures (18-h period and 120-h period, i.e., rapid
thermal stress and gradual thermal stress). The Symbiodinium CYP mRNA pool increased by
30% after 18 h of gradual heating and incubation at 26°C. An increase in the temperature above
the average sea temperature (29°C after 72 h) resulted in a two- to fourfold increase in CYP
expression. Both rapid thermal stress and gradual thermal stress at 32°C resulted in 50% to
90% decreases in CYP gene. The expression of CYP gene decreased under the enhanced thermal
stress conditions at 32°C. These findings indicate that elevated sea temperature may affect the
corals and induce the production of chemical stressors that regulate the expression of CYP
genes encoding cytochrome P450 monooxygenases. This may alter the mechanism of bio-
transformation in corals. The studies emphasize that changes in the expression of CYP450 gene
in corals could also be acted as a biomarker for the early detection of heat stress-mediated coral
bleaching.

3.4. Mitochondrial integrity

Changes in environmental conditions destabilizes the symbiotic relationship between cnidar-
ians and their dinoflagellate symbionts, Symbiodinium spp. As mentioned earlier, most of the
studies have revealed that abreakdown in the symbiosis begins with increased ROS generation
within the symbiont due to a decoupling of photosynthesis. Tchernov et al. [42] hypothesized
a model for coral bleaching linking dysfunction of mitochondrial integrity to the mortality of
the host animal. Mitochondria are known as batteries of the cell, which provides energy in the
form of ATP and involves in ROS generation. During thermal stress, algal symbionts produce
ROS that exceeds the level threshold. These molecules change the integrity of mitochondria
and activate a caspase cascade within the host cell, which leads to the apoptosis and death of
the corals. On the other hand, it is found that algal symbiont has the ability to remove or
scavenge the ROS and gives protection from coral bleaching. It is noted that varied response
was observed in the corals Seriatopora hystrix and S. pistillata to thermal stress. Although both
the corals were bleached, the apoptotic response was elevated in S. pistillata, which resulted
in the death of corals. On the contrary, apoptotic response was decreased in S. hystrix, which
indicates that the response of corals against thermal stress is species specific and the algal
symbiont of S. hystrix is strongly involved in scavenging ROS. However, in the case of S.
pistillata corals, elevated ROS level induced the changes in mitochondrial integrity and further
caused death (Figure 3). Dunn et al. [43] corroborate with the above said mechanism by
evaluating the changes of mitochondrial integrity of host cnidarians in response to thermal
stress. They assessed the overall morphology of host mitochondria associated symbionts under
an experimental thermal stress using confocal and electron microscopy. It is noted that thermal
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stress degraded the integrity of cnidarian host mitochondria. Further, the potential sites of host
mitochondrial disruption were confirmed by measuring changes in the expression of genes
associated with electron transport and ATP synthesis using quantitative RT-PCR. They
believed that the primary site of degradation appeared to be downstream of complex III of the
electron transport chain with a significant reduction in host cytochrome c and ATP synthase
expression. Hence, it is believed that this reduction may affect the ability of the host to remove
ROS and cellular energy supplies. This finding may give us a clue on the importance of host/
coral response to thermal stress and in symbiosis dysfunction that has significant implications
for understanding how coral reefs will survive during the climate changes.

Thermal Stress s R O Sinduced Caspase
SA“ > ;
“ ‘ “ ‘ @ Apoptosis

ROS

A
Recovered
“ coral
N @ @ Coral death

Resistant coral and algae

Figure 3. Thermal stress mediated coral death and recovery of ROS resistant coral Sp.

3.5. Heat Shock Proteins (HSP)

Heat stress in coral reef affects both corals and their symbionts, which further lead to bleaching
of corals. Coral bleaching occurs due to the dissociation of the coral-algal symbiosis [44]. The
sensitivity of coral and symbiont bond to heat stress is not well understood. However, it is
believed that photosynthesis system can be impaired by heat stress [45,46]. Understanding the
basic mechanism of corals against heat stress is crucial in knowing the reason of coral bleaching
in response to changes in sea temperature. Heat shock protein (HSPs) represents a class of
molecular chaperones that are well known for their quick response to environmental stresses
[47]. Thus, alterations in coral’s HSPs may serve as biological marker for heat stress. Heat shock
proteins are involved in the thermotolerance of oxidative phosphorylation. Several studies
demonstrate that oxidative phosphorylation is correlated with the induction of HSP. It is
interesting to note that inhibitors of electron transport or inhibitors of complex I act as an
inducer of HSP [48]. The mitochondrial low molecular weight HSP is usually produced only
in response to environmental stress [49]. It was successfully demonstrated that chloroplast
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HSP protects photosynthetic electron transport during heat stress [50], which revealed that
HSPs are an important adaptation to heat stress and function as a protective molecular
chaperones. Smith et al. [18] found a threefold increase in the level of HSP70 protein in host
coral colony at 33°C. Chow et al. [51] also demonstrated a robust transient induction of Hsp60
in response to both light and heat stress in laminar coral. So far, the works carried out on HSP
of corals provided a new insight into changes occurring in coral endosymbionts under heat
stress. Further research works related to the utilization of HSP as a biomarker to thermal stress
is needed.

3.6. Symbiotic-specific genes

Coral bleaching, defined as loss of color in corals, occurs due to the breakdown of the symbiosis
with algae. Recently, cnidarian genes that are expressed as a function of the symbiotic state
have been characterized in the sea anemone for studying cnidarian algal symbiosis [52]. They
found that sym32 gene is involved in the regulation of the symbiosis by mediating cell-cell
interactions. Mitchelmore et al. [53] characterized several genes responsible for the regulation
of cnidarians and their symbiotic interaction. Temperate sea anemone Anthopleura elegantissi-
ma has been used as a model species, and a symbiosis-specific gene, Sym32, was identified
from the host genome. RT-PCR studies also suggested that the expression of Sym32 was
correlated with the presence of host algae. No changes in algal numbers were observed on the
exposure of cadmium to anemones under laboratory condition. However, they observed the
downregulation of sym 32 compared to controls. This indicates that a difference in the
expression of sym32 may act a biomarker of cnidarians-algal symbiosis breakdown.

3.7. Field and lab observations/applications of biomarkers

Corals generally grow well in clean water with a temperature between 20°C and 30°C. The
optimum temperature for the growth of coral is 24°C. Coral reefs are found in great quantity
in the Indian Ocean, Southeast Asia, Central Pacific, Southwest Pacific, and Caribbean regions.
The largest coral reef is the Great Barrier Reef in Australia. The second largest coral reef can
be found off the coast of Belize, in Central America. Coral reefs are also found in Hawaii, the
Red Sea, and other areas in tropical oceans. The presence of corals in the ocean is depicted in
Figure 4.

Corals and their algal endosymbionts cannot move from their habitats when they face
unwanted environmental conditions such as increased seawater temperature and solar
radiation. Hence, they have to develop molecular mechanisms to acclimatize and live in those
unwanted conditions. Numbers of works have been carried out on coral bleaching that occurs
around the world. According to the information provided by the World Resource Institute
(WRI), about 370 observations were made on coral bleaching globally between 1980 and 1997.
Interestingly, more than 3,700 observations were made between 1998 and 2010. This increased
numbers of reports indicate the increase in awareness among researchers to monitor the health
of corals and communicate about the bleaching events to the public. The suitable way to assess
early detection of coral bleaching is to quantify the physiological and biochemical responses
of corals as a biomarker. As mentioned in this review, changes in the biochemical parameters
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Figure 4. The presence of coral reefs in Ocean

(antioxidant enzymes, oxyradicals, cytochrome P450 isoforms, heat shock protein, and

symbiosis-specific genes) of coral reefs with response to increased seawater temperature may

serve as a good biomarker for the early detection of coral bleaching. Numbers of laboratory

and field studies have been carried out on theses biomarkers. Some of the works relating to

coral biomarkers and field applications are given in Table 1.

Location

Biomarkers

Coral host

Authors

Parque Nacional

Morrocoy, Venezuela

Cytochrome-P450, Antioxidant

enzymes and NADPH-C

reductase

Siderastrea siderea

Ramos etal. (2011) [38]

Heron Island

Heat Shock Protein 70

Porites cylindrica and Stylophora
pistillata

Fitt etal. (2009) [54]

Australia

Catalase

Acropora millepora

Krueger etal. (2015) [55]

South East Coast of

India

Antioxidant enzymes

Acropora formosa, Echinopora lamellosa,

Favia favus, Favites halicora

Anithajothi etal. (2014)
[21]

France Catalase Anemoniaviridis Merie etal. (2007) [56]
Florida Antioxidant enzymes Coral reef Downs etal. (2002) [5]
USA Fluorescence protein Acroporayongei Roth and Deheyn (2013)

[57]

Great Barrier Reef

Green Fluorescence protein

Scleractinia and Alcyonacea corals

Palmer etal. (2010) [58]

Australia Green Fluorescence protein Acroporamillepora Smith-Keune and Dove
S (2008) [33]
Australia Cytochrome P450 Acropora millepora Rosic etal. (2010) [41]
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Location Biomarkers Coral host Authors
Honolulu, USA Cytochrome P450 Stylophora pistillata Downs etal. (2009) [10]
Italy and Maldives Mitochondrial HSP60 Seriatopora hystrix, Montipora Seveso etal. (2014) [59]

monasteriata, and Acropora echinata

NJ, USA Mitochondrial integrity Zooxanthellate corals Tchernov etal. (2011)
[42]

USA Heat shock protein Montastrea annularis Hayes and King (1995)
[60]

Red Sea Heat shock protein S. pistillata and Chow etal. (2009) [51]

Turbinaria reniformis

USA Heat shock protein Xestospongia muta Lopez-Legentil etal.
(2008) [61]
USA Heat shock protein and Montastraea faveolata DeSalvo etal. (2008) [62]

breakdown in symbiosis

between coral and zooxanthellae

USA Symbiosis-specific gene Anthopleura elegantissima Mitchelmore

etal. (2002) [53]

Table 1. Corals and biomarkers

In the year of 2011, World Resource Institute furnished data on thermal stress affected coral
reefs, which is represented in Figure 5. From the data, it can be understood that more than 40%
of the corals were affected by thermal stress in Atlantic and Indian Ocean, which is higher
when compared to the other regions. On viewing the earlier research works relating to
biomonitoring of coral bleaching, it can be understood that only few research works were
carried out in the Indian Ocean. Since corals available in this region are believed to face thermal
stress, it is important to concentrate on avoiding coral bleaching in Indian Ocean. Similarly, a
large volume of works has been done only on coral antioxidant enzymes and their response
against climate change or thermal stress. However, an increased number of works are needed
in the aspect of host symbiosis breakdown, coral’s mitochondrial integrity, and cytochrome
P450 protein as a biomarker of thermal stress. This may give us a better idea about coral
bleaching and the utilization of biomarkers for early detection of oxidative damages. In recent
days, the early prediction of thermal stress in Ocean has been proposed as the best biomarker
for coral bleaching. It is very interesting to know that a computer-based model could assess
sea temperature every week and predict the changes in sea temperature and warn us to take
precautionary efforts to avoid temperature-mediated coral bleaching [63]. The National
Oceanic and Atmospheric Administration’s (NOAA) Coral Reef Watch (CRW) and the
National Centers for Environment Prediction (NCEP) carried out an excellent research work
to predict thermal stress that causes mass coral bleaching. In this regard, a statistical climate
model to produce the first seasonal bleaching outlook system was released in 2008 at the 11th
International Coral Reef Symposium. This kind of work is another milestone in this field.
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Figure 5. Data on thermal stress affected coral reefs
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