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Anthropogenic activities may lead to the accumulation of inorganic and organic compounds in topsoils.
Biota living in close contact with contaminated soils may experience stress at different levels of biological
organization throughout the continuum from molecular to community level. Biological responses
observed at the individual or infra-individual level of biological organization led to the development of
biomarkers. The development of biomarkers consists often in evidencing biological modifications
following a contaminant stress in laboratory conditions, using naïve organisms and it is sometime
proposed to use the biological state of individuals from sentinel species collected in the field to evaluate
the level of environmental exposure. However, considering the possibility of local adaptation following
long-term exposure, organisms response sampled in the field may substantially differ from laboratory
specimens. In this review, we discuss this point focusing on the definition and validity of molecular
biomarkers of metal pollution using earthworms of the Lumbricidae family.

� 2013 Elsevier Ltd. All rights reserved.
1. The concept of biomarker in ecotoxicology: definition and
limits

Ecotoxicology is a discipline at the interface between ecology
and toxicology. Concisely, ecotoxicology is concerned with toxic
molecules, hereafter called contaminants, either of artificial origin
(including drugs, endocrine disruptors.) or natural agents (metals,
arsenic,.), of which Human beings alter the distribution and/or
cycle in the different compartments of the biosphere. From a
fundamental point of view, ecotoxicology studies the fate and
consequences of contaminants on biological systems, from eco-
systems to individual organisms. From an applied point of view, it is
increasingly asked to ecotoxicologists to develop tools allowing to
determine the intensity and duration of contamination events and
to assess associated ecological risks, through the prediction of po-
tential effects of contaminant exposure in nature.

One approach to meet this social demand for biomonitoring
methods is the development of biomarkers. This approach con-
siders that the best method to detect the biological impact of
(F. Vandenbulcke).

All rights reserved.
contaminant exposure is to investigate the effects of contaminants
on biological systems. Indeed, compared to traditional methods
focusing on physical and chemical properties of soils, biomarkers
are assumed to focus on the effects of the bioavailable (i.e. trans-
mitted to living organisms) fraction of environmental chemicals
and to integrate the putative interactive effects of complex mix-
tures of chemicals in the Ecological Risk Assessment (ERA).

Theoretically, a “biomarker” can be defined from any observable
and/or measurable functional response to exposure to one or
several contaminants that can be characterized at the sub-
individual level of biological organization (molecular, biochem-
ical, cellular, physiological, behavioral). Importantly, the response is
assumed to indicate a departure from healthy status that cannot be
detected from an intact organism (Weeks, 1995; van Gestel and van
Brummelen, 1996; Ricketts et al., 2004). The concept of biomarker
is thus based on the causal relationship between the contamination
of environments by any chemical inducing a stress (pesticides,
polycyclic aromatic hydrocarbons (PAHs), metals,.) and biological
changes induced by the contaminated environment.

In practice, the development of biomarkers can be divided in
two, reciprocally fundamental and applied, steps. First, it consists in
characterizing in laboratory conditions the effects of contaminant
exposure on the biology of an organism of interest. Second, it
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consists in using the characterized response to assess the level and
duration of contaminant exposure of organisms sampled in the
field (Weeks, 1995).

1.1. Fundamental approaches

Characterizing the effects of contaminant exposure on the
biology of an organism is mostly a fundamental issue based on
experimental approaches. It requires accumulating fundamental
knowledge in the hazardous nature of a substance which is evalu-
ated by toxicity studies (acute or chronic, intrinsic or cocktails.)
and establishing thresholds beyond which a substance has a toxic
effect or belowwhich it is harmless. These thresholds usually rely on
the physical and chemical properties of the contaminant, the char-
acteristics of the environment, the duration of exposure (chronic,
occasional), the route of exposure (percutaneous, ingestion,
inhalation.) and the state of development of exposed individual
(species, sex, age.). In experimental conditions, the comparison of
phenotypes of conspecific individuals differentially exposed to one
or several contaminants over short periods of time (less than a
generation) is supposed to reveal the biological response to con-
taminant(s). In recent years, these ecotoxicological investigations
have largely benefited from the emergence of molecular biology
techniques, which led to a better understanding of the mechanisms
of contaminants action at amolecular level. In particular, the advent
of transcriptomic tools (real time PCR, subtractive libraries, pyro-
sequencing of cDNA libraries, DNA chips) coupled to bioinformatic
procedures and statistical data analysis, allowed a comprehensive
analysis of gene expression in various ecotoxicological contexts
(Brulle et al., 2010). The main advantage of gene expression studies
is that gene expression profiles represent the first level of integra-
tion between environmental stressors and the genome which,
through the synthesis of proteins, determines the response of the
organisms toexternal changes (Brulle et al., 2008; Brulle et al., 2010).

Interestingly, model organisms used in fundamental ecotoxi-
cological studies are often “naive”, whichmeans that they belong to
model species and/or test species that have never been previously
exposed to a contaminant and are not descended from exposed
individuals. In such cases, it seems reasonable to assume that
phenotypic variation observed among individuals in contaminated
and control conditions reveals environmentally induced modifica-
tions andmay therefore not be accounted for by genetic differences
among individuals. The ability to adjust phenotypes in response to
environmental changes is known as “phenotypic plasticity”
(Pigliucci, 2005; Van Kleunen and Fischer, 2005; Ghalambor et al.,
2007) in evolutionary biology, mostly called “acclimation” in eco-
toxicology. This phenomenon is a key concept in the definition of
biomarkers that are commonly considered as indicators for envi-
ronmentally induced responses.

1.2. Applied ecotoxicology

In contrast to fundamental approaches exposed above, the
application of biomarkers for ERA purposes relies on more tech-
nical issues. Two main conceptual differences can be highlighted
when one shifts from the experimental accumulation of funda-
mental knowledge about biological responses to contaminant
exposure in laboratory conditions to the practical development of
biomarkers that have to be usable in the field.

� Firstly, biomarkers should be used on sentinel species, i.e. on
wild organisms sampled in natural populations from the field
rather than on laboratory specimens (Van Der Schalie et al.,
1999; Beeby, 2001). Working on sentinel species implies that
biomarkersmay be developed on varying species corresponding
to the ecosystemof interest. Considering theERAof soil pollution
in terrestrial ecosystems, it is well admitted that, because they
represent important ecological functions of terrestrial ecosys-
tems, species from the soil macrofauna should be considered as
potential indicators of soil quality (Stork andEggleton,1992; Van
Straalen, 1998; Marhan and Scheu, 2005). A literature survey
distinguisheda fewspeciesbelonging to three taxa living inclose
contact with the soil: nematodes (Caenorhabditis elegans), Col-
lembola and oligochaete annelids (Brulle et al., 2010). Since the
pioneer observations of Darwin (1883), the key-role of earth-
worms in soil ecosystems is well-known. In particular, in
accordancewith their status of soil ecosystem engineers cited in
Lavelle and Spain (2001), earthworms from the Lumbricidae
family are good candidates for biomonitoring (Rombke et al.,
2005; Sanchez-Hernandez, 2006). Indeed, earthworms play an
important role inwater, nutrients andcarbon cycles in terrestrial
ecosystems and increase soil fertility and earthworm pop-
ulations canprovide information on soil structure,microclimatic
conditions, nutritional status and presence of toxic elements in
soils (Christensen, 1988; Edwards and Bohlen, 1996; Edwards,
1998; Kautenburger, 2006). Therefore, they have been adopted
by the international community as sentinel species for the study
of the potential environmental impact (ERA) of anthropogenic
contaminants such as pesticides, hydrocarbons and Metal trace
elements (MTEs) (Edwards and Bohlen, 1996; Edwards, 1998;
Piearce et al., 2002; Spurgeon et al., 2003; Seeber et al., 2005;
Kautenburger, 2006).

� Secondly, using biomarkers in the field generally assumes that
the relationship between the contamination of environments
and the biological status of an organism is always deterministic.
This means that the level of contaminant exposure in the envi-
ronment could be deduced from consecutive phenotypic values
of field-sampled organisms. This assumption suggests that the
main source of phenotypic variation is environmental. This
however, may be controversial, in particular if characterized
individuals have been sampled in natural populations exposed
to contaminants over several generations. Indeed, in comparison
to short-term exposure of experimental approaches, the long-
lasting exposure to contaminant may not only provoke envi-
ronmental phenotypic variation but also adaptive evolution
(Hendry et al., 2011). In particular, when conspecific populations
are differentially exposed to metal stress for a relatively long
period of time (several generations), among-population
phenotypic differences, potentially outmatching differences
induced by the local environmental heterogeneity, may be
genetically determined (i.e. heritable). Thus, indeed, Darwinian
selection may have promoted divergent evolution among pop-
ulations, a phenomenon known as local adaptation (Kawecki
and Ebert, 2004), and resulting in differentiated molecular
mechanisms underlying tolerance to metal stress.

In this context, the aims of the present work are (1) to report a
literature review of knowledge about the general effects of MTEs on
earthworms as main sentinel species, (2) to particularly highlight
the consequences of a long-term exposure to MTEs on earthworm
biology, and (3) to debate the definition and the validity of bio-
markers of MTE exposure considering that sentinel species may
have evolved under such exposure.

2. Biological response of earthworms to MTEs exposure in
controlled conditions

Among contaminants, MTEs, are of major environmental and
human health concern. Indeed, metals are released in large quan-
tities by human activities (agricultural use of fertilizers, residues
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from metalliferous mining and smelting industries, etc., (Hopkin,
1989; Bradl, 2005)) and can reach very high concentrations in
soils. Unlike organic pollutants, metals remain in the environment.
Consequently, they can accumulate in food chains through different
trophic levels, causing toxicity to living organisms, including
humans (Nawrot et al., 2006; Peralta-Videa et al., 2009).

Overall, MTEs soil pollution causes environmental stress leading
to dysfunction of ecosystems. MTEs pollution usually reduces both
species diversity and species richness (Kozlov and Zvereva, 2011).
For example, high levels of MTEs affect soil microbial species
causing a decrease in population size (Müller et al., 2001) or a
reduction in the species richness of soil bacterial communities
(Moffett et al., 2003). Studies focusing on earthworms (Annelida
Oligochaeta) have also shown a decrease in population densities
(Pizl and Josens, 1995) and changes in community structure
(Lukkari et al., 2004) in response to metal pollution. In general, loss
of species richness can results in the loss of important ecosystem
functions. MTE pollution is for example commonly associated with
an accumulation of litter due to a reduction of the mineralization
that leads to high organic matter content observed in some heavily
polluted sites (Cotrufo et al., 1995). At individual and infra indi-
vidual levels, many ecotoxicological studies conducted in plants
and animals living in close contact with contaminated soil led to a
better understanding of the biological consequences (MTEs con-
tents in tissues, enzymes activities, genes expression levels) of the
exposure of organisms to toxic levels of MTEs. For example, in
plants, MTE exposure can cause a significant decrease of the growth
rate of trees (Dickinson et al., 1992). Photosynthesis may also be
affected through the hydrolysis of chlorophyll (Manios et al., 2003).

Experiments carried out under controlled conditions on a
limited number of oligochaetes annelids species (Eisenia fetida,
Eisenia andrei, Lumbricus rubellus mainly) show that exposure to
MTEs may affect their physiology (see Spurgeon et al., 2003). For
example, disturbances of life history traits, enzyme activities or
gene expression levels are observed. In particular, the link between
changes of mRNA expression levels (transcriptomics) following
exposure to chemical compounds and biochemical or physiological
functions has been partially established in a limited number of soil
invertebrates (Brulle et al., 2010). In E. fetida and L. rubellus, the
consequence of experimental contaminant exposure on the level of
expression of either selected genes, using real-time PCR, or of a
large set of genes, using microarrays, has been extensively studied.
In addition, most work has been carried out with the aim to
describe doseeresponse changes (i.e. to highlight a relationship
between gene expression levels and contamination levels) in
worms exposed to stressful concentrations of various contaminants
(Cd, fluoranthene and atrazine). Particular attention was paid to
genes involved in detoxification, defense, anti-oxidant, DNA repair
and metabolism of metal ions (Fe2þ, Zn2þ, Ca2þ) mechanisms.
Usually, computer analyzes of the expression profiles confirm the
involvement of genes controlling the mechanisms cited before. In
this approach, the transcriptome is supposed to reflect the physi-
ological state of the test species and is a relevant way to apprehend
an initial stress in a dynamic manner (see Brulle et al., 2010).

In most organisms, including earthworms, physiological toler-
ance to metals depends, at least partially, on the induction of genes
encoding metal binding proteins. Among these molecules, metal-
lothioneins (MTs) are cysteine-rich proteins of low molecular
weight (6000e8000 Da), characterized by the absence of aromatic
amino acids, and known to be involved in detoxification processes
of MTEs such as Cd and homeostasis of essential metals such as zinc
(Palmiter,1998; Klaassen et al., 1999). By binding essential and non-
essential metal ions, MTs are involved in the homeostatic regula-
tion and detoxification of metals (Klaassen et al., 1999; Brulle et al.,
2006). For example, MTs provide detoxification function of some
non-essential metals such as Cd and protection during oxidative
shock (Ghoshal et al., 1998; Baird et al., 2006). The physiological
function of MTs has led several research teams to consider that they
could be involved in the biological response to environmental
stress following a contamination by a toxic chemical (Beattie et al.,
2005). Accordingly, several research works were dedicated to the
estimation of the impact of MTEs exposure based on the expression
of MTs (or other proteins conferring resistance to metals) in various
soil invertebrates. For instance, gene expression of a MT coding
gene is induced by metals in earthworms species such as E. fetida
(Demuynck et al., 2005, 2006) and L. rubellus (Stürzenbaum et al.,
2004), but also in the nematode C. elegans (Liao and Freedman,
1999) and in the springtail Orchesella cincta (Timmermans et al.,
2005). Induction of MTs during exposure to organic pollutants,
although much less obvious, is also suggested (Kaegi, 1993).
Consequently, in L. rubellus and in E. fetida, MT (in fact MT2 form) is
considered as a good biomarker of exposure because the gene
showed a time-and dose-dependent increase of both the number of
MT2 transcripts and the protein concentration when worms are
experimentally exposed to MTEs, especially Cd (Gruber et al., 2000;
Brulle et al., 2006; Demuynck et al., 2007).

3. Interpreting the biological response of field-collected
earthworms from sentinel species to MTE pollution

Experimental protocols of ecotoxicological studies interested in
the characterization of the biological response of organisms to
contaminant exposure are generally similar. Naïve specimens are
exposed under control laboratory conditions, typically in micro-
cosms (Fründ et al., 2010), to one or several levels of contaminant
concentrations, using either artificially contaminated substrates or
field sampled soils. It has to be noticed that, most of the time,
exposed specimens belong to a few model species that may not
naturally occur on polluted soils, but offer the advantage to be
model species allowing the use of a large set of molecular tools.
Moreover, those studies are mostly based on the analysis of stress
responses over a short period of time at most equal to individual’s
lifetime. Whereas the accumulation of such a fundamental
knowledge is crucial for the development of biomarkers, we have to
consider that this may not be sufficient for twomains reasons. First,
because the biology of sentinel species used for biomonitoring may
differ from the biology of model species used in the laboratory.
Second, because field sampled organisms may belong to natural
populations that have been exposed to contaminant over a long
period of time, allowing an adaptive evolution of stress response.

� From model species to sentinel species.

The number of model species of macro-invertebrates that are
commonly used in ecotoxicological experiments remains limited.
Indeed, model species are usually limited to species that are easy to
maintain and breed in laboratory conditions and for which mo-
lecular tools are available. On the contrary, criteria for selection of
sentinel species can be quite different (Obrien et al., 1993).
Consequently, model and sentinel species may differ and biological
and ecological differences among species may have significant
consequences on their response to contaminant exposure.
Considering the ecotoxicology of MTE exposure in oligochaete an-
nelids, model species are mostly from the Eisenia genus. E. fetida
and E. andrei, in particular, have been used in a majority of toxi-
cological studies (Sanchez-Hernandez, 2006), although species
from the Lumbricus genus are increasingly studied. In particular,
E. fetida is the reference earthworm in the international toxicity
tests (Nahmani et al., 2007b, 2007a). In contrast, candidate species
for terrestrial ecosystem assessment in Central Europe belong to
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several genera: Eisenia, but also Lumbricus, Dendrodrilus, Den-
drobaena, Aporrectodea, Allolobophora, Proctodrilus, Octolasion
(Rombke et al., 2005; Lowe and Butt, 2007b, 2007c).

Experimental studies involving a direct or indirect comparison
of the biological response of Eisenia species to other earthworm
species (mostly from the Lumbricus genus) remain scarce but they
suggest that putative physiological differences among species
may only have a limited impact on their response to MTE expo-
sure (Calisi et al., 2009, 2011). However, recent considerations
suggest that the biological response of E. fetida may differ from
other earthworm species because of ecological differences.
Indeed, earthworms can be divided into three ecological groups
(Table 1): epigeics, that live in the litter above the soil surface,
anecics, that live in semi-permanent vertical deep burrows and
come to the surface to feed, and endogeics, that rarely come to
the soil surface, make horizontal non-permanent burrows and
feed on the organic matter already in the soil (Bouché, 1992;
Rombke et al., 2005). Thus, the ecological group to which a spe-
cies belongs partly determines the exposure of the earthworms to
contaminants. Because the horizontal distribution of MTEs in soil
layers may be heterogenous, varying feeding behavior among soil
dwelling earthworms occurring on a same polluted site may
determine species-specific patterns of metal exposure and accu-
mulation in tissues (Suthar et al., 2008). Accordingly, it can be
shown that, at the community level, MTE pollution affects
differently sympatric populations of endogeic and epigeic species
(Nahmani et al., 2003). At the infra-individual level, uptake and
bioaccumulation of MTEs may vary among earthworm ecological
categories, with a general (but not systematic) tendency toward
higher metal contents in tissues of epigeic and endogeic species
than anecic species (Ernst et al., 2008; Suthar et al., 2008; Tischer,
2009). Finally, at the cellular level, the amount of Cd-induced
DNA damage may also differ among ecological categories
(Fourie et al., 2007).

Interestingly, the relative relevance of considering biological
groups for the development of generic biomarkers may also be
extended at the intra-specific level. For example, in Allolobophora
chlorotica, two morphs have been described, depending on the
presence of the biliverdin pigment (Satchell, 1967). In situ obser-
vations suggest that both morphs differ in ecological preferences
related to soil moisture. The green form dominates in wet soils and
pink form in dry soils. Laboratory experiments confirm that growth
and maturation of the green form are significantly reduced in dry
soil while growth of pink form is similar in dry or wet soil (Lowe
and Butt, 2007a). Similarly, in Lumbricus terrestris, sequencing
data of the cytochrome oxidase I (COI) mitochondrial gene revealed
the existence of two cryptic species (James et al., 2010). Both spe-
cies are supposed to live in sympatry, except in the north-west of
France, where the exclusive presence of one cryptic species could
be explained by ecological differentiation.

� From experimental populations to natural populations.

When analyzing the biological response to MTE exposure,
shifting from experimentally exposed to field-sampled organisms
may result in a significant difference in the history of contaminant
exposure of organisms under study.

Basically, available space for earthworms in experimental con-
ditions is generally highly reduced to mesocosm dimensions. In
comparison, earthworms from natural populations that would be
able to detect toxic compounds may migrate and escape from
exposure (Capowiez et al., 2003, 2006). Thus, species-specific
behavioral responses to contamination, especially the ability of
earthworms to avoid soil pollutants should also be considered in the
definition of biomarkers. Based on this behavior, the normalized



Table 2
Referenced studies that previously suggested local adaptation in earthworm populations.

Species Pollutant
examined

Main results References

Dendrobaena octaedra Cd Although Cd exposure generally affects life history and reproductive traits, the survival of F1
offspring of worms is significantly higher when the parents originate from polluted soil.

Rozen, 2006

Dendrodrilus rubidus Cu When exposed to soils treated with Cu, mortality of earthworm sampled from a Cu-polluted soil is
shown to be lower than mortality of earthworms from a control Cu-free soil, suggesting that local
adaptation leading to higher Cu-tolerance occurs in metallicolous populations of earthworms.
Interestingly, the fertility of tolerant earthworm is significantly reduced, suggesting that Cu-
tolerance has a cost.

Arnold et al., 2008

Aporrectodea caliginosa
Aporrectodea longa
Aporrectodea rosea
Dendrodrilus rubidus
Lumbricus rubellus
Lumbricus terrestris
Octolasion cyaneum
Octolasion tyrtaeum

Hg, Cd
and Pb

The study mainly focuses on interspecific comparisons from field-collected earthworms. However,
results clearly suggest that intraspecific variation exists in both metal tissue concentrations and
concentration factor. Investigating the genetic component of phenotypic variation would allow
discussing the occurrence of genetic resources for metal tolerance evolution.

Ernst et al., 2008

Lumbricus rubellus As F1, F2, F3 offspring of worms collected in As-contaminated soils show better health after As
exposure than offspring of worms from uncontaminated soils, suggesting the evolution of
genetically based resistance to As-toxicity.

Langdon et al., 2009

Dendrobaena octaedra Cu F1-generation worms obtained in laboratory conditions are used to show higher growth rate of
worms from contaminated sites in both control and copper-spiked soil conditions, suggesting
adaptive population differentiation. However, no statistical difference among population in survival,
maturation time, cocoon production and hatchability can be shown.

Fisker et al., 2011

Eisenia fetida Pb, Cd The total accumulated body burden of metals for worms homogeneously exposed to a contaminated
field soil is highly variable among individuals. This suggests that genetic variation may occur in the
molecular pathways of metal homeostasis.

Spurgeon et al., 2011

Lumbricus rubellus As Although not specifically addressed, genetic variation in response to As exposure is evidenced at
several life stages. Population-level effects of As exposure are also discussed. Phenotypic variation
for several life-history traits is observed among phylogenetically divergent clades in controlled
conditions, suggesting that genetic resources allowing adaptation may exist. However, As sensitivity
does not seem to differ among clades.

Anderson et al., 2013
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avoidance test (ISO 17512-1 2008) has been developed and suc-
cessfully used for different pesticides, mainly insecticides.

Moreover, experimental protocols of toxicological studies usu-
ally extend over short periods of time, typically inferior to an in-
dividuals lifetime. At this ontogenic timescale, mechanisms
involved in stress response can only consist in physiological ad-
justments, a phenomenon known as acclimation or phenotypic
plasticity (Morgan et al., 2007; Hendry et al., 2011). Thus, the over-
expression of gene coding for proteins involved in detoxification
processes illustrated above can be interpreted as an environmen-
tally induced regulation of gene expression allowing single in-
dividuals to cope rapidly with a changing environment. On the
contrary, organisms collected in contaminated sites may belong to
natural populations that have been continuously exposed to con-
taminants for generations. In this case, long-term exposure, over
many generations may have resulted in genetic changes conferring
tolerance to toxic effects of metals in soil, leading to a genetic dif-
ferentiation between exposed (or metallicolous) and non-exposed
(or non-metallicolous) populations through a process called local
adaptation (Kawecki and Ebert, 2004). This might bias estimations
of the level of soil pollution from the phenotype of field-sampled
organisms (Medina et al., 2007; Clements and Rohr, 2009;
Bickham, 2011).

Local adaptation requires the action of selective pressures that
are sufficiently strong and long lasting to (1) generate differential
survivorship and reproductive success among individuals over
several generations and therefore (2) when genetic polymorphisms
exist, provoke changes in allelic or genotype frequencies in met-
allicolous natural populations compared to geographically close
ones (Hendry et al., 2011). Considering the toxicity of MTE polluted
soils and the persistence of MTEs (that cannot be degraded) in the
environment, the evolution of local adaptation in metallicolous
population of any species developing in close contact with a
polluted soil is highly likely. A few studies carried out on species
from the soil macrofauna suggest it indeed occurs (Table 2). One of
the best documented example concerns the soil-living collembola
Orchesella cincta. In this species, it has been shown that the
contamination of soils by MTEs modified the genetic composition
of exposed populations, resulting in the evolution of more tolerant
genotypes (Janssens et al., 2008; Costa et al., 2012).

In earthworms, definitive evidence of local adaptation of natural
population to MTE exposure does not yet exist. However, several
results (Table 2) suggest that (1) MTEs can cause varying fitness
among individuals and thus act as selective pressures in natural
populations and that (2) genetic variation, a fundamental condition
for the evolution of local adaptation, exists for genes involved in
homeostatic regulation and detoxification of metals.

3.1. Reduced fitness of earthworms under metal exposure

Negative consequence of MTEs exposure on fitness-related
traits has been highlighted in several studies, suggesting that
local adaptation can be assumed to occur in earthworm metal-
licolous natural populations. For example, using a specifically
designed test system, Spurgeon et al. (2004) revealed exposure-
dependent effects of copper and cadmium toxicity on survival,
growth, development time of juveniles obtained from cocoons
collected in natural populations of L. rubellus. Considering arsenic
toxicity, the results were recently extended to adult life-history
traits (Anderson et al., 2013). In another study focusing on
E. fetida, Nahmani et al. (2007a) measured survival, body weight,
cocoon production and hatching rate in earthworms exposed to
metal-polluted and uncontaminated soils in control conditions.
They revealed significant negative correlation among both growth
and reproductive traits and metal concentration in soils, although
soil characteristics other than metal concentration (organic car-
bon content, texture, pH) were shown to influence the level of soil
toxicity.
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3.2. Genetic resources for tolerance evolution in earthworms

The occurrence of genetic variation of metal-related genes is
suggested by the varying concentrations of metals in tissues of
conspecific earthworms either exposed to the same level of metal
exposure in laboratory conditions (e.g. Smith et al., 2010) or
collected at the same site (e.g. Ernst et al., 2008; Uba et al., 2009).
However, in natural populations, varying concentrations of metals
in tissues may also be due to the heterogeneity of metal exposure
among sympatric earthworms. Thus, experimental exposure in
controlled laboratory conditions is essential to evidence that
among-individual variation in concentration of metals in tissues
can be genetically determined (Lowe and Butt, 2007a, 2007b,
2007c). In L. rubellus, Spurgeon et al. (2011) specifically addressed
the question of factors that could account for among individual
variation for the total accumulated body burdens of Pb and Cd. By
analyzing variation in individual tissue burdens of earthworms
homogeneously exposed to metals, they concluded that observed
differences might have a substantive biological component, sug-
gesting that genetic variation exists for molecular mechanisms
involved in uptake and/or elimination/biotransformation path-
ways. Interestingly, despite that, the genetic origin of phenotypic
differences among metallicolous and non-metallicolous earth-
worms collected in the field can still be controversial. For example,
Rozen (2006) showed that, in Dendrobaena octaedra, earthworms
raised in similar laboratory conditions but collected in soils with
various levels of metal pollution had different metal (Cd) body
burdens, suggesting genetic differentiation. However, the same
experiment on the offspring (F1 generation) of collected earth-
worms revealed no difference, suggesting that observed differences
in cadmium accumulation ability among parental populations
might not be heritable, and thus might reveal acclimatory adjust-
ments rather than adaptive differences.

It is worth noting that genetically determined variations in the
level of MTEs concentration in tissues may not necessarily mean
that some genotypes or populations are more adapted to metal-
liferous sites than others. An experimental approach comparing the
sensitivity to MTE exposure of populations from both polluted and
unpolluted sites in controlled conditions would be appropriate to
reveal a higher resistance of metalliferous population, i.e. a better
fitness of those populations compared to population from uncon-
taminated environments (Janssens et al., 2008). In Dendrodrilus
rubidus, Arnold et al. (2008) compared the weight, health and
mortality of earthworms from a mine spoil soil at an abandoned
copper (Cu) mine and a Cu-free control site in several treatments
varying for total Cu soil concentrations. In highly Cu-contaminated
treatments, earthworms from mine sites were shown to be
healthier and to suffer significantly less change in weight and
mortality than control earthworms, suggesting higher resistance.
Interestingly, the acquisition of resistance was assumed to be
associated with an elevated physiological cost significantly
reducing cocoon production and viability. In L. rubellus, Langdon
et al. (2009) demonstrated that earthworms collected at an aban-
doned copper and arsenic (As) mine acquired genetically inherited
resistance to As-toxicity. Following offspring of field-sampled
earthworms exposed to 2000 mg As kg�1 dry weight of soil over
several generations, they showed that the former had lower mor-
tality and higher cocoon viability than control earthworms. In
Dendrobaena octaedra, Fisker et al. (2011) tested for the occurrence
of adaptive differentiation for the level of copper among pop-
ulations comparing three populations originating from copper
contaminated sites to three originating from a non-contaminated
site. For each population, F1-generations were produced, to
ensure that among population differences were heritable, and
placed in an uncontaminated control or copper-spiked soil. It
appeared from this experience that populations originating from
polluted sites had a higher growth rate, an earlier acquisition of
sexual maturity, a better reproduction rate and a lower mortality
than populations originating from reference sites.

4. Biological responses of field collected earthworms at the
transcriptome level

The evolution of local adaptation in natural earthworm pop-
ulations occurring of metalliferous sites may imply that the bio-
logical response of field-collected earthworm could differ from the
response of naïve specimens characterized in short-term laboratory
experiments. At the transcriptome level, in particular, it may be
expected than the inducible increase in the expression of genes
involved in detoxification mechanisms observed in laboratory ex-
periments (see above) cannot be confirmed in wild individuals
from natural populations. Indeed, it seems that local adaptation of
populations exposed to stressful conditions involves the evolution
of constitutive over-expression of genes associated with stress
response (Roelofs et al., 2008). Therefore, the level of expression of
those genes may not be exclusively related to the level of exposure
of individuals, as it is usually assumed in the biomarker concept
focusing on transcriptomic tools.

In the specific context of MTE exposure, the constitutive over-
expression of some target genes in adapted individuals of the
springtail O. cincta comparing to sensitive ones has been demon-
strated (Roelofs et al., 2008). In this species, increased resistance in
natural populations has been shown to be associated with an
elevated level of both constitutive and cadmium induced metal-
lothionein expression (Sterenborg and Roelofs, 2003), whereas in-
dividuals from sensitive populations show a typical stress-induced
gene expression. It has been suggested that the evolution of over-
expression could be related to modifications of the genetic
composition of adapted populations through the increase in fre-
quency of certain alleles for the promoter region of the MT gene.
Interestingly, those alleles could be either shared with other pop-
ulations or found exclusively in Cd-resistant populations (Costa
et al., 2012). Similar results are not available in earthworms yet.
However, it has been shown in a study testing the potential for the
development of biomarkers in earthworms that the level of met-
allothionein expression observed in oligochaete annelids collected
in a Cd-polluted site that has been polluted for more than 100 years
was significantly increased (Pérés et al., 2011).

5. Conclusion: integrating adaptation into the biomarker
concept

Biomarkers have been mostly developed onto model species in
short-term laboratory experiments, and transferred as such on
sentinel species from natural populations. In this paper, it has
been demonstrated that, in general, this could lead to misinter-
pretation owing to either (1) ecological and/or physiological dif-
ferences among model and sentinel species or (2) the potential
evolution of modified molecular mechanisms leading to local
adaptation in natural populations that are exposed to contami-
nants over many generations. Considering available literature on
earthworms, there is a real need for more comparative studies of
the biology and physiology of model species (Eisenia sp.) and
sentinel species to ensure that knowledge accumulated on Eisenia
sp. can be transferred to other earthworm species. Moreover, it
appears that conditions for local adaptation to occur are present in
earthworms (namely, potential strong and durable selective
pressures and within-population genetically determined pheno-
typic variability). In addition, some infra-individual evidence of
adaptation obviously exists. Consequently, there is need for
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evolutionary studies investigating the level and distribution of
genetic diversity in natural populations of earthworms. In
particular, the assumption of the evolution of constitutive over-
expression of detoxification genes cannot be ruled out. There-
fore, it seems necessary to integrate the potential effects of local
adaptation to MTEs on biological responses of organisms in the
development of biomarkers.

Identifying local adaptation and adaptive genes is a major task
in evolutionary biology (Kawecki and Ebert, 2004; Barrett and
Hoekstra, 2011). It is among the main objectives of an emerging
discipline called “evolutionary ecotoxicology” (Coutellec and
Barata, 2011), interested in determining the consequences of the
exposure to anthropogenic contaminants on the evolution of nat-
ural populations. This mostly consists in studying the population
genetics of natural populations differentially exposed to one or
several contaminants and to test if among-population genetic
changes observed at either the phenotypic or molecular levels may
result from contaminant exposure. To infer local adaptation, it is
also important to attest that observed changes affect fitness, i.e. the
ability of organisms to survive and reproduce in their respective
environment (Orr, 2009; Barrett and Hoekstra, 2011). For example,
considering relationships between transcription levels of stress-
response genes e such as MT e in local adaptation would require
to confirm that (1) constitutive transcription levels vary among
individuals, (2) variations are genetically determined and heritable
(for example, by analyzing expression levels on offspring of field-
samples individuals), (3) transcription levels affect tolerance to
contaminants, and therefore fitness, (4) variations in transcription
levels are not randomly distributed among exposed and unexposed
populations.

Clearly, investigating local adaptation in earthworm would
require the use of modern molecular technologies. For example,
comparative transcriptomic studies would allow discussing
whether molecular pathways involved in the adaptation of exposed
natural population are similar to molecular pathways underlying
the plastic response of naïve, i.e. model, organisms (namely Eisenia
sp.) in laboratory conditions. Similarly, testing for adaptive genetic
changes caused by contamination exposure in natural populations
would require the use of molecular genotyping markers. In
particular, one should ensure that individuals from exposed pop-
ulations do not carry specific variants associated with constitutive
over-expression of specific genes. In our opinion, this second point
is critical since the availability of molecular markers remains low in
earthworms (Dupont, 2009).
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