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Abstract: Borrowing the approaches of population genetics, evolutionary toxicology was particularly
useful in assessing the transgenerational effects of a substance at sublethal concentrations, as well as
evaluating genetic variation in populations exposed to pollutants. Starting from assays in controlled
conditions, in recent years this approach has also found successful applications multi-stressed
natural systems. It is also able to exploit the huge amount of data provided by Next Generation
Sequencing (NGS) techniques. Similarly, the focus has shifted from effects on the overall genetic
variability, the so-called “genetic erosion”, to selective effects induced by contaminants at more
specific pathways. In the aquatic context, effects are usually assessed on non-model species, preferably
native fish or macroinvertebrates. Here we provide a review of current trends in this specific discipline,
with a focus on population genetics and genomics approaches. In addition, we demonstrate the
potential usefulness of predictive simulation and Bayesian techniques. A focused collection of field
and laboratory studies is discussed to demonstrate the effectiveness of this approach, covering a range
of molecular markers, different endpoints of genetic variation, and different classes of chemical
contaminants. Moreover, guidelines for a future implementation of evolutionary perspective into
Ecological Risk Assessment are provided.
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1. Introduction

In recent years, many genetic approaches have been adopted to investigate the effects of contaminants
on gene transcription and evolutionary change. Among these approaches, gene expression (either
surveying a set of traditional candidate genes or undertaking a genome-wide analysis) has been widely
applied [1], whereas the potential of quantitative genetics and population genetics have only been partially
explored [2,3].

In this context, evolutionary toxicology, despite being described more than 20 years ago [4],
has only recently been proposed for ecotoxicological assessment [5–8]. In its original definition,
the term borrows from the approach of population genetics and aims to identify causal links between
toxicant pressures and changes in genetic variability at the population level [9] by applying the
approaches and indicators that have proven to be informative in sister disciplines, such as conservation
genetics [10,11].

Under this vision, evolutionary toxicology not only fills a gap in the scale of ecotoxicological
assessment, but also introduces a novel vision to estimate long-term extinction risk with the awareness
that contemporary evolutionary changes are common, widespread, and detectable after only a few
generations of contaminant exposure. Evolutionary toxicology, taking into account multigenerational
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effects, can reveal the effects of substances (or mixtures of substances) at sublethal environmental
concentrations and over long-term, chronic exposure, both of which are high-priority concerns in
making an ecological risk assessment. In fact, effects can accumulate over generations and lead to
reductions in fitness and, potentially, to population extinction. In one of the milestone manuscripts
of evolutionary toxicology [7], four main research areas were inferred from the existing literature
(i.e., the four cornerstones). Contaminants were divided in two main categories: those with a direct
effect on nucleic acids (genotoxicants) and those with indirect effects on genetic variability mediated
by fitness traits (non-genotoxicants) (Figure 1). Basically, non-genotoxic contaminants may reduce
reproductive success, which can increase genetic drift and drive genome-wide changes in genetic
diversity, which is referred to as genetic erosion. Additionally, toxicant effects on specific targets
or fitness-related traits may determine changes in the allelic or genotypic frequencies as a result of
selection at survivorship loci, not involving genome-wide changes but eventually producing side
effects, such as increased susceptibility to other contaminants or to other environmental perturbations
(fitness trade-offs). Finally, non-genotoxic substances may have cascade effects on behavioral traits,
e.g., by limiting or altering the pattern of gene flow among populations. In this case, inbreeding or
genetic drift may increase in an isolated population, leading to a loss of gene diversity and creating
further fitness-related issues.

Genotoxic substances may have a direct effect on the genome by increasing the mutation rate and
altering the balance between purifying the selection and the onset of novel alleles. This effect can be
more significant in the case of mildly deleterious alleles, which are less severely purged by selection.
The accumulation of deleterious mutations over generations in a population may lead to a mutational
load: the negative additive effect of many slightly disadvantageous alleles on fitness traits [9].

Just six years after Bickham’s pillar paper [7], Brady et al. [12], introducing a special issue
on evolutionary toxicology, provided a paradigmatic analysis of recent trends in this discipline,
which clearly set up more ambitious aims and targets thanks to the routine application of Next
Generation Sequencing (NGS) techniques in this field. Indeed, the different research areas of
evolutionary toxicology have recently coalesced into the characterization of evolutionary patterns,
processes, and consequences of adaptation to toxicant exposure (Figure 1). This approach has benefited
from the comparative investigation of exposed and control populations of potentially any species
on the whole-genome scale as well as from quantitative genetics and epigenetics. In this context,
top-down approaches, which aim at identifying the mechanisms underlying chemical resistance or the
genomic regions impacted without any a priori knowledge, become prevalent [13]. Moreover, a strong
tendency toward the integration of genomic analysis with different experimental approaches, including
transcriptomics, proteomics, metabolomics, quantitative genetics, and environmental chemistry, was
clearly demonstrated. The intention is to maximally exploit the potential of the NGS data, but more
importantly, to better describe the relationships between the exposure of populations to contaminants
and their long-term risk of impairment, which is the basis for an effective risk assessment. This task
now appears less challenging than just a decade ago because, for example, the direct or indirect fitness
costs of adaptation can now be demonstrated by integrating an analysis of phenotypic plasticity
(e.g., through transcriptomics scans) with the genomic characterization of exposed and reference
populations [14].

Regrettably, evolutionary changes can be evaluated only at a multigenerational scale, limiting
their application as a routine effects-based method, as reviewed and discussed in a recent European
Guideline [15]. Nevertheless, it is now a common scientific view that evolutionary toxicology will
have a role in filling a gap that traditionally exists in ecotoxicological assessments, namely the scarcity
of approaches for assessing population effects. By employing population genetic studies, evolutionary
toxicology can potentially fill a void that exists between traditional ecotoxicity testing on individual
organisms and the assessment of chemical effects on community structure and function.

This paper aims to evaluate the strengths and limitations of evolutionary toxicology as a tool
to assess the ecotoxicological risk in freshwater ecosystems by reviewing the existing case studies
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and referring to novel analytical and statistical approaches that have been tested and developed in
molecular ecology.

Figure 1. The four main cornerstones of evolutionary toxicology [7], derived from the exposure of
populations to non-genotoxicant and genotoxicant contaminants, are presented in light blue. The white
blocks represent the main processes leading to the four major responses on an evolutionary scale,
which are relevant in the framework of an Ecological Risk Assessment procedure. In the dark blue
blocks, the main approaches available to investigate these processes are listed. The techniques
specifically discussed in this review are presented in bold yellow. The relevance of contamination for
a population may first be evaluated by comparing the sensitivity of the target species with the severity
of the expected exposure, and considering the phylogenetic affinity to model species and the potential
for physiological compensation. The dynamics of adaptation, genetic erosion, or behavioral alterations
may be revealed by a wide range of molecular techniques, including population genetics and genomics,
and advanced statistical tools, such as approximate Bayesian computation (ABC). Finally, effects at
an evolutionary scale, expressed as fitness trade-offs, can be demonstrated by exposing contaminated
populations to singular or multiple stressors.
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2. The Implementation of Population Genetics and Genomics in Evolutionary Toxicology:
Markers, Techniques, and Data Analysis

The use of genetic techniques to evaluate chemical impacts is relatively recent, and the number of
studies in the literature that have applied these techniques to the assessment of freshwater systems is
limited, although it is continually growing. Since the first papers conceptualized this discipline [6,16],
no more than a few dozen studies specifically addressing the issue of evolutionary toxicology
have been published. Moreover, it is only since 2011, with the publication of a special issue of
the journal Ecotoxicology on evolutionary toxicology (Reference [5], and papers within the same
issue), that this term has been cited and used as keyword. Because a single review with a complete
and in-depth discussion of all available approaches to evolutionary responses (e.g., population
genetics and genomics, transcriptomics, quantitative genetics, quantitative trait loci, genome-wide
association studies, epigenetics) is not possible, we focus primarily on population genetics and
genomics, considering the integration with the other approaches where possible. We feel that because
evolutionary toxicology is a young discipline, there is still the need to discuss, adapt, and transfer
experiences and practices from sister disciplines, such as population genetics and genomics, to this
specific field of study. We also consider population genetics and genomics to be one of, if not the most,
relevant approaches to address evolutionary responses to contaminants. Specific reviews dealing with
the integration of other approaches to ecotoxicology are available [2,17–20].

Signals of genetic alterations (i.e., reduced genetic variability) congruent with toxicant-induced
stress were more frequently found in aquatic ecosystems than in terrestrial systems, probably because
gene flows are subject to lower interference in aquatic drainages than in open spaces [21]. To date, fishes
and macroinvertebrates have been preferably selected as model organisms. Generally, as in traditional
toxicological tests, the ecology of the model organisms and their tolerance to toxicants, at least in
terms of acute toxicity, should be well characterized and at least a partially sequenced genome should
be available, particularly when applying genomic approaches. The molecular markers used for
evolutionary toxicology surveys were those typically employed in traditional population genetic
studies. Among them, microsatellites have been widely applied. Microsatellite loci are not expected
to be under direct selection, although they might be linked to loci that are involved in resistance
mechanisms [22–24]. More likely, these markers sample across the genome in a random way, making
them useful for measuring the effects of pressures on overall genetic diversity. For organisms with
an unknown genome, other versatile techniques such as Amplified Fragment Length Polymorphism
(AFLP) [25] have been employed. In fact, these approaches were primarily used in the pre-NGS era,
when the focus was on genome-wide genetic erosion, a target that is congruent with their neutral
nature and the random location within the genome.

More recently, novel markers (i.e., single nucleotide polymorphisms, SNPs) derived from the
application of “omics” techniques, such as restriction site associated DNA sequencing (RAD-seq) or
whole-genome sequencing, have been used in evolutionary toxicology and provide a finer resolution
for the detection of contaminant-induced selection [26–28]. A specific review on the pros and cons
of “omics” techniques in evolutionary toxicology has recently been published [13]. Nevertheless,
the potential applications of SNPs in this field are still only partially exploited. One of the main
strengths of genomic approaches in comparison with microsatellites is the possibility to better
investigate adaptive genetic variation by scanning for contaminant-induced selection. The common
endpoints of genetic variation employed in evolutionary toxicology are the same as those used in
conservation and population genetics, including heterozygosity, allele richness, Hardy-Weinberg
deviations, and fixation indices. Interesting reflections are possible concerning the transferability of
these endpoints to the assessment of contaminant-induced effects. The temporal and spatial scales in
ecotoxicological assessments are usually more restricted than in classical population genetics studies,
where the divergences are commonly evaluated in tens or hundreds of generations or on spatial
distances related to relevant natural barriers. Therefore, in many cases, evolutionary toxicological
responses, when detectable, can be described only as rapid changes in relation to the expected inertia
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of classic population genetics variations. Even if scientists now agree that contemporary evolutionary
changes occurring in a few generations are not occasional but are widespread under natural or
human-induced pressures [12,29], the detection of such changes using conventional experimental
designs and markers is still challenging, even in the “omics” world.

In this review, we used a simulation approach to evaluate the suitability of standard experimental
designs employed in population genetics and genomics with specific reference to rapid evolutionary
changes. From this perspective, the implementation of powerful statistical approaches, such as
approximate Bayesian computation (ABC) [30], coupled with the increase in polymorphic markers
warranted by next-generation sequencing (NGS) techniques, may prove useful either in the planning
phase of the assessment or in the inference of processes [31,32]. Indeed, as an example, we verified
whether ABC is able to discriminate a scenario of rapid bottleneck with respect to stationarity by
creating experimental designs commonly employed in population genetics and genomic surveys.
We simulated genetic variability in a large population (Ne = 3000) subject to a strong (Ne = 100) or
soft (Ne = 1000) bottleneck occurring abruptly in 14 generations by using DIYABC 2.1.0 [33] (details
in Supplementary Material 1). Then, we verified the confidence in the scenario choice on the basis
of the variability provided by 20 or 50 microsatellite loci and 2000 SNP loci. The results, expressed
as type I (the probability of incorrectly assigning stationarity in the case of a true bottleneck) and
type II (the probability of incorrectly assigning a bottleneck in the case of true stationarity) errors,
are reported in Table 1, and indicate unexceptional performances of ABC in both strong and soft
bottlenecks with both marker typologies. Only type II errors showed a clear reduction with increasing
loci and the magnitude of the bottleneck, and achieved acceptable values. We also simulated the
less common case of repeated temporal samples across the 14 generations (50 loci in seven replicate
samples) of bottleneck and, under these conditions, both type I and type II error rates were lower, and
ABC appeared to be a potentially suitable tool for optimizing the design of evolutionary toxicology
studies (Table 1).

Table 1. Type I and type II error rates of scenario choices performed by approximate Bayesian
computation analysis, as obtained by comparing two simulated scenarios of variable bottleneck
intensity with respect to a stationary population. Different combinations of marker typology, number
of loci and the availability of temporally repeated samples were evaluated.

Markers
Errors

Low Bottleneck High Bottleneck

Microsatellites

20 loci
Type I 0.36 Type I 0.43
Type II 0.36 Type II 0.34

50 loci
Type I 0.43 Type I 0.35
Type II 0.31 Type II 0.09

50 loci (rep. samples) Type I 0.20 Type I 0.18
Type II 0.13 Type II 0.12

Single nucleotide polymorphisms (SNPs) 2000 loci
Type I 0.38 Type I 0.46
Type II 0.17 Type II 0.14

We also performed a non-Bayesian simulation analysis by using the online optimization tool
SPOTG developed by Hoban and colleagues [34] by choosing the temporal module, which allows
testing the reliability and resolution of the statistics when past (pre-bottleneck) and present
(post-bottleneck) samples are available. We tested the response of statistics, such as the number
of polymorphic loci, number of alleles, and heterozygosity in the same bottleneck scenarios, described
above by varying the number of microsatellite loci (10, 20, and 50) and the number of specimens
for each of the two samples (20, 50, and 100). The final analysis indicated a “power” of detection
for each tested experimental design expressed as the percentage of simulated bottleneck datasets
that fall within the lowest 5% of the distribution of a simulated constant population. The simulation
results indicated a positive relationship between the magnitude of the bottleneck and the power of
detection (Supplementary Materials Tables S1–S3). Regardless of the experimental design employed,
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the soft bottleneck could barely be discriminated, with a maximum power of 69% when considering
the combination of the maximum number of loci and samples. More specifically, the number of
markers were inversely correlated with the variance of the statistics; hence, at least 50 microsatellite
loci were necessary to achieve low variance and high power (<90% for the strong bottleneck scenario).
The number of samples was a less influential variable provided that at least 50 specimens per
sample (particularly for contemporary samples) were genotyped. Among the statistics, the number
of alleles was generally the most informative variable, but whenever the sample dimension between
temporal samples was unequal, normalization by means of a rarefaction analysis was strongly
recommended [35].

Here, we have provided only rough guidelines that can be finely tuned for each specific case and
used to optimize the experimental plan. For example, the initial Ne may have a significant influence on
the capacity for discriminating a bottleneck (i.e., genetic erosion) because large, stable populations
with larger Ne are better able to buffer genetic bottlenecks than small, inbred ones. Nevertheless,
two main conclusions can be drawn from this set of simulations. First, the experimental design
required to properly analyze a typical, rapid change in genetic variability due to contaminant effects
on fitness is demanding, even given the availability of hundreds or thousands of markers available
through NGS. In many cases where changes in genetic variability due to contaminant exposure could
not be detected, the lack of power or resolution of the chosen experimental design is a likely cause.
Second, the availability of temporally repeated samples significantly enhances the performance of the
experimental design.

When the research focus is more stringently narrowed towards the detection of adaptation to
contaminants, specific molecular analyses such as whole-genome sequencing or RAD-seq become
the current gold standard [13,36] and overcome most of the limitations of neutral or nearly neutral
markers. In this regard, it is worth mentioning that loci under selection by contaminants usually
represent a small proportion (1–6%) of the scanned genome [37–39], a fact that encourages the use
of a wide genomic scan to identify true selected loci, particularly in natural multi-stressed systems.
Nevertheless, scanning for the presence of genome regions involved in adaptation is still a challenging
task [40–44]. There are still technical limitations on the capacity of genomic approaches to cover all of
the regions involved in adaptation [44]. For example, it has been estimated that a RAD-seq coverage
with SNPs occurring every ~5000 bp would provide a maximum coverage of ~5% of the genome [41].
Moreover, approaches that imply the enrichment of preferentially coding regions potentially increase
the probability of detecting a selected region, and usually discard repetitive regions and enhancers
from analysis or do not properly consider duplication events. These elements are typically the basis of
gene regulation, a functional property on which adaptation to pollution may often depend [14,43,45].

Other limitations may arise from the incorrect choice of a null population model, on which the
detection of selected loci is based in many available approaches and software programs. Demographic
properties and events, such as highly structured populations, spatial autocorrelation of allele
frequencies, or rapid range expansion, may determine deviations from the models employed by some
of the most commonly used software, amplifying their error rates [41]. Moreover, background selection
is known to mimic and confound the identification of positive selection [40]. Thus, the possibility of
background selection should be taken into account [46], together with the structure and demographic
history of a studied population, in the definition of ad hoc null models [40]. Different approaches
that attempt to mitigate or overcome these issues have been proposed (see an exhaustive review in
Reference [41]). Among those approaches commonly adopted in evolutionary toxicology, genetic
differentiation outlier tests aim to distinguish outlier divergent loci from the average divergence
of all loci, most of which are assumed to be neutral [28,47], under the assumption that different
environmental conditions (i.e., stressed vs. non-stressed) enhance divergence in loci that determine
sensitive phenotypes.

Genetic-environment association tests seek atypically high correlations between allele frequencies
and the occurrence of contaminants (or other stressors) in exposed and non-exposed populations [36].
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Specific software packages that allow, as much as possible, the shaping of null models to mirror real
case studies are now available, either by adopting genetic differentiation outlier tests (e.g., [48,49]) or
appropriate null models (e.g., [50,51]).

Approaches are also available that allow the simulation of datasets, taking into account different
demographic events, structures, recombination maps, and different models of selection [52,53].
As in the case of a bottleneck, genotype datasets based on different experimental designs can be
simulated and the conditions favoring the detectability of rapid adaptation can be assessed. To date,
specific analyses from this perspective have not been published. Moreover, the implementation of
selective effects on genetic variability in the framework of tools such as ABC is possible [54,55], even if
it is not yet easy to standardize.

3. Paradigmatic Case Studies

3.1. Application in the Field

Early in the history of evolutionary toxicology, an extensive review of a large set of studies
in aquatic environments was published in 2001 [16], emphasizing the promising perspectives for
evolutionary ecotoxicology as well as warning about the need for a careful experimental setting to
disentangle real patterns among the many co-occurring factors that shape genetic variability. Eighteen
years later, with the increasing productivity of NGS techniques and the improved computational
power of modern processors, many of the limits highlighted in that review have been scaled down.
Nevertheless, many suggestions and precautions remain valid. First, although the implementation
of NGS techniques has tremendously increased the information available from genetic datasets, the
influence of many other factors that naturally act on genetic variability and structure, such as mutation,
recombination, selection, and the genetic architecture of adaptive traits, is still not easily managed,
either because of insufficient coverage of the genome or the lack of suitable data analysis techniques that
are able to manage such a complexity of variables [56]. Consequently, in some cases a narrower focus
on an a priori selected set of candidate genes can be justified to limit the effects of confounding factors.

Another basic approach of field studies is to complement genetic data with a careful and
comprehensive assessment of exposure to ensure a representative number of reference and
contaminated sites, which allows improved statistical representativeness, and to measure other life
trait endpoints, biomarkers, or DNA damage descriptors. Moreover, a precise spatial characterization
of stressors (including contaminant distribution and concentrations) is as fundamental as a wide
coverage of the genome because the association between exposure to stressors and genome properties
is the basis of most of the inferences in evolutionary toxicology [41].

Indeed, differences in genetic variability between impacted and non-impacted populations may
not be solely due to contamination. Such changes may be induced by other, often predominant, factors,
such as gene flow, random genetic drift, inbreeding, population density, habitat complexity, natural
selection, and mutation [57–59]. The condition, not easily fulfilled, to infer a concordant pattern of
changes in genetic variability (e.g., selection on specific pathways) in replicated cases of populations
exposed to the same contaminants would certainly strengthen the identification of a causative role of
contaminants in this regard. A complete list of all published papers on this topic is outside the scope of
the present review; therefore, we focus on a few case studies that we consider paradigmatic in this field
of study and that have been extensively investigated from multiple perspectives. The choice of these
cases allows us to provide a survey of the potential for evolutionary toxicology to implement a risk
assessment procedure (Table 2). Many other similar and equally sound studies have been conducted
in the field of aquatic evolutionary toxicology.
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Table 2. Field and laboratory case studies described in the review.

Organism Contaminant Genetic Assay Strengths Opportunities Reference

Field case studies

Perca flavescens Metals (Cu, Cd)
Microsatellites, de novo

transcriptome scan,
microarrays

Genetic erosion and selection
at unconventional targets were

both detected

Test for adaptation costs
toward other stressors could be

performed
[10,28,60]

Daphnia longispina Acidity, metals AFLP microsatellites,
Comet test

Tight implementation of
quantitative, population

genetics, and
phenotype responses

Only traditional genetics
approaches were employed, no
Next Generation Sequencing

(NGS) data

[11]

Solea solea

Complex mixture of
pesticides and organic

pollutants derived from
agricultural land drainage

Microsatellites

One of the few studies finding
a heterozygosity-fitness

correlation, although at a
single locus

Low number of samples and
markers, inferences at

polygenic level would have
likely benefitted from NGS

[61]

Fundulus heteroclitus Dioxin-like contaminants Transcriptomics, genomics,
quantitative genetics

Many different approaches
converge in demonstrating
adaptation to contaminants

and pathways affected

Long-term effects (i.e., genetic
erosion, recovery from

adaptation) are still uncertain
and not predictable

[62]

Gammarus pulex
Effluent of wastewater
treatment plants and
man-made barriers

Microsatellites

Synergic effects of habitat
fragmentation, mutagenic

compounds, and contaminants
exposure were identified

The role of de novo mutations
vs. standing genetic variation
in adaptation to contaminants
(e.g., with genomic approaches)

could be evaluated

[63]

Anguilla anguilla and Anguilla
rostrata PCBs, DDTs, metals

SNPs generated by restriction
site associated DNA

sequencing (RAD-seq)

Polygenic adaptation was
demonstrated using RAD-seq
polymorphisms analyzed by
the Random Forest technique

The hypothesis of long-term
genetic erosion due to

contaminants could be tested
[36]

Laboratory case
studies

Heterandria formosa Cadmium Microsatellites

A link between adaptation and
overall genetic erosion was

found; limits of closed
multigeneration tests
were undiscovered

Genes underpinning rapid
adaptation cannot be
investigated by using

neutral markers

[64]

Chironomus riparius Tributyltin (TBT) Microsatellites
(multigenerational approach)

Effects on genetic variability
were diversified at different

concentrations of TBT;
repeated temporal samples

Low number of neutral
markers, the complex of genes

adapted in relation to TBT
concentration could be

unveiled by integrating NGS

[65,66]

Chironomus riparius Perfluorinated compounds Microsatellites
(multigenerational approach)

Integration of coalescent
simulations approach in
evolutionary toxicology

demonstrating mutation rate
increase; repeated
temporal samples

Low number of markers,
selection could not be tested or

identified, NGS approaches
could be implemented at

this scale

[31]
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Different approaches were used by Bourret et al. [10] and by Belanger et al. [28] to determine
the effects of copper and cadmium on yellow perch (Perca flavescens) populations. In the first study,
the authors used microsatellites to investigate whether there were significant differences in levels
of genetic diversity in yellow perch populations inhabiting lakes with contrasting metal levels and
whether individual genetic diversity was associated with the concentration of accumulated metals
within individual fish. Microsatellites were applied to individuals collected from lakes in Canadian
mining regions representing a gradient of metal (copper and cadmium) contamination. The patterns
of contamination within lakes and the effects on major life traits and physiological responses in
yellow perch have been previously characterized in detail [67–69], with the finding that regional
and seasonal factors, together with contamination, acted to shape responses. The authors not only
found genetic differences between individuals from different lakes, but also found that the overall
genetic diversity decreased along a gradient of increasing cadmium contamination and that copper
contamination may be involved in reducing genetic diversity. Moreover, they also found that although
long-term exposure to metals resulted in genetic erosion at the population level, individual genetic
diversity was higher in more tolerant individuals, suggesting that less inbred individuals may be
favored by selection regardless of the trend in genetic variation within a population. Five years later,
Belanger-Deschenes and co-authors used an SNP genome scan to demonstrate the adaptation to Cd
at two candidate loci in the same exposed populations of P. flavescens [28], which was reflected in
a faster lifecycle leading to early sexual maturation as well as the mitigation of Cd inhibition for
at least one Cd-dependent pathway. Together, these results indicated that a selective response to
contamination had been sufficiently influential to reduce genetic diversity and that the long-term
capacity of populations to respond to future environmental change was likely compromised.

More recently, a transcriptomics analysis of the same populations of yellow perch revealed
different responses when an exposed population was transferred to a clean environment, or vice
versa [60]. The analysis highlighted that specific biochemical pathways in fish were activated by
contaminants when passing from clean to polluted lakes, including the under-transcription of genes
involved in aerobic metabolism, the over-transcription of genes involved in protein folding, and the
inhibition of the immune system. In contrast, the absence of transcriptional responses in fish moving
from a polluted lake to a clean environment suggests that adaptation rather than phenotypic plasticity
is the basis of their increased tolerance. Finally, the long-term potential of adapted populations to cope
with other stressors, particularly infectious diseases, can be compromised.

Another noteworthy case study involved killifish (Fundulus heteroclitus) populations that had
adapted to heavy pollution in some northern American estuaries [70]. A detailed review of this
case has already been published (Reference [62] and the literature cited therein). Briefly, this study
represents a fruitful integration of different approaches. Some approaches, such as quantitative genetics,
physiology, and development biology, primarily contributed to the identification of adaptation and the
main target of selection, which was located in the aryl hydrocarbon receptor (AHR) pathway. Other
approaches, such as transcriptomics and genomics, confirmed the inferences and detected a wide range
of other pathways implied in adaptation, often population-specific, which may represent responses to
local stressors as well as compensatory effects acting differently in each population. Overall, this case
study demonstrated that in the presence of high genetic diversity (i.e., large size and high stability
of populations) and strong selective pressures, convergent adaptation toward the most influential
phenotypic traits is likely.

The case of continuous acid mine drainage (AMD) on a reservoir in Portugal (Chança River
Reservoir, Portugal), which carries high concentrations of many trace elements, was studied to test
the presence of genetic erosion and selection on Daphnia longispina by comparing local reference
and impacted populations (see Ribeiro et al. for a comprehensive review [11]). The integration of
quantitative genetics, an assessment of many fitness endpoints and population genetics based on
AFLP and microsatellites, allowed fine discrimination of the main genetic impacts and the pattern of
responses of the exposed population. Specifically, genetic erosion due to the elimination of the two
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genotypes most sensitive to a 3% AMD pulse, and due to the avoidance of contaminated areas by the
most sensitive genotypes was demonstrated in laboratory testing. A quantitative genetics approach
was also employed to demonstrate the genetic basis of tolerance to lethal levels of AMD in genotypes
sampled from the contaminated areas, indicating the presence of microevolution. A confirmation of this
pattern of genetic erosion (i.e., the disappearance of less resistant lineages in exposed populations) was
further demonstrated in the field, allowing the authors to exclude the alternative hypothesis of a spread
of newly originated genotypes that conferred resistance. Interestingly, resistance was demonstrated
only for the lethal concentration of AMD, but not for sublethal concentrations. Indeed, an analysis
of reproductive or feeding life-traits failed to highlight significantly higher fitness in contaminated
populations after exposure to sublethal concentrations of AMD or copper. A characterization of neutral
genetic diversity in exposed and reference populations failed to prove genetic erosion, even when
a significant divergence was detected between them. Gene flow from un-impacted areas of the reservoir
and increased mutation or sexual reproduction were among the factors considered to be responsible
for this pattern. A later study found mutagenic effects (micronuclei and chromosomal breaks) at 0.1%
AMD [71].

Another study performed in a contaminated estuarine environment was conducted by Guinand
et al., who applied a microsatellite approach to young-of-the-year sole (Solea solea) [61]. Sole was
selected as the test organism because flatfish exploit estuaries as nursery habitats over long periods
during their juvenile phase, and juveniles fail to escape pollution conditions because they are sedentary.
Populations sampled at reference sites were compared with three populations sampled in estuaries
contaminated by complex mixtures of pesticides and organic pollutants derived from agricultural land
drainages. Using 15 genetic markers, the authors demonstrated that in heavily polluted estuaries,
most of the variables were significantly different. Genetic variation was shown to be linked to selective
and adaptive variation, implying a limited number of loci. Locus-specific heterozygosity-fitness
correlations were found for two loci, one of which is implied in heavy metal detoxification, which was
indicative of ongoing adaptive selection in sole in response to contamination. These results highlight
one of the conceptual pillars of evolutionary toxicology, namely that human activities impact not only
the ecological responses of species but also their evolutionary potential to cope with contamination.

Microsatellites were also used also by Inostroza et al. [63] to test the loss of biodiversity in an
aquatic ecosystem impacted by mutagens from wastewaters, weirs, and other stressors. In this study,
the test organism was Gammarus pulex, sampled along a single river that possessed several chemical
sources and man-made barriers. Exposure to chemical pollution alone and in combination with the
presence of weirs resulted in a depression of allelic richness in native populations. The input of
mutagenic compounds resulted in a strong increase in private alleles across the affected populations,
and the presence of weirs along the river disrupted migration along the river and thus the gene flow
between up- and downstream individuals. This study demonstrated two of the four cornerstones
of evolutionary toxicology [7] in a single case: genetic erosion due to the synergistic effect of habitat
fragmentation and contaminant exposure, and an increased mutation rate mirrored in the high
frequency of private alleles. The trade-off between these two counteracting drivers is intriguing, and
deserves specific in-depth investigations into the genes, particularly by evaluating the relative role of
standing genetic variation vs. de novo mutations in the adaptation to contaminants.

Finally, a recent study demonstrated the power of the genomic approach coupled with
advanced statistical treatments to infer the effects of contaminants acting on a polygenic base [36].
This is a primary strength of this work because the detection of polygenic adaptation is a challenging
task [72]. Genomic RAD-seq assays were employed to test for the presence of polygenic selection in
North Atlantic eels, two species that are considered to have a high extinction risk worldwide [73].
The two species, Anguilla anguilla (the European eel) and Anguilla rostrata (the American eel) were
used as test replicates and a Random Forest search identified a total of 142 and 141 co-varying loci,
respectively, that discriminated “polluted” from “control” populations. Overall, subtle allelic frequency
changes were found to be associated with the bioaccumulation of PCB153, pp’-DDE, and selenium.
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Moreover, the authors succeeded in annotating the discriminant markers and concluded that the
regulation, absorption, and transport of sterols appeared to play a major role in the differential survival
of eels in polluted environments.

3.2. Laboratory Applications

Regarding the application of genetic assays in laboratory tests, few works have evaluated long
multigenerational exposures. Indeed, in the environment, organisms are often exposed to substances
over a time scale that is typically impossible to mimic in the laboratory. To capture population genetic
effects, the exposure time must be extended over multiple generations, which is a significant challenge
in laboratory ecotoxicological studies. Multigenerational tests can be successfully conducted in only
a few species that are easy to breed. However, a well-planned multigenerational test may significantly
accelerate processes, such as selection, adaptation, or inbreeding, accomplishing in the laboratory
what requires a relatively long time in the field. A multigenerational test, as explained below, can be
significantly more realistic from an ecological perspective than normal single generation tests. Indeed,
as in the traditional ecotoxicological approach, the controlled conditions of the laboratory test could
favor a univocal data interpretation, whereas field studies can be affected by all of the (uncontrolled)
variables that are present in a natural ecosystem. Finally, the ability to analyze repeated temporal
samples collected during the experiment can significantly improve the resolution of the experimental
design, as described in Section 3.1.

Most of the multigenerational experiments published to date are relatively recent and all
employ the microsatellite technique. Athrey et al. [64] applied the technique to the least killifish
Heterandria formosa to assess the loss of genetic variation in laboratory populations after eight
generations of strong selection for an increased resistance to cadmium. The authors compared genetic
variation between three selected and three control laboratory populations and between these laboratory
populations and the source population by maintaining the same number of breeders (60 specimens)
and sex ratio (1:1) between replicates and across generations. A previous analysis found a rapid
six-fold increase in resistance and specific fitness costs associated with this adaptation to lethal Cd
concentrations. Heterozygosity was lower in each selected population than in its paired control
population, and this difference was statistically significant in two of the three comparisons. Using this
genetic approach, the authors demonstrated that adaptation to environmental contaminants can
result in an overall loss of genetic variation, and they related this loss to an increased variance in
reproduction in exposed populations due to a probable differential survival of families in response
to Cd exposure. This study emphasized that adaptation to lethal levels of a contaminant can induce
overall genetic erosion in the absence of external factors counterbalancing the loss of genetic variability.
Nevertheless, specific investigations focusing on the genes involved in the adaptation to Cd were
not possible based only on seven microsatellite loci. This study also addressed one of the critical
points of multigenerational studies: the unavoidable loss of genetic variation in all test populations
due to the genetic effective population size imposed by the experimental setting and the absence of
external gene flow. In this specific case, the genetic effective population size was estimated to be
~20% of the census population size in all treatments after eight generations, and the loss of genetic
variability due to rearing conditions was significant. Indeed, in all experimental lines, only about two
alleles/loci were left and heterozygosity was strongly reduced (32.11% and 37.8% for controls and
exposed lines, respectively).

The loss of genetic variation resulting from breeding populations in the laboratory demonstrates
that it is important to maintain a large population size and that the potential loss of genetic variation
in laboratory populations should be taken into consideration when extrapolating from laboratory
to natural populations. Again, the use of simulation approaches could assist in determining the
experimental conditions suitable to maintain sufficient genetic variability despite genetic drift,
generating a null scenario of random mating, and thus enabling exposed and unexposed populations
to be compared.
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Whereas adaptation to lethal levels of contaminants was the focus of the work by Athrey et al.,
other authors have adopted the multigenerational (12 generations) approach to simulate a long-term
chronic and sublethal exposure and to investigate gradual population phenotypic responses to the
stressor. In this regard, an interesting case study was proposed by Vogt and Novak [65,66]. In their
works, the midge (Chironomus riparius) was used as a freshwater model organism to investigate
the effects of the highly toxic biocide tributyltin (TBT) at two different sublethal, environmentally
relevant concentrations. The study aim was to monitor changes in the population genetic structure as
a response to a toxic stress due to adaptation processes or the reduction of neutral genetic variation.
In addition to the investigation of genetic variation in the stressed population, fitness-relevant
parameters (e.g., mortality and reproduction) were also monitored across all generations. Regarding
genetic diversity, it is interesting that the authors found different patterns of response in populations
depending on the contaminant concentrations. In the case of milder exposure (4.46 µg Sn kg−1

sediment, dw), no significant differences were found in the level of heterozygosity or allele richness
at five microsatellite loci between the exposed and the control populations, but deviations from
the Hardy-Weinberg equilibrium accumulated at two loci over the generations in the TBT-exposed
populations, suggesting possible selective effects. Moreover, considerable evidence for ongoing
adaptation processes was suggested by a significant tolerance to TBT in an acute test and a simultaneous
increase in reproductive output in later generations.

This study was preliminary to a second study, which investigated the effects of a nearly doubled
concentration of TBT [65]. The experimental plan was the same: a 12-generation test was performed
on the same model organism (C. riparius) with the aim of revealing and measure genetic variation in
relation to life trait responses. In this second study, a significantly higher decrease in overall genetic
variation, in terms of heterozygosity and allele richness, was detected in TBT-exposed populations.
No evidence for selection processes was detected, as no significant time trend in any life-history
trait was observed, and tolerance towards TBT did not significantly change over time. However,
reproductive impairments (increased mortalities and a reduced number of fertile clutches) in most
generations were associated with TBT exposure.

Overall, both of the studies appeared to indicate that different intensities of the same stressor
modulate the reciprocal balance between selection and genetic drift. Unfortunately, the experimental
design did not allow a detailed evaluation of whether the pool of genes under selection varied
significantly in the two cases or under the same experimental conditions regardless of the presence of
the contaminant. Indeed, it must be remembered that microsatellites are typically neutral markers
except when linked to selected traits, which is a highly improbable event given that toxicant-induced
selection usually occurs in a very low percentage of loci within the genome.

The results of these studies were fundamental for ratifying the differences between
single-generation and multigeneration tests. Indeed, two main lines of evidence emerged against
the significance of short-term assays. First, there was high, apparently stochastic, variability in
responses linked to life traits, often indicating opposite and contrasting inferences about the toxicity of
contaminants from one generation to another [65]. Second, long-term significant effects on genetic
variability were present despite the absence of clear phenotypic responses, which appeared to indicate
that the traditional tools employed for ecological risk assessment may in many cases underestimate
the long-term risk of extinction for resident populations.

In another case study, a different response at the genetic level was found by Stefani and
co-workers [31], who aimed to identify the long-term effects of perfluorinated compounds (PFAS),
which are very persistent contaminants of emerging concern. According to the experimental framework
of Nowak et al. [58], the authors exposed some populations of C. riparius to 10 µg L−1 PFOA, PFOS,
or PFBS (two replicates per treatment) for 10 generations, together with two contaminant-free controls.

For the tested substances other than PFOS, low acute toxicity was found for test organisms
with standard end-points, indicating toxic concentrations significantly above the levels found in the
environment. Genetic analysis demonstrated the maintenance of heterozygosity and allelic diversity in
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PFOS- and PFBS-treated populations with respect to the controls across generations, whereas no effects
for PFOA-treated samples were detected despite a general loss of genetic diversity in all treatments
due to the experimental design. The results obtained were not indicative of genetic erosion caused by
PFASs. On the contrary, a pattern of increased mutation rates emerged as the main transgenerational
effect, as demonstrated by the integration of the coalescent simulation approach and the availability of
temporally repeated samples and the absence of gene flow. A possible explanation is that an increased
mutation rate may have been caused directly by exposure to the contaminant [6] because of the
chemical properties of the sulphonate groups carried by PFOS and PFBS, or indirectly by physiological
stress [74]. Indeed, exposure to PFOS and PFBS may have induced worse physiological conditions
than those observed in the absence of toxicants, and thus generated an increase in mutation rate.
A genetic characterization of wild populations of a caddisfly inhabiting a site highly impacted by
PFOA demonstrated significant effects (i.e., an altered genetic structure) as well [75].

4. Potential Role of Evolutionary Toxicology in Ecological Risk Assessments

The introduction of an evolutionary perspective to the ecological risk assessment (ERA) of
chemical contaminants has received limited attention to date, although the integration of evolutionary
toxicology with regulatory procedures has been recommended since the dawn of the discipline [5,7,16].
Indeed, although a long-term risk for populations linked to the alteration of genetic properties was
considered plausible, disentangling this detrimental process from other co-occurring stressors has
nevertheless been challenging in many cases [76]. This was in part due to the awareness that the
available genetic approaches were scarcely standardizable, often requiring relevant analytical and
time resources, and their output was challenging to convert to a risk scale. Here, we illustrate the
potential for ABC simulations to optimize the design of population genetic studies to detect chemical
impacts, including both bottlenecks and selection [30,34,52,53,77] (Figure 1). This would allow testing
the feasibility of population genetics or genomic surveys in specific contexts to evaluate and quantify
the costs necessary to reach significant and acceptable inferences and, at the end of the assay, to provide
responses by testing alternative scenarios [31] based on a set of the most informative statistics.

Recently, thanks to the improvement in genetic techniques, more and more studies have
succeeded in demonstrating a fundamental role of evolutionary dynamics in determining responses to
environmental stressors, including chemical pollution [78,79]. A paradigmatic case study involves the
adaptation of Atlantic killifish (Fundulus heteroclitus) to a wide range of toxicants, particularly PCBs,
in northern American estuaries [62]. In addition to demonstrating a rapid convergent adaptation that
favors the inhibition of the AHR pathway, the primary target of dioxine-like compounds, this study
provided the opportunity to draw useful, general guidelines that can be extended to other potential
cases and introduced to an ERA framework. First, the intrinsic properties of the exposed populations,
such as a high population size, short generation time, and high genetic diversity, increase the probability
of a rapid adaptation to toxicants, whereas the opposite conditions could be related to a higher
stochastic extinction risk [46,72,80]. One might assume (often incorrectly) that species with a higher
probability of adaptation would likely be of less concern for protection, whereas rare and endangered
taxa would be more prone to extinction when they confront a relevant chemical contamination.
Nevertheless, it should be considered that even if adaptation apparently acts as a rescue strategy, it often
carries fitness costs, particularly in terms of a decreased resistance to other stressors, which could
indirectly impair the long-term persistence of even abundant and prolific species [81–83]. Moreover,
abundant species often play a key role in maintaining ecosystem functionality, and their reduced fitness
or demographic contraction may significantly impair the provision of ecosystem services [84]. Overall,
this guideline can have resounding relevance for conservation prioritization and risk assessment
optimization, aiding the choice of suitable and sensitive model taxa for evaluating either short-term
risks (i.e., extinction risks via population viability analysis) in the case of endangered and small
populations, which likely have limited potential to adapt rapidly, or long-term risks (i.e., fitness costs
to adaptation) in the case of abundant and prolific populations.
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Moreover, adaptations to a single or a few prevalent compounds were more likely, more rapid, and
less demanding than to a wider mixture of less concentrated pollutants in terms of energetic trade-offs.
For example, exposure to pulsed, highly concentrated, specific target toxicants (e.g., pesticides) likely
drives the selection of simple phenotypes related to a single or a few physiological targets, whereas
chronic exposure to sublethal mixtures of contaminants with multiple modes of action requires the
selection of complex, multidimensional phenotypes, which is a less likely process that requires a long
time to evolve [62]. In the latter case, further investigations of evolutionary implications may be
focused primarily on the first category of contaminants in the context of the process of prioritization of
substances for surveillance monitoring.

A corollary of this principle is that the severity of the exposure influences the complexity of
genes involved in adaptation. Whenever the intensity of an environmental stressor exceeds the upper
tail of the sensitivity distribution of phenotypes within a population, few genes with large effects
are typically involved in adaptation. In the case of a milder, prolonged, and gradual intensity of
perturbation, polygenic adaptation becomes more likely. Again, it is worth noting that adaptation to
a simple complex of genes does not imply that long-term risks may be less relevant than those under
polygenic adaptation. Indeed, pleiotropy is a common property of genomes [85], and the indirect
effects of selection on numerous phenotypic traits, even those related to a single gene, are frequent,
often leading to compensatory adaptations in other genes (assuming that physiological adjustments
have failed to restore homeostasis) [86,87].

It is now evident that the long-term adaptation to toxicants is a common phenomenon in
nature, and effective mechanisms of resistance and detoxification are often shared between related
phylogenetic lineages [88]. This awareness has raised the possibility that the sensitivity of taxa
to contaminants could be in some way be predicted by their phylogenetic affinity. For example,
some authors [85] provided evidence of a significant correlation between the sensitivity of taxa to
chloride, a typical natural stressor that organisms have faced since the transition from marine to
freshwater habitats, and their phylogenetic relatedness. Hence, the possibility of estimating toxicity
thresholds for untested taxa by extrapolating from the available estimates of related species appears a
reasonable approach in ERA to increase ecological realism and to escape from the intrinsic limits of the
model species approach [89].

Even the short-term adaptation to toxicants by resident species may have a relevant influence on
the ERA. It is well known that the current normative approach has limits in assessing long-term effects,
which can persist after the exposure has ceased, particularly under multiple stressor conditions [8,76].
Indeed, adaptation to toxicants by wild populations may provide sensitivity to the selective factor
or to other stressors, which can be significantly different from that estimated in laboratory assays,
which are the basis for the derivation of toxicological thresholds. For example, variation in the response
to chloride exposure by adapted and non-adapted conspecific wild populations of two amphibians
was large, and exceeded the range of variability estimated among other amphibian species [85].
Consequently, a reasonable improvement in the ERA should not overlook the probability of adaptation
by resident populations to pre-existing stressors (Figure 1), and precautionary approaches should be
adopted whenever specific assays are not available or conducted.

5. Conclusions

Evidence that chemical contaminants may have direct or indirect impacts on the genetic variability
of exposed populations is now growing. Moreover, thanks to the integration of NGS approaches,
mechanisms and processes of adaptation have been revealed. The negative impacts on the long-term
probability of survival of adapted populations are no longer described only as theoretical possibilities,
but rather can be tested and hopefully predicted (see examples in References [62,90]).

As demonstrated in the studies reviewed above, the use of a genetic approach can highlight the
differences between exposed and reference populations both in laboratory tests and in field research,
raising concerns about contaminant effects and the fate of the populations involved. Nevertheless,
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there is also some evidence of a relevant counteracting effect of natural dynamics, such as migration
and gene flow, or different synergistic, neutral, or antagonistic interactions of adaptation with other
stressors. This is probably one of the most important aspects that should be addressed in the
immediate future, with the ultimate aim of improving the predictability of the long-term fate of
exposed populations. This consideration should not, however, be assumed to be indicative of a limited
relevance of evolutionary changes in the context of ecotoxicological risk assessment. Indeed, the
reviewed case studies demonstrated that the investigation of adaptation to contamination, with its
intrinsic drawbacks, is greatly improved by the implementation of genomic scan techniques, which are
just starting to be massively employed in this discipline.

As suggested by Bourret et al., our review highlights several examples indicating that evolutionary
change may occur more rapidly in our lifetime [10] and provides more evidence that human activities
are not only affecting the demography and the ecology of wild species, but also their evolutionary
trajectory [76,79]. This statement alone should be considered sufficient to integrate evolutionary
approaches into environmental assessment procedures.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/10/4/490/
s1.
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