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Abstract

Natural habitats are more and more destructed and fragmented by urban expansion and
human activities. The fragmentation of natural and agricultural areas by buildings and new
infrastructures affects the size, connectivity and the quality of habitats. The populations of
organisms inhabiting these anthropized territories are then more isolated. However,
differentiation between populations of the same organism depends on demographic and
genetic processes such as genetic drift, gene flow, mutation and natural selection. Only
species that have developed special tolerance mechanisms can persist under changed
environmental conditions. The introduction of contaminants such as metals in the
environment may influence plants and animals evolution by modifying the evolutionary
forces and thus generating differences between populations.

In this work, attention was focused on the genetic consequences of metallic pollution on two
species, the earthworm Lumbricus terrestris and the plant model Arabidopsis halleri. Two
different approaches have been used to study the genetic response to metallic contamination:
a population genetic approach was performed in L. terrestris and a quantitative genetic
approach was carried on in A. halleri.

First, it was a question of identifying and validating new microsatellite markers in L.
terrestris. These markers were then used to characterize the neutral genetic diversity in
worms collected from agricultural and urban sites. Secondly, genetic architecture of Zn
tolerance and Zn hyperaccumulation was conducted investigated for the first time using an
intraspecific crossing between metallicolous and non-metallicolous individuals of A. halleri.

High density of SNP markers was used to proceed to the QTL mapping step.
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Résumé

Les habitats naturels sont de plus en plus détruits et fragmentés par I'expansion urbaine et les
activités humaines. La fragmentation des espaces naturels et agricoles par les batiments et les
nouvelles infrastructures affecte la taille, la connectivité et la qualité des habitats. Les
populations d’organismes vivants sur ces territoires anthropisés sont alors plus isolées. Or, la
différenciation entre populations d’un méme organisme dépend de processus démographiques
et génetiques tels que la derive génétique, le flux génétique, la mutation et la sélection
naturelle. La persistance et le développement des populations dans des conditions
environnementales modifiées dépendent de mécanismes de tolérance. Dans ce contexte,
I'introduction de contaminants tels que des métaux dans I'environnement peut influencer
I'évolution des plantes et des animaux en modifiant les forces évolutives et en créant des
différences entre populations.

Dans ce travail, ’attention a été portée sur les conséquences génétiques de la pollution
métallique sur deux especes, le ver de terre Lumbricus terrestris et une plante modéle
Arabidopsis halleri. Deux approches différentes ont été utilisées pour étudier la réponse
génétique a la contamination métallique : une approche de génétique des populations chez L.
terrestris et une approche de génétique quantitative chez A. halleri.

Tout d’abord, il s’est agi d’identifier et de valider de nouveaux marqueurs microsatellites
chez L. terrestris. Ensuite, ces marqueurs ont été utilisés afin de caractériser la diversité
génétique neutre chez des vers collectés sur des sites agricoles et urbanisés. Parallélement,
I'architecture génétique de la tolérance et de I'nyperaccumulation de Zn chez A. halleri a été
explorée a 1’aide d’un croisement intraspécifique entre une population métallicole et une
population non métallicole. Une densité élevee de marqueurs SNP a été utilisée pour

procéder a I'étape de cartographie QTL.
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[Chapter 1] General Introduction

1 Anthropogenic landscape and the consequences on biodiversity

Anthropogenic activities that have increased with the expansion of cities and the industrial
revolution are widely implicated in environmental changes. These changes are gathered
under the term “Global Change”. Drivers of Global Change are for example the production
and the introduction of contaminants (pesticides, fertilizers, petroleum, metals...) in nature,
the overexploitation of resources and the change of land use. About half of the land cover of
the planet was subject to land use changes (Vitousek et al., 1997), which consist primarily in
transformation of natural habitats into agricultural or urban areas. It is predicted that the total
urban area will triple between 2000 and 2030 in accordance with the explosion of human
populations and their growing consumption rates of raw materials (McDonnell & Habhs,
2015). Generally land use and the other anthropogenic activities favour fine-scale changes in
environmental features, and thus increase spatial environmental heterogeneity, which leads to
the transformation of large homogeneous habitat into small habitat fragments isolated from
each other. The fragmentation and loss of natural habitats include their replacement by either
other habitats or urban structures (buildings, roads, etc.). Ecosystems will be impacted
through the destruction, modification and fragmentation of habitat, degradation of the quality
of soil, air and water, exploitation of native species and introduction of exotic species. These
modifications can affect locally or globally the biodiversity and can lead to the extinction or
decline of species (Figure 1).

The term of biodiversity means all living species and the communities formed by them in the
different types of ecosystems (marine, terrestrial and aquatic). Each ecosystem is based on
complex relationships between biotic and abiotic components. The ecological importance of
biodiversity is reflected by the mutuality between different species, providing essential
services to life, such as production of oxygen and fixing of air carbon dioxide, filtration and
purification of water, pollinate plants, waste decomposition and transfer of nutrients in food
chains. Biodiversity is therefore a central element to consider in the context of Global Change

effect on ecosystems.

9
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Anthropogenic activities:
Pollution
Land use
Overexploitation

ﬂ Effects on natural habitats

Habitats loss
Habitats fragmentation
Changes in Habitats quality

ﬂ Effects on biodiversity

Ecosystems Species Populations Individuals
Species richness  Abundance  Genetic diversity/ Extinction
divergence Migration
Adaptation

Figure 1 : Anthropogenic activities and their consequences on biodiversity

Consequences of habitat fragmentation are particularly well documented. At the ecosystem
level, species richness within habitats is expected to decrease with the reduction of habitat
surface (Krauss et al., 2010). About 40% of species could be lost around the world because of
habitat destruction and fragmentation (Seto et al., 2012). For example, 85% of bird species
and 86% of mammals are threatened because of their habitats destruction (Baillie et al.,
2004). Indeed, a lower number of species in patches of small area has been shown in several
studies including plants (Cagnolo et al., 2006), insect parasitoids (Kruess & Tscharntke,
2000), reptiles and mammals (Findlay & Houlahan, 1997). In fact, habitat fragmentation
generally results in population fragmentation: ancestral populations are divided in a set of
smaller populations separated by unsuitable environments that may act as a barrier to the
movement of the individuals and thus limit migration events among populations (Fahrig,
2003). Thus, habitat fragmentation must affect the abundance of local populations (Wilcox &
Murphy, 1985). Some studies were conducted to test the effect of fragmentation and isolation

in shaping species abundance, for example: (Virgos, 2001) shows that the abundance of

10
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badger populations (Meles meles) decreases with the diminution of the percentage of forest
cover. At the genetic level, population fragmentation is expected to affect the distribution of
genetic diversity among populations. Fragmented populations are expected to show lower
genetic diversity (within populations) and higher genetic differentiation (among populations)
(Templeton et al., 1990; Young et al., 1999).

Among environmental changes due to anthropogenic activities, decrease of habitat quality
due to pollution is a main source of environmental heterogeneity - i.e. spatial and temporal
variations of the environment — and stress for living organisms. However, the consequences
of pollution on biodiversity have been little documented so far. Therefore, the main interest
of this thesis is the evolutionary effects of pollutant in anthropogenic environment.

2 Evolutionary ecotoxicology

2.1 Background

In the context of Global Change, ecosystems are frequently and locally impacted by toxic
substances (ex. pesticides, metals, polycyclic aromatic hydrocarbons). Evolutionary
ecotoxicology is a discipline studying the genetic and evolutionary processes underlying
organisms’ reactions in response to environmental toxicants. The main goal of this discipline
is to outperform the traditional parameters such as the toxicants effects at the molecular,
cellular or physiological levels on individuals, species or populations by understanding the

genetic basis of organisms’ response to the toxicants exposure and their evolutionary impact.

2.2 Adaptation

The ways organisms can face drastic and rapid environmental changes that result from
anthropogenic activities are:

- Extinction (global of local populations).

- Permanence through migration to a place with more favourable environmental

conditions.

- Permanence through adaptation to the new environmental conditions.
Migration to the most suitable environments depends on organism’s capacity to move and to
cross the barriers between habitats. However, populations might also have locally survived to
habitat loss or modification through genetic adaptation to the new environmental conditions

(Aitken et al., 2008). The impact of abiotic and biotic environmental changes on the reactions

11
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and adaptations of plants and animals has always been a central issue in evolutionary biology
(Mgller & Nielsen, 2010). Many definitions were proposed for the word “adaptation”
depending on the discipline of study (Futuyma, 1998). Adaptation for physiologists indicates
the capacity of individuals to adjust their phenotype to cope with their environment. In this
context, the word “adaptation” may be a source of confusion since observed changes are due
to the capacity of organisms to modify their physiology or morphology in response to
environmental changes. These modifications do not require genetic changes and we will
prefer the terms “acclimation” or “phenotypic plasticity”. In evolutionary biology, adaptation
corresponds to the selection of favourable phenotypes conferring features allowing
reproductive and survival success (i.e. adaptive trait) but requires genetic change. For
biodiversity rescue, it is important to understand how organisms can adapt to their modified
environmental conditions and the mechanisms underlying this adaptation.

In this document, I will use the word “adaptation” in the sense of “genetic changes leading to
a higer fitness (i.e. the ability of an individual to reproduce and give descendants) in the new
environment”.

Adaptation is the result of natural selection (see the definition in the section of evolutionary
forces section 3.1.4) that increases the frequency of the most favourable genotypes that have
higher fitness (or selective value) in the modified environment (Hendry et al., 2011). In
anthropogenic environments, genetic adaptation is a process that requires prolonged and
repeated exposure to stress (ex: contaminants) over several generations, which increases the
magnitude of selection pressure and thus imposes a quick adaptation of organisms to persist.
It can nevertheless be established quickly, in a few years and in a few generations, as
observed (Klerks & Levinton, 1989) for a natural population of Limnodrilus hoffmeisteri
(oligochaete) which has developed a genetic adaptation to a metal contamination 30 years
after establishing pollution. Moreover, adaptation to altered environment is faster in
organisms having a short generation time that can be measured by days, months or few years
such as microorganisms and insects. However, the probability of adaptation is lower in the
organisms with long generation time (ten or hundred years) such as large mammals and trees
(McDonnell & Hahs, 2015).

Numerous studies revealed the selective effects of pollutants and cases of tolerance were
documented, for example: tolerance to metals (Morgan et al., 2007; Bourret et al., 2008;
Lévéque et al., 2015) or pesticides (Brausch & Smith, 2009; Pelosi et al., 2013) in natural
populations exposed to frequent or chronic industrial sources of pollutants or agrochemicals.
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Tolerance is defined as heritable changes in a population, which confer a better ability to
survive and reproduce in an environmental condition which was previously lethal for the
species to which this population belongs (Antonovics et al., 1971). The contaminant acts as a
selective force on the population by reducing the contribution of susceptible genotypes in the
next generation by reducing their survival or reproduction (Klerks, 2002; Millward & Klerks,
2002). Thus, tolerant individuals will contribute more to the next generations (Dallinger &
Hockner, 2013). Genetic adaptation to contamination results in a change of allele frequencies
within the adapted population (Klerks, 2002). This is a microevolutionary process (Ribeiro &
Lopes, 2013), since micro-evolution had been defined by Kinnison & Hendry (2001) as the
evolution within and between populations.

Furthermore, two types of tolerant individuals can be selected: (1) individuals who are
constitutively tolerant to pollutants, meaning that genetic mechanisms were already present
before environmental pollution, and / or (2) individuals who can develop instantly and
effectively defense systems against pollutants. To be selected, the latter mechanism should
have genetic bases and be present in high frequency in the population adapted to the
environmental pollution (Posthuma & Van Straalen, 1993).

The development of tolerance resulting from the selective effect of contaminant may affect
other traits, due to genetic correlation between these traits and the trait corresponding to
selection (Sgro & Hoffmann, 2004). These effects may occur because of linkage
disequilibrium between genes that control different traits or pleiotropic effects. In particular,
selective effect of a contaminant can provide better tolerance toward other contaminants. This
is called co-tolerance (Brausch & Smith, 2009) that may due to shared mechanisms of
detoxification, such as the increased production of metallothionein in response to cadmium
and copper (Morgan et al., 2007).

Local adaptation is a special case of adaptation for evolutionary biology, which focuses on
populations’ evolution at a local scale. Local adaptation requires the action of spatially
heterogeneous selective pressures that are sufficiently strong and long lasting. When
populations are found in different (biotic or abiotic) environments, these environments will
exert different selection pressures on different populations, then each population may evolve
toward optimal local adaptation. Consequently, those populations will be differentiated
owing to their different environment. In anthropogenic environments, the establishment of
local adaptation depends on several factors including: 1) differentiation in survival and
reproduction success among individuals (selective value for a genotype) across many
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generations 2) when genetic polymorphisms exists, it provokes changes in allelic or genotype
frequencies in population that are under selection pressure compared to geographically closed
ones. In a spatial heterogeneous environment, the spatial variation of natural selection
pressures led to changes in the structure of genetic diversity of populations connected by
genes flow (Kawecki & Ebert, 2004). Local adaptation in the strict sense implies the
existence of genotype x environment interaction, i.e. alleles and genes have different effects
on the fitness of individuals in different environments. Moreover, individuals have a better
selective value in their local environment than immigrants (Figure 2) (Kawecki & Ebert,
2004).

Local adaptation is necessary for species to react to changing environments. Nevertheless,
this mechanism also plays essential role in species divergence, which leads to the
development of new species. All those reasons make the study of local adaptation interesting
for evolutionary biology. The concept of local adaptation can be studied through population
genetics, describing the evolutionary forces acting on genetic diversity, or using quantitative
genetic approaches, investigating the genetic determinism of quantitative traits linked to

fitness.

2.3 How to study local adaptation in polluted habitats

The same approaches are currently used for the study of local adaptation and the
evolutionary issue in ecotoxicology (Coutellec & Barata, 2011) such as:

1) Population and landscape genetics: is a discipline studying how alleles and genotypes
frequency have changed between and within populations. Landscape genetics is an
emerging discipline at the interface between landscape ecology, population genetic and
the spatial statistics (Storfer et al., 2006). Its objective is to describe and analyze the
influence of landscape structures and environmental factors on the spatial structure of
genetic variability of populations (Manel et al., 2003; Storfer et al., 2006; Holderegger
& Wagner, 2008). The main interest of landscape genetics is to understand the
interactions between landscape structures and micro-evolutionary processes such as
gene flow, genetic drift or selection.

2) Quantitative genetics: the phenotypic expression of quantitative traits is the result of
the influence of both genotype and environmental conditions. This relationship is the
basis of quantitative genetics and their application in evolutionary ecotoxicology

(Klerks et al., 2011). The main goal of quantitative genetics is to explore the genetic
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architecture of the quantitative traits selected in anthropogenic environment. Three
approaches are available in ecotoxicology to study the variation of a quantitative trait
(ex: contaminant resistance). The first approach aims at comparing the resistance levels
among populations originating from polluted sites and non-polluted sites. The second
approach aims at determining the relation dose-response of pollutant exposure by
applying an artificial selection. The third approach analyses the genetic variation of
resistance in a population, such genetic variation being important for selection to
operate (Klerks et al., 2011). Genetic variation also helps estimating the heritable part

of quantitative traits that can influence the evolution of adaptation.
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Figure 2 : Genotype and environment interaction (GEI). Four possible reaction norms are provided,
the red line indicate the genotype a while the green line indicate the genotype b. in (1) the genotype b
has higher fitness than genotype a in all environments, no (GEI). In (11) both genotypes have the same
fitness values in the environment A and have an increased fitness in environment B, but the genotype
b shows higher fitness in the environment B. In (111) genotype A shows better fitness in environment
A, while both genotypes have the same fitness values in the environment B. In (V) the reaction
norms cross, the genotype a shows better fitness in environment A and the genotype b shows higher
fitness in environment B (local adaptation). The three last cases of reaction norms (11, 111, 1V) suggest

a (GEI).
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3 Population genetics in anthropogenic landscape

3.1 Evolutionary forces

It is well known that landscape fragmentation affects the size, connectivity and the quality of
habitat. It tends to generate small populations, genetically isolated and characterized by low
genetic diversity. In other words, landscape fragmentation can have rapid evolutionary
consequences (Hoffmann & Hercus, 2000). In theory, species are expected to disappear
wherever environmental conditions became unsuitable and to colonize every area that might
have become more suitable. Colonization success depends on the total number of introduced
individuals and on both demographic (demographic and environmental stochasticity) and
genetic processes (genetic drift, mutation, selection, gene flow and adaptation) (Fauvergue et
al., 2012).

Demographic stochasticity refers to the deviation between the observed and the expected
population size estimated using growth rates such as birth rates, survival, fecundity and sex
ratio. The reduction of population density is usually followed by a decrease in population
growth rate, which increases the risk of extinction (Allee effect) (Allee et al., 1949).
Environmental stochasticity indicates the temporal variations in the habitat conditions caused
by anthropic activities and environmental events such as floods, fires and droughts. Both
demographic and environmental stochasticity can increase the extinction risk in a small
population because of the reduction in population growth rate (Figure 3).

Changes in genetic diversity within populations and genetic differentiation among
populations may result from the respective action of at least four evolutionary forces (genetic
drift and inbreeding, mutation, migration, and selection) (Straalen & Timmermans, 2002)
(Figure 2) which interplay with each other to change the structure of genetic diversity. In the

next paragraphs, simple common definitions are given for each evolutionary force.
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Figure 3: Summary of the factors that shape genetic diversity of populations. Note that habitat
fragmentation has no expected effect on mutation.

3.1.1 Mutation

The term mutation refers to any change or alteration in the genomic material. DNA in living
cells is continuously exposed to different types of pressure that could lead to the appearance
of mutations. Pressure can be ‘exogenous’ attacks such as radiations or genotoxic compounds
or ‘endogenous’ such as DNA replication or recombination error accidents. The
chromosomal mutations may be due either to a change in chromosome number, or to a
change in their structure (deletion, duplication, inversion, translocation). For example, a
deletion removes some parts of the genome, while the inversion mutation causes a change in
the order of certain sequences in the genome. Point mutations are sequence variation at the
nucleotidic level, often of a single nucleotide leading to “Single Nucleotide Polymorphism"
(SNP). Finally, the length mutation corresponds to a variation of the number of repeating
units of a DNA strand, as we can observe in microsatellites (SSR for "Simple Sequence
Repeat™). To study the genetic diversity in populations, molecular Microsatellites (SSR
Simple Sequence Repeat) and SNP (Single Nucleotide Polymorphism) are frequently used as

molecular markers because they usually show high level of variation. In this thesis,
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microsatellite markers were used for population genetics study and SNPs were used for
quantitative genetic part.

Some mutations are neutral even when they occur in the coding region of a gene. For
example, substitution of a nucleotide may occur but without any consequence of the amino
acid sequence of the coded protein. This kind of mutations has no evolutionary impact
because it does not influence the fitness of individuals and thus, is not a subject for selection.
However, mutations in coding sequence of a protein inducing functional changes and
mutations in a non-coding sequence implied in gene expression regulation or genome
organization may have an evolutionary impact because they are subject to selection pressure
(Wang & Malcolm, 1999). Mutations are fundamental for evolution because they are a source
of genetic diversity between individuals by generating new alleles and new haplotypes (i.e.
the pattern of genes and alleles located on the same chromosome that segregate together from
one generation to another). Mutation rate is expected to increase in metal polluted
environment (Stomka et al., 2011).

3.1.2 Migration

Usually, populations from the same species are geographically isolated (i.e. they can not
exchange gametes across a landscape) by distance or geographical barriers such as roads,
rivers, mountains...but they can stay connected thanks to their capacity to disperse and to
move through these barriers (Hamrick et al., 1993). In population genetics, the term
migration refers to the exchange of genes (gene flow) due to the migration of fertile
individuals or their gametes between populations. Migration tends to homogenize allele
frequencies among populations. However, it can reduce the risk of inbreeding and increase
genetic diversity within populations which is necessary for future adaptation (Hendry et al.,
2011).

Genetic studies can address the impact of fragmentation on the movements indirectly. They
show that populations in fragmented landscapes are generally more genetically isolated than
in unfragmented landscapes (Bergl & Vigilant, 2007; Radespiel & Bruford, 2013) (Figure 3).
Increased genetic structure is partly the result of lower gene flow between populations
(Coulon et al., 2004).
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3.1.3 Genetic drift

Genetic drift is related to demographic stochasticity and refers to a random change in allele
frequencies over generations in a population of finite size (Figure 4) (Wright, 1930). In fact,
in a population of finite size, as a result of chance, alleles frequencies vary from one
generation to another. The effect of genetic drift increases with the reduction of population
size because differences of allele frequencies are expected to be more visible in the next
generations. Nei et al (1975) show how bottlenecks can be accompanied by strong genetic
drift and cause the reduction of genetic diversity owing to i) the loss of the rare alleles ii) the
decrease of the number of alleles per locus and iv) the change of the heterozygosity rate iiii)
the accumulation of deleterious alleles. Drift can lead to the elimination or the fixing of an
allele in the population. The chance of fixing or removal of an allele depends on its frequency
in the population. Common alleles are more likely to be fixed while rare alleles have more
chance to be eliminated (except rare alleles conferring a selective advantage). Furthermore,
genetic drift affects both neutral and selected alleles that are subject to selection in a
population. In contrast to mutation and migration, genetic drift tends to reduce the level of
genetic diversity. The loss of genetic diversity by genetic drift can be recuperated by either
new mutations or by the contribution of new variation by gene flow in the absence of
selection.

Molecular methods that permit the estimation of genetic drift depend on the neutral genetic
diversity that refers to the polymorphism in non-coding regions of the genome. These regions
have a priori no impact on the fitness of individuals. Neutral markers are the most used in
these studies considering that they are only affected by random genetic drift (ex:
Microsatellite markers). Analysis of alleles and genotypes frequencies allow the estimation of
genetic diversity indices and genetic parameter of populations such as the expected
heterozygosity in the Hardy-Weinberg equilibrium, genetic diversity, allelic richness, the
inbreeding coefficient (Fis), the effective population size (Ne) or the genetic population
differentiation (Fst). Analysis of the genetic structure is typically based on the estimation of F
Wright indices (Fst, Fit, Fis) from a decomposition of the variance in allele frequencies in
inter-sample components, intra-sample inter-individual and intra-individual (Weir &
Cockerham, 1984). These statistical analyses provide the possibility to detect fragmentation
effects through the increased genetic differentiation among populations because of the effect
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of genetic drift. Many studies documented the evolutionary impact of pollutants by increasing
the effect of genetic drift (Barata et al., 2002; Medina et al., 2007).

Original population Bottlenecked population in new Bottlenecked population after n
environment generations
. . Adaptation to new environment.
Selection > Drift Purge of deleterious genotypes
‘ < Increased fitness in new environment
'
Selection < Drift Accumulation of
deleterious genotype
. Genotype conferring high fitness for new Environment
@ Deleterious genotype

Figure 4 : Summery of the impacts of evolutionary forces in small-introduced populations. Genetic
drift and selection cause modification in the structure of genetic diversity of introduced populations in
new environments. Two main genotypes are provided in this figure, the red confers high fitness in the
new environment and the blue is a deleterious genotype in the new environment.

3.1.4 Natural selection

Natural selection was defined by Darwin (1859) as a mechanism contributing to the evolution
of species. It works by sorting the individuals within a population depending on their capacity
to survive and reproduce and contribute in the shaping of genetic variation among
populations within species. Process of natural selection requires four elements to take place:

e Variation: Genetic diversity within a population is very important to ensure the
maintenance of a sufficient genetic resource that allows a best response to selection
(Frankham, 2003, 2005).

¢ Inheritance: traits under natural selection should be heritable i.e. able to pass on from
parent to offspring.

o Differential survival and reproduction: Individuals possessing the best selective values
will survive and contribute more to the next generation by producing larger
offspring. For example: if a population have two alleles B and b for a given gene,
selection may occur if there is a difference in fitness for the three possible genotypes
BB, Bb, bb.
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Different modes of natural selection can be distinguished (Nielsen, 2005) (Figure 5):

o Directional selection: it favours one extreme phenotype of continuous variation and

tends to eliminate variation within populations. Directional selection can be negative

(purifying) or positive. Purifying selection removes deleterious mutation. While,

positive selection favours advantageous mutations. Positive selection is the most

interesting for evolutionary biology because of its relation with adaptation and the

evolution of novel traits and functions.

e Stabilizing selection: tends to increase the intermediate phenotype of a continuous

variation, which will be more represented in the next generation. This selection

contributes to the decrease of genetic diversity within a population when the

population stabilizes on a spe

cific phenotype.

e Disruptive (syn. diversifying or divergent) selection: a type of selection, which

happens when two or more phenotypes are favoured. This selection tends to increase

the variability within populations since it favours both extremes phenotypes.
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Figure 5: The three types of natural selection (Directional, Stabilizing, Disruptive) based on leaves

size.
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3.2 Local Adaptation to anthropogenic habitats

Local adaptation depends on the balance among the major evolutionary forces. It depends
especially on the balance between gene flow and natural selection (Yeaman & Otto, 2011;
Blanquart et al., 2013). Selection tends to differentiate populations living in different
environments, whereas gene flow contributes to homogenize genetic composition (allele
frequencies) of populations (Sambatti & Rice, 2006; Savolainen et al., 2007). Therefore, gene
flow may represent an obstacle to local adaptation. It can hinder or slow down local
adaptation by preventing genetic differentiation between stressed and unstressed populations.
This effect is more visible in the case of important gene flow (Figure 6).

In particular cases, gene flow can be positive and enhance potential adaptation when it
increases the fitness by bringing a new genetic variation more favourable for the new
environmental conditions. However, gene flow can also be negative and prevent adaptation
when it decreases fitness by bringing individuals with low fitness (outcrossing depression)
(Garant et al., 2007; Aitken et al., 2008; Hendry et al., 2011).

Inbreeding between relatives in small populations also represents another threat that can
reduce genetic diversity (Charlesworth & Willis, 2009). Even though mating occurs in a
panmictic way, consanguineous crosses are possible. Inbreeding increases with the
relatedness in a small-colonized population (Glémin, 2003) and reduces the rate of
heterozygosity through the genome faster than does genetic drift (inbreeding depression in
the case of deleterious recessive alleles in homozygote states). Both genetic drift and
inbreeding will reduce the genetic diversity in the recolonizing population.

In a population with high rate of inbreeding, deleterious mutations will accumulate in
homozygote state after few generations. If selection pressure is strong enough, it will
accelerate the elimination of these mutations (i.e. Individuals harbouring these mutations
either die or do not reproduce) this mechanism refers to purging of the genetic load (Barrett
& Schluter, 2008). However, in a very small population, the effect of genetic drift will be
greater than selection and deleterious mutations will be present in high frequency and thus
hinder local adaptation to occur (Figure 4).

The complex interaction between gene flow and local adaptation is changed in fragmented
landscape. The existence of habitat patches with various environmental conditions favours
the existence of local and divergent selection pressures (Fischer & Lindenmayer, 2007).

Moreover, fragmentation increases the genetic isolation of populations, which favour local
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adaptation in large populations (Lopez et al., 2009). However, this isolation greatly reduces
the fitness of small populations in heterogeneous landscapes. The effect of fragmentation on
local adaptation is so hard to predict and empirical studies are needed to better understand
this phenomenon. The study of local adaptation in fragmented landscape allows being at the

center of interactions between gene flow, landscape fragmentation and local adaptation.

Adaptation to environmental modifications may occur through standing genetic variation (the
presence of several alleles for one locus in a population) or new mutations. Usually,
adaptation seems to be faster from the standing variation than from new mutations because
Advantageous alleles are instantly accessible in high frequencies contrarily to beneficial
mutations. Beneficial alleles have more chance to be fixed when they exist in multiple copies
in the population (standing variation) than if they result from a single new mutation that may
be lost through genetic drift. Moreover, since advantageous alleles present as standing
variation are older than new mutations, they may have been submitted to previous selective
pressures. These alleles might have acquired multiple advantageous genetic changes and may
have reached high frequencies (pre-adaptation) (Barrett & Schluter, 2008). The high
magnitude of the beneficial effect of an advantageous allele and the high effective size of

populations can increase the probability of fixation (Barrett & Schluter, 2008).

Environment 1 Environment 2

Difference in genotypes frequency between
populations living in contrast environments
after many generations with a low gene
flow between populations

L ocal Adaptation

Low gene flow
<>

High gene flow

—

High gene flow tends to homogenize
genotypes frequency between environment

No L ocal Adaptation

@ Genotype conferring high fitness in Environment 1
@ Genotype conferring high fitness in Environment 2
® Generalist genotype

Figure 6 : How gene flow affects local adaptation. In (A), low gene flow between two contrasted
environments accompanied by selection pressure facilitates local adaptation. In (B), high gene flow
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tends to homogenize the genetic composition of the two contrasted environments that hinder local
adaptation to happen.

4  Genetic basis of a quantitative trait

The multiple mechanisms and processes affecting local adaptation make its genetic basis
complex, different in origins and remain little clear so far. Most characters involved in local
adaptation may be polygenic, quantitative, associated with unknown genes or pleiotropic
effects (i.e. a gene influences two or more unrelated phenotypic traits). Some approaches
have been used to exceed the difficulty in defining some of these cases such as quantitative
genetic approach. Thus, some variants having pleiotropic effects and playing adaptive role
have been identified, for example, the common mutation EDAR 370A in human populations
in east Asia which increases hair thickness, the morphology of the teeth and increases the
number of sweat glands (Fujimoto et al., 2008; Kimura et al., 2009; Park et al., 2012).
Actually, despite the recent technology that allows the identification of candidate genes
involved in adaptive mechanisms, understanding the genetics of quantitative traits requires
the identification of the function linking genotypes to phenotypes, which would affect the
adaptive value. This identification requires complex experiments in an attempt to identify
phenotypic changes associated to a variant. Consequently, most adaptive variants previously
characterized have strong and measurable phenotypic impacts. For example, genes involved
in the tolerance and hyperaccumulation of heavy metals by plants (Macnair, 1993), or those
involved in the tolerance of lactose in adulthood in humans (Bersaglieri et al., 2004).

The study of genetic basis of local adaptation thus requires the theoretical background of

quantitative genetics.

4.1 Generalities

The main goal of quantitative genetics approach is to understand the response of quantitative
traits to selection pressure (environment), to study their inheritance in a segregating
population and to describe genetic architecture of quantitative trait. A quantitative trait is a
trait with a continuous variation within a population. Molecular basis is often complex,
usually multigenic, each gene segregating in Mendelian way. Thus, the observed phenotype
(P) is the result of genotype (G), the environment (E) and their interaction (I= GXE) (El-Soda
et al., 2014):
P=G+E+I

24

© 2017 Tous droits réservés. lilliad.univ-lille.fr



These de Dima Souleman, Lille 1, 2017

[Chapter 1] General Introduction

Most studied traits and especially those involved in the adaptive response are quantitative.
The main interest of quantitative genetics is to allow the decomposition of the phenotypic
variability of a measured trait in a population or a group of individuals into genetic
component (genetic variance VG) and environmental component (environmental variance
VE), without knowing the genes involved in this trait. The genetic variance can be
decomposed to additive variation (VA refers to the cumulative effect of individual loci) and
dominance (VD refers to the interaction between alleles). Genetic variance is in theory
directly connected to the polymorphism of the genes encoding the trait.

Broad sense heritability determine all potential sources of genetic variation (additive,
dominance, epistatic (genes interaction), maternal and paternal effects): h? = VG/VP

The measurement of narrow heritability (h?) of a trait within a population allows to determine
the phenotype transmitted by additive genes effects: h? = VA /VP. This calculation is
important to predict how a trait will act to face selection.

4.2 Genetic architecture for adaptive traits

A guantitative trait locus (QTL) refers to a genomic region containing one or many genes that
influence the variation in a quantitative trait. This region can be determined by its linkage to
polymorphic markers loci, which segregate in Mendelian way. QTL can be mapped either in
natural populations (association mapping approach or linkage disequilibrium mapping) or in
the segregating offspring where the relativeness among individuals is known (QTL mapping
approach). Both approaches aim at uncovering genotypic variation that can explain
phenotypic variations among individuals for a quantitative trait (Mackay et al., 2009). Three
elements are necessary for QTL Mapping analyses: i) segregating progeny, ii) molecular
markers and genotyping data for the segregating progeny in order to build a genetic map iii)
phenotyping data for the same progeny.

For QTL mapping approach, several types of crosses can help for construction of genetic map
including F2 generation. Producing F2 progeny starts by crossing two parental lines, which
present contrasted phenotypes for the studied trait to form an F1 generation. Then, it is
possible to cross a F1 individual on itself or with another F1 resulting from a second parental
cross to create the F2 population (Figure 7). This progeny is a necessary component to realize
the genetic map through genotyping data for chosen polymorphic markers. This crossing
programme provides the possibility to mix randomly by recombination all parental genes
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coding for studied character, by this way, new allelic combinations will be obtained
exhibiting various quantitative effects.

To construct a genetic map, a high number of molecular markers is needed to provide the
opportunity to cover approximately all the genome. The distance between two markers on the
linkage group (considered as a chromosome) is expressed as recombination rate between
these markers. When the recombination rate is lower than 50%, the markers are related and

may belong to the same linkage group.
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Figure 7: Major steps in QTL mapping approach: First step consists in obtaining a F2 progeny (1).
The second step shows both genotyping data with two markers M1, M2 (that should distinguish two
parental strains, O and 2 indicate homozygous genotypes and 1 indicate heterozygous genotype) and
their phenotypes data for a quantitative trait (e.g. leaf width)(2). Phenotypes and genotypes measure
are used in the third step for genetic map construction (3). The last step includes the identification of
genomic region involved in the phenotypic variation for this quantitative trait. When there is a
difference in the mean of phenotypic trait for the three genotypes classes for a marker, then this
marker is linked to QTL (4).
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The second step in the realization of a QTL analysis is the assessment for the phenotypic trait
of interest. This is what is commonly called phenotyping. Like molecular markers, phenotype
is only useful if it is variable among individuals of the mapping population.

Association between phenotypic and genotypic variation among F2 progeny will help to
localize chromosomal regions involved in this trait (QTLs) (Mackay et al., 2009) (Figure 7).
When a QTL is detected, the identification of genes affecting the phenotype variation needs
more detailed analysis of the chromosomal region ex: by fine mapping. QTL analyses can

also help to highlight genes with minor effect.
5 Case study: adaptation to metals

Among the toxic substances released into the environment by human activities, metals are
present in high quantity in the environment and thus require special attention because the
short or long exposure to metallic pollution is known to cause harmful effects on living
systems (terrestrial and aquatic ecosystem). These effects are difficult to quantify as they
occur with varying levels of vulnerability. Both fauna and flora are affected by the presence
of metals in their environment. Metals accumulate in living organisms and disrupt biological

mechanisms.

5.1 Metals in the environment

Metals like cadmium (Cd), zinc (Zn), lead (Pb), arsenic (As), nickel (Ni) and copper (Cu) are
inorganic substances, non-degradable by microorganisms. The term “heavy metals” has been
used in the past especially for non-essential metals such as Pb and Cd, which are
characterized by a high density greater than 5 g/cm?®. Therefore, actually, the term “metallic
trace elements” (MTE) seems more appropriate. The most toxic are cadmium, arsenic, lead
and mercury. MTEs exist naturally in all ecosystems and in all living organisms in varying
concentrations following environments and organisms.

In the earth crust, heavy metals are present in the form of minerals, from which they can be
mobilized by natural events such as erosion or volcanic eruptions, but also by human
activities. The latter is due to physical releases related to metals and mining activities and to
the releases of everyday life products such as batteries. Air emissions are also a major source
of metallic pollution. While most organic molecules may be degraded, heavy metals can not

and their concentration increases steadily in the soil and water.
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Metals can be divided into two categories: macro elements or essential are necessary for a
normal performance of organisms like calcium (Ca), magnesium (Mg) and potassium (K),
and micro elements including iron (Fe), copper (Cu), zinc (Zn), nickel (Ni)...are essential for
cellular functions but in very small quantity. Some of these metals are involved in molecular
processes such as the control of gene expression, protein biosynthesis, growth substances and
chlorophyll. Some others metals are toxic for organisms (like Pb, Hg, Cd, ...). All metals
may, from a threshold concentration, induce toxicity in organisms.

Metals have been and are still extensively used in the global economy. Thus, ore extraction
and the use of raw materials such as fossil fuels are common sources of contamination.
Nowadays, human activities have led to increase metallic contamination. Main polluting
sources are:

e Agriculture through the massive use of fertilizers, pesticides, land application of
sewage sludge.

e Industry mainly because of dust and smoke emissions, discharges of gas and of liquid
effluents.

e Urbanization and its discharges of domestic waste, heavy traffic and massive use of
fossil energy.

Two classes of metallic pollution can be distinguished according to origin:

e Ancient pollution: due to natural sources of these component such as geological
events, rocks erosion, volcanoes and the biological decomposition that explain the
presence of metals in some regions named metalliferous sites, where organisms have
been exposed to high concentrations of metals for many years.

e Recent pollution: owing to anthropic activities that usually release a great amount of
MTEs in aquatic and/or terrestrial ecosystems.

The presence of MTEs in aquatic or terrestrial ecosystems also generates dangerous
consequences for the majority of plants and animals directly exposed to metals. However,
some species develop effective means of protection against metals.

The sites that are highly polluted by MTEs (mainly Zn, Pb, Cd) resulting from anthropic
activities are called calamine sites. Generally, calamine sites are characterized by drought
because of the loss of vegetation (Macnair, 1987), the deficiency of some nutriments
(Macnair, 1987; Becker & Dierschke, 2008), and spatial heterogeneity. These characteristics

make the presence of metals in the environment as an important engine of natural selection
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by reducing the contribution of susceptible genotypes to the next generation that either die or
not reproduce. Thereby, natural selection of metals maximize fitness, thus its action results in
increased tolerance of resident individuals to their environment (Posthuma & Van Straalen,
1993). Thus, the presence of metals is a special case, which can cause a divergence between
populations in the so-called reference sites that is not affected by contamination, and
populations in contaminated sites.

5.2 Adaptation to metals

Plant species able to reproduce and to grow on highly polluted sites named metallophyte
species, are divided into two groups (Antonovics et al., 1971):
e Absolute metallophyte: exist only in contaminated sites such as Viola lutea subsp.
calaminaria (Violaceae)
e Pseudo-metallophyte: grow in both polluted (metallicolous M) and non-polluted (non-
metallicolous NM) sites such as Noccaea caerulescens and Arabidopsis halleri
(Brassicaceae). These species were considered as model species for local adaptation

studies during past years.

5.2.1 Metal tolerance and hyperaccumulation in plants

Metal tolerance is defined as the ability of a species to grow and reproduce on soil polluted
by heavy metals, on which most species could not survive because of soil toxicity (for
example; negative effects on cellular processes such as inhibiting certain enzyme, reducing
cellular water, inducing oxidative stress, decreasing the absorption of essential nutrients,...)
(Antonovics et al., 1971). From a physiological point of view, heavy metal tolerance is the
set of homeostatic mechanisms that maintains cellular concentrations of MTEs in non-toxic
conditions to minimize deleterious effects (Clemens et al., 2002). Thus, only species that
have developed MTEs tolerance mechanisms can survive on metalliferous sites such as
metallophyte and pseudometallophyte species. We can distinguish between two mechanisms
of heavy metal tolerance depending on the ratio of metal concentration in the aerial parts and
roots (Kramer, 2010):
e The exclusion (shoot : root < 1): is a strategy in plants that refers to the case where the
metal does not reach the aerial part of plant; also corresponds to an avoidance strategy
(Baker, 1981; Baker & Walker, 1989). Plants using this strategy such as Mimulus

guttatus (Scrophulariaceae, tolerant to Cu; (Macnair, 1981) and Rumex acetosa
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(Polygonaceae, tolerant to Al; (Tolra et al., 2005) have physiological mechanisms for
the storage of metals in root cells which prevent the transport of metal to aerial parts.

e The accumulation (shoot : root > 1): consists of MTEs storage in vacuoles of the
aerial parts of the plants. This strategy requires the implementation of mechanisms of
absorption, translocation and sequestration of metals. Some of these species
accumulating MTEs have very high concentrations of MTEs in the aerial parts: these
are called hyperaccumulating species of metals. Arabidopsis halleri (Zn and Cd; (Bert
et al., 2000; Kostecka, 2009) and Noccaea caerulescens (Zn, Cd and Ni; (Baker et al.,
1994), for example, are two species of Brassicaceae hyperaccumulators (Figure 8).

MTEs tolerance can be detected by measuring several morphological and physiological
characters affected by the selection pressure of MTEs (Tardieu & Tuberosa, 2010). The first
studies focused on root growth because the root system is the first organ in direct contact
with the soil contaminated by MTEs. Three methods were proposed to measure root growth:

1) Firstly: comparing the length of roots of the same individuals (clones) developed in
two different concentrations of metal. The ratio of root growth values obtained in the
two concentrations is called "tolerance index" (IT). This method is used in this thesis.

2) Secondly: measuring the ability to produce new roots and the root growth (qualitative
measure) in order to overcome potential biases owing to intrinsic variations of growth
of the roots of the tested populations (Macnair, 1983).

3) Thirdly: determining the smallest metal concentration that inhibits root growth, called
the EC100 to "effective concentration 100%" (Schat & Bookum, 1992). The plants
are exposed to increasing concentrations of metals (sequential test). This method is
based on a measure of presence or absence of new roots in a given concentration.

Other morphological and physiological measures (leaf width, dry biomass, photosynthetic
yield) are possible to estimate the MTESs tolerance. Such measures constitute signs of toxicity
in the aerial parts induced by high concentrations of metal. Recently, Meyer et al (2010)
applied a new protocol based on (Wilkins, 1978) to study the tolerance of Arabidopsis halleri
populations. In this test, plants are grown in hydroponic (controlled conditions) solutions of
two fixed and different zinc concentrations for 4 weeks and the morphological and
physiological measurements are performed twice after two weeks. The values obtained for
the measured traits are generally higher for metallicolous populations. Photosynthetic yield

seems to be the most informative trait related to aerial part toxicity (Assuncao et al., 2003).
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Mechanisms of heavy metal tolerance and accumulation

Figure 8 : Mechanisms of heavy metal tolerance and accumulation

Heavy metal hyperaccumulation refers to the ability of a plant to accumulate some metal in
the aerial parts. This characteristic could be used in the phytoremediation (cleaning the soil
from metal by cultivation hyperaccumulator species that extract and store MTESs) (Hassan &
Aarts, 2011) and biofortification (ability to accumulate nutrition minerals by increasing their
quantity in plant tissues to avoid some nutritional deficiencies) (Waters & Sankaran, 2011).
Hyperaccumulation mechanism imply three main steps (Verbruggen et al., 2009; Kramer,
2010; Maestri et al., 2010): i) metal absorption by roots which involve many systems, for
example: Zn uptake by roots result from an overexpression of ZIP family (zinc-regulated
transporter, iron-regulated transporter protein), ii) metal translocation from roots to aerial
parts. P ATPase pump controlled by HMA4 gene (Heavy Metal ATP-ase 4) seems to play an
essential role in the transport of Zinc and Cadmium (Willems et al., 2007; Courbot et al.,
2007; Hanikenne et al., 2008), iii) metal storage MTP (Metal Transporter Protein) allow the
transport of metals from the cytoplasm into the organelles and apoplasm, Ca?* appear to have
a role in transporting metal to the vacuoles (Figure 9).

We can measure hyperaccumulation by estimating MTEs concentration in the aerial parts of

plants in situ or cultivated in controlled conditions (Bert et al., 2000, 2003). A plant is
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considered as hyperaccumulator under natural conditions when the concentrations in aerial
parts are more than 10 pg.g-1 for mercury, 100 ug.g-1for cadmium, 1000 pg.g-1for lead,
cobalt, copper, arsenic, selenium, nickel and 3000 ug.g-1for manganese and zinc (Brooks et
al., 1977; Kramer, 2010). Moreover, we can consider a plant as hyperaccumulator in two
cases:
- When the concentration of metal in shoots is higher than the metal concentration of
roots (the ratio > 1) (Salt & Kraemer, 2000).
- When the concentration of metal in the shoots is higher than the total metal
concentration in soil (the ratio > 1) (Baker et al., 1994).
However, when an individual grows on a soil with low MTESs concentration and it contain a
high concentration of MTEs in the shoots is considered as hyperaccumulator depending on
Baker (1994), but not necessarily according to Salt & Kraemer, (2000). All depends on metal
bioavailability (available to be absorbed by plants).
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Figure 9 : The main genes involved in the hyper-accumulation of Zn (Verbruggen et al., 2009).
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5.2.2 Metals tolerance and accumulation in soil macro-invertebrate (Earthworms,

annélides oligochétes)

Phenomenon of local adaptation to metals have been mainly studied using plant species but
local adaptation can also be considered for animals, especially macro-invertebrate species
living in close contact with soil which are able to reproduce and develop in strongly
contaminated sites. The annelids oligochaetes of the lumbricidae family are potentially good
models to study the tolerance and accumulation of metals. Indeed, the presence and the
ability of Lumbricidae to survive and reproduce in heavily contaminated soil raise the
question about the mechanisms of tolerance that are implemented in these animals. For
example: the earthworms Lumbricus rubellus collected from metal contaminated area show
higher tolerance to Zn than earthworms originated from uncontaminated sites (Spurgeon &
Hopkin, 1999).

Tolerance mechanisms in earthworms is related, for example, to the family of cysteine-rich
proteins, metallothionein (MTs), which are involved in the detoxification process 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 metals ions. Several works aimed to study the
change in the expression of the genes that encode these proteins following exposure to
metals. Generally, gene expression of a MT2 coding gene increases after metal exposure in
earthworms such as L. rubellus (Morgan et al., 2004) and Eisenia fetida (Brulle et al., 2006).

Furthermore, earthworms are known for their ability to accumulate metals especially in
digestive and dermal tissues higher than do other animal species do (Beyer et al., 1982).
However, metals have varying effects depending on the species, stage of development,
lifestyle (place of life and diet) and their ability to adapt to pollution. These effects also vary
according to the nature of the metal, its chemical form and soil properties.

In order to assess the impact of contaminant exposure such as metals or pesticides on the
biological system of earthworms, various biological parameters can be measured in
earthworms. The word ‘biomarker’ refers to the relationship between contaminants and a
biological response of organisms directly exposed. Biological responses can be observed at
molecular, biochemical, cellular, physiological or behavioural level. Earthworms from
Lumbricidae family are considered as good models for biomonitoring (Rémbke et al., 2005;
Sanchez-Hernandez, 2006). Therefore, they have been often used to examine the impact of

anthropogenic pollutants, especially in soil contamination context. Experimental studies on
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limited number of oligochaetes annelids species (Eisenia fetida, Eisenia andrei, Lumbricus
rubellus mainly) showed that exposure to high metal concentrations can influence
earthworms. For example: it can affect their growth, sexual development, cocoons production
and hatching rate (Spurgeon & Hopkin, 1996; Nahmani & Lavelle, 2002). Moreover,
earthworms’ physiology and immunity may be affected by contaminant exposure (see
Spurgeon et al., 2004). Changes in enzyme activities or gene expression levels have also been
reported (Brulle et al., 2008, 2010).

6 Thesis objectives and studied models

6.1 Population genetics of Lumbricus terrestris
6.1.1 Biology of Lumbricus terrestris

Earthworms can be divided into three ecological groups depending on their locality in the soil
and their feeding behaviour: (1) epigeics: that live in the litter above the soil surface,
pigmented earthworms, feed on organic matter in soil surface, (2) anecics, that live in
temporary vertical deep burrows and come to the surface to feed, pigmented earthworms, and
(3) endogeics, that rarely come to the soil surface, make horizontal non-permanent burrows
and feed on the organic matter already in the soil, this type of earthworm is un-pigmented or
lightly pigmented (Rombke et al., 2005). Belonging to Lumbricidae family, the species
Lumbricus terrestris is typically an anecic earthworm. It is one of the largest species among
Northern Europe earthworms. It is also one of the easiest to identify based on external
characteristics (Bouché, 1972) when exhibiting a clitellum (breeding form), such as the
prostomium shape, the shape and the location of the clitellum (saddle-shaped on segments
32-37), the location of the tuberculata pubertatis (segments 33-36) and the pigmented body
which is darkest at the anterior part on the dorsal side. In contrast to non-permanent burrows
drilled by endogeic earthworms, burrows drilled by L. terrestris are semi-permanent and play
an important role in the transfer of water, air and nutrients through the soil. Sequencing data
of the cytochrome oxidase | (COI) mitochondrial gene revealed the existence of two cryptic
species (James et al., 2010). Both species are supposed to live in sympatry, except in the
north-west of France, where the exclusive presence of one species could be explained by
ecological differentiation. L. terrestris is diploid n= 36, outcrossing and hermaphrodite. Their
reproduction is bi-parentally by a mutual exchange of sperm between two individuals during

mating. Mating behaviours of L. terrestris are complex including visits of prospect partner
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before copulation and piercing the partner’s skin by the setae of some segments, which may
affect the uptake of sperm (Nuutinen & Butt, 1997; Koene et al., 2005).

L. terrestris is an attractive sentinel species, which is often used (possibly in combination
with other earthworms species) to assess environmental impact of soil contamination, land-
use change and fragmentation of habitats. It is considered as a good candidate for
biomonitoring and widely used in many studies as bio-indicator (Rombke et al., 2005;
Sanchez-Hernandez, 2006). Despite the importance of this species, population genetics of L.
terrestris is poorly studied. In this study, we aimed to compare the structure of genetic
diversity between populations collected from anthropogenic sites using microsatellite

markers.

Figure 10 : L. terrestris (‘Lumbricus terrestris Linnaeus, 1758 -- Discover Life’; Heidi & Hans-
Juergen Koch)

6.1.2 Geographical distribution of L. terrestris

Earthworms distribution in Europe has been modified two times in the past. The first changes
refer to earthworms extinction caused by the last glaciation in Europe and the recolonization
of Northern Europe. The second is due to human activities that led to the transplantation of
earthworms from Europe to the other continents. For example, L. terrestris invaded North
America from introduced European populations. The successful colonization of L. terrestris
to a new habitat indicates that this species has specific characteristics that make it a
successful invader species. Current distribution of this species suggests a passive dispersal of
L. terrestris and proves that humans have facilitated their distribution through transporting
earthworms and/or their cocoons (Enckell et al., 1986; Tiunov et al., 2006). Besides human
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activities, there are many factors affecting the distribution of L. terrestris such as climate
conditions, life history traits and the suitability of habitat.
The present work is based on collected earthworms of L. terrestris from different disrupted

locations in the Nord-Pas de Calais Region.

6.1.3 Approach

The most commonly used markers to study the polymorphism of DNA are microsatellite
markers. They are generally dispersed throughout the genome, tandem repeats segments of
DNA composed of very short motif of 1 to 6 nucleotides (for example (CA)n). Microsatellite
markers are ideal for examining the phylogeographic and the genetic variation in populations
and species because they are highly polymorphic, neutral to avoid the influence of selection
pressure, co-dominant (homozygote and heterozygote genotypes) (Varshney et al., 2005;
Gao et al., 2013) for many reasons:

e Generally, the maintenance of genetic variability intra-specific is very important for
species conservation. Probably, there is a correlation between genetic diversity and
population variability. This correlation is complicated to apprehend but we assume
that the evolutionary potential of a species or a population is related to its genetic
diversity. Polymorphic microsatellite markers are considered as a good estimator of
genetic variability within a species.

e Several events of the demographical history of populations (for example: bottleneck,

founder effect, gene flux) could be detected using microsatellite markers.

Microsatellite markers are specific and therefore they require a development for each studied
species. Moreover, the number of microsatellite markers should be as large as possible in
order to provide information representative of the total genetic variability of the studied
species. At the beginning of this thesis, the development of new microsatellite markers was
necessary given their slight availability for our studied species L. terrestris. Finally, we
succeeded in the identification of eight polymorphic microsatellite markers for L. terrestris
(Souleman et al., 2016).

Microsatellite markers developed in the first part of this thesis have been used to study the
structure of genetic diversity of L. terrestris. The region of study is Nord-Pas de Calais, an
industrial and agricultural region in Northern France that is highly affected by anthropogenic

activities. After more than a century of heavy metallurgic activities, the soil of several areas
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is highly polluted by ETMs especially Zinc, Lead and Cadmium. In addition to metallic
pollution, this region is highly fragmented and urbanized. We assumed that habitats
fragmentation and metallic pollution could affect the structure of genetic diversity of the
organisms that live in close contact with the soil. Since L. terrestris is an important
component of terrestrial ecosystem, we aimed in this study to compare genetic diversity
between disturbed habitats of L. terrestris earthworms collected from different sites in

Northern France, Nord-Pas de Calais region, and to investigate their spatial structuration.

6.2 Genetic architecture of Zn tolerance and Zn accumulation in Arabidopsis halleri
6.2.1 Biology and geographical distribution of A. halleri

Arabidopsis halleri belongs to Brassicaceae family, and is a diploid (2n = 16), perennial and
clonal and self-incompatible species (Van Rossum et al., 2004). Leaf morphology, flower
color and the level of stolons development are highly variable between three sub species (A.
halleri ovirensis, A. halleri halleri, A. halleri gemmifera) (Al-Shehbaz & O’Kane, 2002). A.
halleri became an important species in evolutionary biology because it shares 94% of coding
genomic regions with Arabidopsis thaliana, a reference species in plant biology. Molecular
studies showed that the separation of A. thaliana from the other species of Arabidopsis was
about 5.8 million years ago (Koch et al., 2001; Becher et al., 2004). A. halleri is also a
relative with Arabidopsis lyrata, they were separated 330 000 years ago (Roux et al., 2011).
It is a wide distributed species, from central Europe to northern Russia (Austria, Croatia,
Czech Republic, Germany, Italy, Poland, Romania, Slovakia, Slovenia, Switzerland, and
Ukraine). Generally, A. halleri grows in humid environment and mid-elevated mountain
(between 600-2200 m) with acid and oligotrophic soils (Al-Shehbaz & O’Kane, 2002). A.
halleri is a pseudometallophte species; it exists on calamine soils (metallicolous populations)
and on non-polluted soils (non-metallicolous populations) (Bert et al., 2000). The known
metallicolous populations (M) locate in north of France, Silesia in Poland, Harz in Germany
and in Northern of Italy. The current study focus on A. halleri collected from two sites in
Northern Italy.
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Figure 11 : Arabidopsis halleri in the natural habitat and in greenhouse.

6.2.2 Approach

All previous works aimed to study the genetic architecture of metals tolerance and
hyperaccumulation using interspecific crossings between A. halleri and its relative A. lyrata
(non-tolerant species). In the present work genetic architecture of Zn tolerance and Zn
hyperaccumulaion was conducted for the first time on intraspecific F2 progeny of A. halleri.
Two intraspecific crossings between M (metallicolous) and NM (non-metallicolous) parents
were performed to generate two F1 generations, then one F2 generation was created by
crossing two individuals randomly chosen from the two F1 progenies (Figure 7).

To evaluate Zn tolerance, we applied the protocol of Meyer et al., (2010). F2 plants were
grown in nutrient solution under controlled conditions (temperature, humidity, and
luminosity) in two fixed concentrations of Zn (polluted and control). Morphological and
physiological measures (leaf width, root length, dry biomass, photosynthetic yield) were
performed 3 times during 8 weeks to estimate the variation in Zn tolerance among plants
(Figure 12) (details of protocol is explained in the chapter V).

However, to evaluate Zn hyperaccumulation, F2 plants were grown on the compost in the
greenhouse under controlled conditions. Two concentrations of Zn were used (control and
polluted). To estimate the variation of Zn hyperaccumulation among plants, we measured the
concentration of Zn in shoots and the dry biomass (Figure 13) (details of protocol is
explained in the chapter V). The broad-sense heritabilities (H?) of Zn tolerance and Zn

hyperaccumulation were calculated.
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Figure 13 : Culture on compost in the greenhouse to evaluate Zn hyperaccumulation

As microsatellite markers, SNPs (single nucleotide polymorphism) markers are highly
polymorphic and dispersed throughout the genome. For this reason, SNPs markers were
chosen for genetic map construction because they provide the opportunity to cover almost all
the genome and segregate in Mendelian way. DNA of the four parental and two F1 were
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extracted purified and sequenced. Reads with more than 80 nucleotides were kept, and then
paired reads were mapped against A. halleri assembly (not published yet). SNPs markers
were chosen depending on several criteria to permit the genotyping of F2 and thus for the
genetic map construction and the QTL mapping. Finally, 384 SNPs of high quality were
selected (All steps of SNPs markers identification were performed by Marie-Joe
Karam). By the mean of 384 SNPs markers, all F2 plants were genotyped. Data of SNPs
genotyping were used to construct the genetic map.

After the construction of the genetic map, QTL mapping approach was used for genotype-
phenotype association to localize the genomic regions involved in the variation of Zn
tolerance and Zn hyperaccumulation.

7 Thesis objectives:
The objectives of the first part of this thesis are:

- Literature reviewing of knowledge about the general effects of MTEs on earthworms,
highlighting the consequences of a long-term exposure to MTEs on their biology, and
discussing the validity of exposure biomarkers of MTE. The fact that these sentinel
species may have evolved when submitted to long-term exposure is also considered.

- ldentification and characterization of new polymorphic microsatellite markers in
Lumbricus terrestris earthworm.

- Description of the structure of genetic diversity in L. terrestris earthworm collected

from disrupted sites in Europe, in the Nord-Pas de Calais Region.

The objectives of the second part are:
- Study the genetic architecture of heavy metals tolerance working on F2 offspring of
Arabidopsis halleri.
- Studying the architecture of heavy metals hyperaccumulation on the same offspring of
A. halleri.

Figure 14 provides a comprehensive plan of the realized work in each chapter of this thesis in

both model species L. terrestris and A. halleri.
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Chapter |11

Using biomarkers in an evolutionary context: lessons from the
analysis of biological responses of oligochaete annelids to metal
exposure
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owadays, the main causes of environmental pollution come primarily from the

production and use of many sources of energy, then from industrial and

agricultural activities. The introduction of contaminants such as metals, pesticides
polycyclic aromatic hydrocarbons (PAHs) may affect the biota living in close contact with
the soil such as earthworms of Lumbricidae. Biological response can vary depending on the
intensity and the duration of exposure. This relalationship between biological response and
exposure lead to the development of biomarkers in earthworms to pollutant.
In this chapter, we focus on the definition and validity of molecular biomarkers of metal
pollution using earthworms of the Lumbricidae family. It appears that conditions that allow
local adaptation to occur are present in earthworms (namely, potential strong and durable
selective pressures and within-population genetically determined phenotypic variability). In
addition, some infra-individual evidence of adaptation do exists. Consequently, there is a
need for evolutionary studies investigating the level and distribution of genetic diversity in
natural populations of earthworms (chapter 3 and 4). Therefore, it seems necessary to
integrate the potential effects of local adaptation to Metallic Trace Elements (MTES) on

biological responses of organisms in the development of biomarkers (Pauwels et al., 2013).
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Abstract

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 organisation 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 naive 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.

Keywords: metal pollution, biomarker, earthworms, local adaptation, gene expression
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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 alters the distribution and / or cycles 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 ecosystems 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 contaminations and to
assess associated ecological risks, through the prediction of potential effects of contaminant
exposure in nature.

One approach to meet this social demand for biomonitoring methods is the development of
biomarkers. This approach considers that the best method to detect the biological impact of
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. transmitted to
living organisms) fraction of environmental chemicals and to integrate the putative
interactive effects of complex mixtures 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, biochemical, cellular,
physiological, behavioural). Importantly, the response is assumed to indicate a departure
from healthy status that cannot be detected from an intact organism (Weeks, 1995; Gestel &
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 (PAHSs), metals, ...) and biological
changes induced by the contaminated environment. In practice, the development of
biomarkers can be divided in two steps. It consists, first, in characterizing in laboratory
conditions the effects of contaminant exposure on the biology of an organism of interest and,
second, in using the characterized response to assess the level and duration of contaminant

exposure of organisms sampled in the field (Weeks, 1995).
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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 of the hazardous nature of a substance which is evaluated by toxicity studies
(acute or chronic, intrinsic or cocktails ...) and establishing thresholds beyond which a
substance has a toxic effect or below which it is harmless. These thresholds usually rely on
the physical and chemical properties of the contaminant, the characteristics 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 is supposed to reveal the biological
response to contaminant(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 molecular level. In particular, the
advent of transcriptomic tools (real time PCR, subtractive libraries, pyro-sequencing, DNA
chips) coupled to bioinfomatic 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 integration between environmental stressors and the genome
which, through the synthesis of proteins, pilots the response of the organisms to external
changes (Brulle et al., 2008, 2010).

Interestingly, model organisms used in ecotoxicological studies are often "naive", which
means that they belong to model species and / or test species that have never been previously
exposed to contaminant and do not descent from exposed individuals. In such cases, it seems
reasonable to assume that phenotypic responses observed in contaminated conditions in
contrast to control conditions may not be accounted for genetic differences among
individuals, but rather are environmentally induced responses (i.e. the source of phenotypic
variation is mainly environmental). Biomarkers must therefore be considered as indicators
for such environmentally induced responses, revealing the ability of phenotypes to instantly
adjust to environmental changes. This phenomenon is known as “phenotypic plasticity” in

evolutionary biology, mostly called ‘“acclimation” in ecotoxicology. Consequently,
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biomarkers must be also considered as early markers of exposure that do not reveal long-term
effects of the contaminant on the ecosystem.

1.2 Applied ecotoxicology

In contrast to fundamental approaches exposed above, the application of biomarkers for ERA
purposes relies on more technical issues. Two main differences can be highlighted between
the experimental accumulation of fundamental knowledge about biological responses to
contaminant exposure in laboratory conditions and the practical development of biomarkers.
e 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 biomarkers may be developed
on varying species corresponding to the ecosystem of interest. Considering the ERA of soil
pollution in terrestrial ecosystems, it is well admitted that, because they represent important
ecological functions of terrestrial ecosystems, species from the soil macrofauna should be
considered as potential indicator of soil quality (Stork & Eggleton, 1992; van Straalen, 1998;
Marhan & Scheu, 2005). A literature survey allows to distinguish a few species belonging to
three taxa living in close contact with the soil: nematodes (Caenorhabditis elegans),
Collembola and oligochaete annelids (Brulle et al., 2010). In particular, in accordance with
their status of soil ecosystem engineers (Darwin, 1883, cited in (Lavelle & Spain, 2001)),
earthworms from the Lumbricidae family are good candidates for biomonitoring (Rémbke et
al., 2005; Sanchez-Hernandez, 2006). Indeed, earthworms play an important role in water,
nutrients and carbon cycles in terrestrial ecosystems and increase soil fertility and earthworm
populations can provide information on soil structure, microclimatic conditions, nutritional
status and presence of toxic elements in soils (Christensen, 1988; Edwards & Bohlen, 1996;
Edwards et al., 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 & Bohlen, 1996; Edwards et al., 1998; Piearce et al., 2002,
Spurgeon et al., 2004; Seeber et al., 2005; Kautenburger, 2006).

e Secondly, using biomarkers in the field generally assumes that the relationship between the
contamination of environments and induced biological changes is mutual. This means that the
level of contaminant exposure in the environment could be deduced from phenotypic values

of field-sampled organisms. This assumption, however, may be controversial, in particular if
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characterized individuals have been sampled in natural populations exposed to contaminant
over several generations. In the same way, the previous assumption that the main source of
phenotypic variation is environmental may be controversial. Indeed, from an evolutionary
point of view, phenotypic differences among individuals sampled in natural populations may
be genetically determined (i.e. heritable), in particular if these populations originate from
contrasted environments, and if environmental heterogeneity lasted for a relatively long
period of time. In such a case, darwinian selection may have promoted the evolution of local
adaptation (Kawecki & Ebert, 2004), resulting in genetically differentiated phenotypes
potentially outmatching differences induced by the environment.

In this context, the aims of the present work are (1) to report a literature review of knowledge
about the general effects of MTESs 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 biomarkers of MTE exposure considering that

sentinel species may have evolved under such exposure.

2 Biological response of earthworms to MTESs exposure in controlled

conditions

Among contaminants, MTEs, are of major environmental and human health concerns.
Indeed, metals are released in large quantities by human activities (agricultural use of
fertilizers, residues 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 reduced both species diversity and species richness
(Kozlov & Zvereva, 2011). For example, high levels of MTEs affect soil microbial species
causing a decrease in population size 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 & 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
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mineralization that leads to high organic matter content observed in some heavily polluted
sites (Cotrufo et al., 1995). At individual and infra individual 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 contents 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., 2004)). For example,
disturbances of life history traits, enzyme activities or gene expression levels are observed. In
particular, the link between changes of mMRNA 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 dose-response 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
(Fe2+, Zn2+, Ca2+) 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 physiological 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 tolerance to metals depends, at least
partially, on the induction of genes encoding metal binding proteins. Among these molecules,
metallothioneins (MTs) are cysteine-rich proteins of low molecular weight (6000-8000 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 regulation and detoxification of metals (Klaassen
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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
(Sturzenbaum et al., 2004), but also in the nematode C. elegans (Liao & Freedman, 1998)
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. Naive
specimens are exposed under control laboratory conditions, typically in microcosms (Friind
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 may not be sufficient for two mains 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
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have been exposed to contaminant over a long period of time, allowing an adaptive evolution
of stress response.
e 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 usually limits to
species that are easy to maintain and breed in laboratory conditions and for which molecular
tools are available. On the contrary, criteria for selection of sentinel species can be quite
different (O’Brien 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 annelids, model species are mostly from the Eisenia genus. E. fetida and E.
Andrei, in particular, have been used in a majority of toxicological 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., 2007). In contrast, candidate species for terrestrial ecosystem assessment in Central
Europe belong to several genus: Eisenia, but also Lumbricus, Dendrodrilus, Dendrobaena,

Aporrectodea, Allolobophora, Proctodrilus, Octolasion (Rombke et al., 2005).
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Experimental studies involving a direct or
indirect comparison of the biological response of
Eisenia species to other earthworm species

(mostly from the Lumbricus genus) remains

- Aporrectodea caliginosa

- Allolobophora chlorotica
- Aporrectodea rosea

- Aporrectodea nocturna
- Lumbricus terrestris

nutrients through the soil. - Nicodrilus longus

- Are responsible for the

- Dendrobaena illyrica
- Eisenia andrei
- Lumbricus castaneus

- Dendrobaena attemsi
- Eisenia fetida

- Lumbricus rubellus
- Octolasion cyaneum

- Proctodrilus oculata

Example

scarce but they suggest that putative
physiological differences among species may
only have a limited impact on their response to
MTE exposure (Calisi et al.,, 2009, 2011).
However, recent considerations suggest that the

soil surface, little or no
transfer of water, air and
distribution of organic
matter in the soil.

soil ingested.

- Decomposing litter on the - Dendrobaena octaedra
incorporation and

- Their burrows affect the

Ecological role

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,

Rapid movement in response
Rapid withdrawal into burrow
but more sluggish than epigeics.

to disturbance,

Mobility

that live in the litter above the soil surface,
anecics, that live in temporary vertical deep
burrows and come to the surface to feed, and
endogeics, that rarely come to the soil surface,

make horizontal nonpermanent burrows and feed

that are vertical and deep.

soil surface or in the upper
reaches of the mineral soil.

- Make horizontal non-permanent Generally sluggish.
burrows in the soil.

- Live in the litter above the

- Make individual burrows

Burrows

on the organic matter already in the soil
(Rombke et al., 2005). Because the horizontal
distribution of MTEs in soil layers may be

Small-medium - Do not dig.

Adult size
Large
Medium

heterogeneous, varying feeding behaviour
among soil dwelling earthworms occurring on a
same polluted site may determine species-

specific patterns of metal exposure and

the surface and in the soil.

Unpigmented or lightly - Feed on the organic matter
do others.

in the soil.
- Consume more soil than

accumulation in tissues (Suthar et al., 2008).

- Feed on the organic matter on

Feed on organic matter

Feeding behavior
in soil surface,

Accordingly, it can be shown that, at the
community level, MTE pollution affects

differently sympatric populations of endogeic

Medium-heavy, usually - Come to the surface to feed,

ventrally and dorsally.
only dorsally.

Pigmentation
Heavy, usually both
pigmented.

and epigeic species (Nahmani et al., 2003). At
the infra individual level, uptake and

Ecological
classification
Epigeics
Anecic
Endogeic

bioaccumulation of MTES may vary among

Ecological characteristics of relevant Central European earthworm species.

Table 1
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earthworm ecological categories, with a general (but not systematic) tendency toward higher
metal contents in tissues of epigeic and endogeic species than anecic species (Suthar et al.,
2008; Ernst 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 within species level. For example, in
Allolobophora chlorotica, two morphs have been described, depending on the presence of the
biliverdin pigment (Satchell, 1967). In situ observations 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 & Butt, 2007). Similarly, in Lumbricus terrestris, sequencing data of the
cytochrome oxidase | (COI) mitochondrial gene revealed the existence of two cryptic species
(James et al., 2010). Both species 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.
e 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. Indeed, experimental protocols of
toxicological studies usually extend over short periods of time, typically inferior to
individual’s lifetime. At this ontogenic timescale, mechanisms involved in stress response
can only consist in physiological adjustments, a phenomenon known as acclimation or
phenotypic plasticity (Morgan et al., 2007). Thus, the overexpression of gene coding for
proteins involved in detoxification processes illustrated above can be interpreted as an
environmentally induced regulation of gene expression allowing single individuals 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 contaminants
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
differentiation between exposed (or metallicolous) and non-exposed (or non-metallicolous)

populations through a process called local adaptation (Kawecki & Ebert, 2004). This might
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bias estimations of the level of soil pollution from the phenotype of field-sampled organisms
(Medina et al., 2007; Clements & 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) provoke changes in allelic or genotype
frequencies in metallicolous natural populations comparing to geographically close ones.
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 expectable. A few
studies carried on species from the soil macrofauna suggest it indeed occurs (Table 2). One of
the best document 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 exist yet. 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.
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Table 2: Referenced studies that previously suggested local adaptation in earthworm populations.

Species Pollutant Main results References
examined
Dendrobaena octaedra cd Although Cd exposure generally affects life history and reproductive traits, the survival of F1 Rozen, 2006
offspring of worms is significantly higher when the parents originate from polluted soil.
Dendrodrilus rubidus Cu ‘When exposed to soils treated with Cu, mortality of earthworm sampled from a Cu-polluted soil is Arnold et al., 2008

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

Aporrectodea caliginosa Hg, Cd The study mainly focuses on interspecific comparisons from field-collected earthworms. However, Ernst et al., 2008
Aporrectodea longa and Pb results clearly suggest that intraspecific variation exists in both metal tissue concentrations and

Aporrectodea rosea concentration factor. Investigating the genetic component of phenotypic variation would allow

Dendrodrilus rubidus discussing the occurrence of genetic resources for metal tolerance evolution.

Lumbricus rubellus

Lumbricus terrestris

Octolasion cyaneum

Octolasion tyrtaeum

Lumbricus rubellus As F1, F2, F3 offspring of worms collected in As-contaminated soils show better health after As Langdon et al., 2009
exposure than offspring of worms from uncontaminated soils, suggesting the evolution of
genetically based resistance to As-toxicity.

Dendrobaena octaedra Cu Fl-generation worms obtained in laboratory conditions are used to show higher growth rate of Fisker et al., 2011
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.

Eisenia fetida Pb, Cd The total accumulated body burden of metals for worms homogeneously exposed to a contaminated Spurgeon et al., 2011
field soil is highly variable among individuals. This suggests that genetic variation may occur in the
molecular pathways of metal homeostasis.

Lumbricus rubellus As Although not specifically addressed, genetic variation in response to As exposure is evidenced at Anderson et al, 2013
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.

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
metallicolous natural populations. For example, using a specifically designed test system,
Spurgeon et al. revealed a exposure-dependent effects copper and cadmium toxicity on
survival, growth, development time of juveniles obtained from cocoons collected in natural
populations of L. rubellus (Spurgeon et al., 2004). 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. 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 carbon content, texture, pH) were shown to influence the level
of soil toxicity (Nahmani et al., 2007).

The occurrence of genetic variation of metal-related genes is highly suggested by the varying
concentrations of metals in tissues of conspecific earthworms either exposed to a same level
of metal exposure in laboratory conditions e.g. (Smith et al., 2010) or collected at a same site

(Ernst et al., 2008; Uba et al., 2009). However, in natural populations, varying concentrations

58

© 2017 Tous droits réservés. lilliad.univ-lille.fr



These de Dima Souleman, Lille 1, 2017

[Chapter 2] Using biomarkers in an evolutionary context

of metals in tissues may also be due to the heterogeneity of metal exposure among sympatric
earthworms and “common garden” designs are necessary to evidence that it can be
genetically determined. In E. fetida, Spurgeon et al. specifically addressed the question of
factors that could account for among individual variation for the total accumulated body
burdens of Pb and Cd (Spurgeon et al., 2011). By analyzing variation in individual tissue
burdens of earthworms homogeneously exposed to metals, they concluded that observed
differences might have a substantive biological component, suggesting that genetic variation
exists for molecular mechanisms involved in uptake and/or elimination/biotransformation
pathways. Interestingly, despite that, the genetic origin of phenotypic differences among
metallicolous and non-metallicolous earthworms collected in the field can still be
controversial. For example, Rozen 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 (Rozen, 2006).
However, the same experiment on the offspring (F1 generation) of collected earthworms
revealed no difference, suggesting that observed differences in cadmium accumulation ability
among parental populations might not be heritable, and thus might reveal acclimatory
adjustments rather than adaptive differences.

It is worth to note 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
metalliferous sites than others. A common garden approach comparing the sensitivity to MTE
exposure of populations from both polluted and unpolluted sites would be appropriate to
reveal a higher resistance of metalliferous population, i.e. a better fitness of those populations
compared to population from uncontaminated 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 a an abandoned copper (Cu) mine and a Cu-free control
site in several treatments varying for total Cu soil concentrations (Arnold et al., 2008). 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, Langond et al. demonstrated that earthworms collected at an
abandoned copper and arsenic (As) mine acquired genetically inherited resistance to As-
toxicity (Langdon et al., 2009) than control earthworms. Following offsprings of field-
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sampled earthworms exposed to 2000 mg As kg dry weight of soil over several generations,
they showed that the former had lower mortality and higher cocoon viability than control
earthworms. In Dendrobaena octaedra, Fisker et al. tested for the occurrence of adaptive
differentiation for the level of copper among populations comparing three populations
originating from copper contaminated sites to three ones originating from non-contaminated
site (Fisker et al., 2011). For each population, F1-generations were produced, to ensure that
among population differences were heritable, and placed in uncontaminated control or
copper-spiked soil. It appeared clearly 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 populations occurring of metalliferous
sites may imply that the biological response of field-collected earthworm could differ from
the response of naive 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 gene involved in detoxification mechanisms observed in laboratory
experiments (see above) cannot be confirmed in wild individuals from natural populations.
Indeed, it seems that the local adaption of population exposed to stressful conditions involves
the evolution of constitutive overexpression of gene associated to 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 overexpression of some target
genes in adapted individuals of the springtail O.cincta comparing to sensitive ones has been
demonstrated (Roelofs et al., 2008). In this species, increase of resistance in natural
populations has been shown to be associated with an elevated level of both constitutive and
cadmium induced metallothionein expression (Sterenborg & Roelofs, 2003), whereas
individuals from sensitive populations show a typical stress-induced gene expression. It has
been suggested that the evolution of overexpression could be related to modifications of the
genetic composition of adapted population through the increase in frequency of certain alleles

for the promoter region of the MT gene. Interestingly, those alleles could be either shared
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with other populations of 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
metallothionein expression observed in oligochaete annelids collected in a Cd-polluted site a

long time ago (> 100 years) was significantly increased (Péres et al., 2011).

5 Conclusion: Integrating adaptation into the biomarker concept

Biomarkers have been mostly developed on 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, theoretically, this could lead to misinterpretation owing
to adaptive mechanisms potentially occurring in natural populations that are exposed to
contaminants since many generations. When especially regarding earthworms, it appears that
conditions for local adaptation to occur are present (namely, potential strong and durable
selective pressures and within-population phenotypic variability). In addition, some infra-
individual evidence of adaptation obviously exists. Accordingly, the assumption of the
evolution of constitutive overexpression of detoxification genes cannot be ruled out.
Therefore, it seems reasonable to integrate the potential effects of local adaptation to MTEs
on biological responses of organisms in the development of biomarkers. Practically,
regarding the use of transcription levels of stress-response genes - such as MT - as
biomarkers, we suggest that two additional experiments should be systematically developed
to properly interpret expression levels. First, it seems necessary to analyze expression levels
on offspring of field-samples individuals to ensure that overexpression is not constitutive.
Second, the use of molecular genotyping markers may be useful to test the possibility of
genetic changes caused by contamination exposure in natural populations. In particular, one
should ensure that sampled individuals do not carry specific variant associated with
constitutive overexpression. In our opinion, this second point is critical since the availability

of molecular markers remains low in earthworms (Dupont, 2009).
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Chapter 111

Isolation and characterization of eight polymorphic microsatellite
markers for the earthworm Lumbricus terrestris
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icrosatellite are nuclear DNA markers, co-dominant, polymorphic (mutation

rate approaching 102 per locus per generation), neutral (aren’t subject to

selection, located in non-coding regions generally able to evolve rapidly) and
giving reliable results (Sunnucks, 2000). They are considered by many authors as the most
powerful nuclear markers available for population genetics (structure, genetic diversity and
population history) and gene flow analysis (Zhang & Hewitt, 2003), but can also be used to
determine the relationship, explore a phylogeny or phylogeography. Microsatellites therefore
allow both to perform phylogeographic study (i.e. spatial study) and a space-time study by
understanding gene flow. Therefore, our first choice in terms of markers is naturally oriented
to microsatellite markers. Microsatellite markers are specific, and therefore they require
development for each studied species. Given their unavailability for the species Lumbricus
terrestris, the development of microsatellite markers in this species of earthworm was

extremely essentials for proceeding population genetic studies for this species.
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Abstract

The earthworm Lumbricus terrestris, which is an ecologically important sentinel species for
soils widely distributed throughout Northern Europe, has never been involved in deep
population genetic studies. In order to promote future studies, we report here the isolation and
characterization of 8 new polymorphic microsatellite loci isolated from sequencing of a
microsatellite-enriched genomic library. Microsatellite markers were tested on 192 field-
collected individuals. Allelic richness per locus varied from 4.921 to 24.876, with a mean
value of 6.125 alleles per locus. The observed heterozygosity (Ho) ranged from 0.132 to
0.839, whereas the expected heterozygosity (HE) ranged from 0.407 to 0.926. Developed
markers should be helpful for accurate estimation of population structure, dispersal and gene
flow among populations.

Keywords: L. terrestris, Microsatellites, Genetic diversity, Heterozygosity.
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1 Introduction

In terrestrial ecology, one of the most studied zoological groups is the Annelida, Oligochaeta
group. These earthworms play key roles in most continental ecosystems, represent an
important part of the soil macrofauna, and are integral to the maintenance of the structure and
the fertility of soils. By drilling, earthworm can create both horizontal and vertical burrows,
which can be very deep in the soil. These burrows produce pores through oxygen and water
can enter and carbon dioxide can leave the soil. They increase soil fertility by mixing the soil
layers and are considered as ecosystem engineers by agronomists (Edwards et al., 1998;
Kautenburger, 2006). Earthworms from the Lumbricidae family are also good candidates for
biomonitoring (Rombke et al., 2005; Sanchez-Hernandez, 2006) because they are largely
distributed, easy to sample and may be used to assess the effect of soil contamination through
the measure of biomarkers (Pauwels et al., 2013; Pelosi et al., 2013). Usually, earthworms
are categorized into three ecological groups, i.e. epigeic, endogeic and anecic species. This
categorization is based on the locality inside the soil and on the burrowing attitude (Capowiez
et al., 2010). Among Lumbricidae, the species Lumbricus terrestris is typically an anecic that
lives in semi-permanent burrows and come to the surface to feed. It is one of the largest
species among Northern Europe earthworms. It is also one of the easiest to identify based on
external characteristics when exhibiting a clitellum (breeding form). As a result, L. terrestris
IS an attractive sentinel species which is often used (possibly in combination with other
earthworms species) to assess environmental impact of soil contamination, land-use change
and fragmentation of habitats (Capowiez et al., 2010; Lapied et al., 2010).

In comparison with ecological properties, the population genetic of the species has been
poorly investigated and we know almost nothing about the distribution of genetic diversity
within the species. This situation is noticeably illustrated by the recent discovery, through
sequencing of the Cytochrome Oxidase | gene (COIl) that, in Europe, L. terrestris likely
includes a cryptic species named L. herculeus (James et al., 2010). This situation may result
from a lack of appropriate molecular tools. In this context, the development of molecular
genotyping markers, such as microsatellites, would be very useful for accurate estimation of
population genetic structure, levels of within-population genetic diversity or among-
population gene flow. Microsatellites are neutral, codominant, highly polymorphic markers.
They have been shown as highly suitable markers for population genetics (Guichoux et al.,
2011). Some microsatellite markers have been previously developed for other earthworm
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species: eight markers in Lumbricus rubellus (Harper et al., 2006), sixteen markers in Eisenia
fetida (Somers et al., 2011), eight markers in Allolobophora chlorotica (Dupont et al., 2011)
and eleven markers in Aporrectodea longa (Strunk et al., 2012). Ten markers have also been
proposed for L. terrestris (Velavan et al., 2007). Surprisingly, however, developers used only
three of them in a subsequent study (Velavan et al., 2009). We ourselves failed in obtaining
satisfying results testing these markers on individuals we investigated (data not shown).

In this context, the aim of our study was thus to use a recently developed high-throughput
method for isolating microsatellite markers (Malausa et al., 2011) to increase the number of
microsatellite markers available for population genetic studies of L. terrestris. We also
performed multiplexing of selected markers to make high-throughput genotyping easier. We
tested the efficiency and level of polymorphism of proposed markers in a high number of

individuals collected from the Nord-Pas de Calais Region in France.

2 Materials and Methods
2.1 Sampling

Twelve European individuals of L. terrestris have been used for the development of a
microsatellite-enriched genomic library. They were collected in northern (Nord-Pas de Calais
Region) and southern France (Bordeaux and Avignon) and in southern Poland (Krakow).
Allyl isothiocyanate (AITC) was used to extract earthworms from their subterranean burrows
(Zaborski, 2003). Collecting individuals in different parts of the species distribution in
Europe was supposed to favour the selection of microsatellite loci whose mutational
dynamics does not depend on any reference genotype. This may help to develop markers
whose levels of polymorphisms are sufficient at various geographic scales.

Selection of microsatellites and validation of the selected microsatellites were performed on
192 individuals collected from 44 sampling sites Nord-Pas de Calais Region, France
(maximum distance among sites: 3 kilometres). Each sample site was made of 1m? quadrat.
AITC was used to extract earthworms. Worms have been identified with the taxonomic key
of Bouché, (1972) (‘Phylogenetic species delimitation of the earthworms Eisenia fetida
(Savigny, 1826) and Eisenia andrei Bouché, 1972 (Oligochaeta, Lumbricidae) based on
mitochondrial and nuclear DNA sequences’) using characteristics such as the prostomium
shape, the shape and the location of the clitellum (saddle-shaped on segments 32-37) and the

location of the tuberculata pubertatis (segments 33-36).
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2.2 DNA extraction

Earthworms were cleaned and stored in ethanol 96% until use. Total genomic DNA was
isolated using NucleoSpin® 96 Tissue (Macherey Nagel) kits that allow for the purification
of multiples of 96 samples. Small part of the end of each earthworm tail was used to extract

genomic DNA. Then, DNA extracts were 1:20 diluted before use.

2.3 COl barcoding and analysis

Given that two cryptic species were identified in the morphospecies L. terrestris (James et
al., 2010), the taxonomical identity of our samples was checked using COI sequencing. COI
was amplified using universal DNA primers LCO1490 and HCO2198 (Folmer et al., 1994).
However, in order to ensure that amplification failure was not due to primer-template
mismatches, an additional amplification was performed using redesigned amplification
primers (LCO1490 Lt F: ACTCAACTAATCACAAAGATATTGG; HCO02198 Lt R:
TATACTTCTGGGTGACCAAAGAATCA) from the complete L. terrestris mitochondrial
genome sequence (GenBank NC001673.1). Standard protocols were used for amplification
and sequencing reactions (James et al., 2010). The Millipore-Multiscreen purification kit was
used for amplicon purification and PCR fragments were sequenced using the BigDye
TerminatorKit 3.1 (Applied Biosystems) and run on an ABI-3130 capillary sequencer
(Applied Biosystems). All sequences were checked manually with CodonCode Aligner

Version 5.1.4. Sequence analysis was performed as suggested in (James et al., 2010).

2.4 Microsatellite library

A stoichiometric mixture of the 12 European DNAs was performed to produce a
microsatellite enriched genomic library. Library was constructed by the Genoscreen
Company (Lille) by coupling multiplex microsatellite enrichment isolation techniques with
the 454 GS-FLX Titanium pyrosequencing (Malausa et al., 2011). Enrichment was
performed using probes containing the following microsatellite motifs: TG, TC, AAC, AAG,
AGG, ACG, ACAT, ACTC. Overall, 5931 sequences containing a single microsatellite motif
were found. This allows the identification of 244 independent microsatellite loci candidates.

Amplification primer pairs were designed for each in silico.
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2.5 Microsatellite amplification

For 20 microsatellite loci, one primer pair was chosen for in vitro Polymerase Chain Reaction
(PCR) amplification trials. Microsatellite loci and primer pairs were chosen depending on the
repeated motif (only di-nucleotides and tri-nucleotides motifs were selected to avoid very
large allele size range), maximizing the number of repeats of the motif observed in the library
(considering that loci with higher number may also show higher allelic richness in natural
populations) and selecting for expected amplicon size so as to allow multiplexing.
Amplification trials were first performed on a subset of individuals sampled in the Nord — Pas
de Calais region (n = 16) so as to ensure that selected microsatellite markers show the highest
rate of positive results (to limit the possibility of null alleles), high PCR amplification yields
(estimated through peak levels), low allele drop-out, and no multiple peak profiles (stutter
artifacts). We used a four-step procedure for validation. Firstly, PCR amplifications were
conducted in 15ul reaction including 0.3pl of both forward and reverse primers (10mM),
1.5ul of 10X DreamTaq Buffer (containing 20 mM Tris-HCI (pH 8.0),1 mM DTT, 0.1 mM
EDTA, 100 mM KCI, stabilizing agent and 50% (v/v) glycerol), 1.2ul of dNTPs (2.5mM),
0.3ul of BSA, 0.075ul DreamTaq polymerase and 3ul of diluted DNA. PCR were designed
with initial denaturation at 94 °C for 5 min, followed by 35 cycles of 1 min at 94 °C
denaturation, 1 min at 60°C annealing, 1 min at 72 °C extension, followed by a final
extension of 5 min at 72 °C. PCR products (yield, amplicon size) were checked using gel
electrophoresis in 1% agarose gels and ethidium bromide staining. GeneRulerTM 100bp
DNA ladder was used to determine fragment size. Secondly, the 20 markers were tested
separately using labelled forward primers. Then, 1.5ul of each PCR product was mixed with
9.75ul of formamide (Applied Biosystems) and 0.25 pl of Genescan-500 LIZ size standard,
and analyzed through electrophoresis on an ABI3130 Genetic Analyzer (Applied Biosystem).
Only eight microsatellite markers show both consistent amplification results and genetic
variation among individuals. During this step, five microsatellite markers available in the
litterature for L. terrestris (Velavan et al., 2007, 2009) and that could be multiplexed were
also tested. Only one of them (LT163) gave satisfying results. Thirdly, the eight
microsatellite markers were multiplexed and co-amplified in two subsets of loci called
Mplx1, Mplx2. Each multiplex contains four markers, which are directly labeled on the
forward primer with different fluorescent loading dye (6-FAM, NED, PET, or VIC, Applied

Biosystems (Table 1). PCRs were performed for multiplex adjust under the following
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conditions: denaturation step at 95°C, for 15 min, 5 cycles including (45s at 95°C, 5 min at
68 °C, and 60s at 72 °C), 5 cycles including (45s at 95°C, 1 min at 58 °C, and 60s at 72 °C),
20 cycles including (45s at 95°C, 30s at 47 °C, and 60s at 72 °C), and extra extension step of
30 min at 60 °C, using QIAGEN Multiplex PCR Kit. After, 1.5ul of PCR product was mixed
with 9.75ul of formamide (Applied Biosystems) and 0.25 pl of Genescan-500 LIZ size
standard, and analysed by DNA sequencer (Applied Biosystem). Fourthly, the two developed
multiplexes were tested using the same PCR conditions on a set of 192 samples coming from
44 locations in northern France (Nord-Pas de Calais).

In order to discuss the possibility of cross-species transfer of developed microsatellite
markers, the latter were also tested on a set of 16 genotypes from each of the L. castaneus
and L. rubellus species. DNA extraction and amplification procedures were the same as

above described.

2.6  Microsatellite data analysis

Fragment analysis and allele size determination were carried out using GENEMAPPER 3.7
software (Applied biosystem). Depending on marker peaks' position and allowing an offset of
up to 0.8 bases among peaks at a same position, a set of detected alleles was determined for
each locus. The association between genotypes at pairs of loci was tested using the log-
likelihood ratio G-statistic in FSTAT version 2.9.3. FSTAT version 2.9.3 was also used to
determine genetic diversity parameters such as, the number of alleles and the FIS coefficients
per locus. Then null allele frequency for each locus was estimated using the EM algorithm
implemented in the FreeNA software (Chapuis & Estoup, 2007). The observed
heterozygosity (Ho) and expected heterozygosity (HE) were established for each locus using
GeneClasse2 (Piry et al., 2004).
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Tablel: Identification of 8 polymorphic microsatellite loci for L. terrestris. A: alleles number; NA: estimated null allele frequency; Ho: observed
heterozygosity; Hr: expected heterozygosity; Fir: fixing index. *** : Significant value.

PCR Loadin Percentage Allele size Most
Locus product Primers Repeat motif dve 9 of positive range frequent A NA Ho Hr Fir
size 4 results g allele size

F: CAAAGATGCGAACAAACGTC
Lt3 127 (ca)8 PET 66% 115-175 129 11 0.25 0.305 0.753 0.596***
R: CGCTTGATACATAATAGCACGG

F: TCATCGTCATCGTCCTCATC
Lt8 134 (tca)8 VIC 73% 125-189 143 5 0.25 0.187  0.575 0.675***
R: CATCATTATTATCGTGAAAGCGA

F: ACTTGTGCGACACGATTGAA
Lt16 187 (gag)10 6-FAM 86% 169-226 171-177 6 0.28 0.256 0.742 0.655***
R: TTTCCTCGAGTCTTCTTCGC

F: CTAAGCAGAACACCTTGGGC
Lt19 129 (gt)7 NED 79% 170-243 204 6 0.22 0.132  0.407 0.674***
R: ACGTTGTCTGGCGTTTTAGC

F: TCAAGCGCTCAAAGATGTCA
Lt17 210 (ca)7 VIC T7% 197-264 211 21 0.04 0.810 0.906 0.107
R: TGGAAACTGGTATCTCGGATG

F: ACTTGACACAGCGCCAAAG
Lt9 141 (ca)8 NED 68% 110-193 141 25 0.24 0.385  0.846 0.546***
R: CGCTTGATACATAATAGCACGG

F: TGCATTGTGAGAGCAATTGTG
Lt12 212 (aca)11 6-FAM 79% 190-282 215 19 0.33 0.205 0.803 0.744%**
R: TGAGATATGATAGCGGAGTGAA

F:GCCGGAGCGTTAGGAGCGATAG
Lt 163 171 (tgc)12 PET 81% 138-216 150 23 0.05 0.839 0.926 0.094
R:GGATACGCCCGACTCACCACTAA
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3 Results and Discussion

Over the 192 tested individuals, 145 gave positive COl amplification results and 177 gave
positive amplification results for at least one microsatellite marker (Table S1). Individuals
that gave negative results for 8 (n =15), 7 (n=15) or 6 (n =7) microsatellite markers were
generally not amplified by COI primers (n = 13, n =5 and n = 3, respectively, see Table S1).
However, all COI sequences we obtained, including sequences of individuals with not
optimal genotyping results, felt in the L. terrestris cluster identified in (James et al., 2010)
(Figure 1). This suggests that the cryptic species L. herculeus does not exist in the geographic
area we sampled and that, whereas developed microsatellite markers appeared to be highly
specific (see below), amplification failing is not due to incorrect species identification. As a
result, we believe that the absence of amplification for resulted from insufficient quality of
DNA after an extended storage period in ethanol 96%.

Statistical analyses using Fstat version 2.9.3 indicate that the eight validated loci are highly
polymorphic, especially loci Lt17, Lt9, Lt12, Lt163, Lt3 which exhibited a high level of
allelic diversity (Table 1). By means of 192 individuals, a total of 116 alleles were identified
overall. The number of alleles ranged from 5 at the locus Lt8 to 25 at the locus Lt9. The tests

for genotypic disequilibrium were non-significant for all pairs of loci.

100 . terrestris (146 Genbank accessions
and 145 local samples)

50

L. centralis (1 Genbank accession)

100

L. castaneus (10 Genbank accessions)
21

L. friendi (1 Genbank accession)

2% |. festivus (9 Genbank accessions)

42

L. herculeus (53 Genbank

100 .
accessions)

=" |. rubellus (8 Genbank accessions)

Figure 1: Neighbor joining tree (Kimura 2-parameter) for 6 species of genus Lumbricus, based on the
COlI 5’ barcoding fragments, bootstrap value is recorded at the end of each cluster branch.
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Among the eight loci, two (locus Lt17 and locus Lt163) showed relatively low estimated null
allele frequencies. On the other hand, independently of allelic richness, the estimated null
allele frequencies were higher at the other six loci. Estimated null allele frequencies may be
higher than true frequencies for several reasons related to the population genetic model used
for the estimation. Indeed, null allele frequencies are estimated assuming that individuals
belong to a panmictic population and that heterozygote deficiencies from expected
proportions are only due to the presence of null alleles. However, given the current absence
of knowledge about L. terrestris populations’ genetics, we cannot ensure that sampled
individuals belonged to a unique population. Moreover, it is very likely that mating systems
of earthworms showing hermaphrodism and assortative mating over short geographic
distances differ from panmixia (Dario J. Diaz Cosin, 2010). In general, earthworms are
considered as a cross-fertilization hermaphrodite and they are rarely self-fertilizing.
However, some species make an exception of this reproduction strategy. For example,
spermatozoids of E. fetida were able to fertilize ova from the same individual (Dominguez et
al., 2003). Besides, genetic diversity may be affected by the presence of parthenogenesis in
earthworms. Accordingly, in our study, levels of overall observed heterozygosity were
always lower than levels of overall expected heterozygosity (Table 1) and FIT values varied
among markers from 0.094 (Lt163) to 0.744 (Lt12) and were significantly positive for 6 of 8
loci, suggesting a non-panmictic mating system. However, such result may also result from
population genetic structure in our sampling area, such as a Wahlund effect (Garnier-Géré &
Chikhi, 2001).

Tests for cross-species amplification of microsatellite markers revealed that they were highly
specific to L. terrestris. Indeed, except for Lt163, that successfully amplified from 15 L.
castaneus individuals and Lt3, that successfully amplified from 9 L. rubellus individuals,
amplification success for other markers concerned less than half of the 16 tested individuals
from each species. This specificity interrogates the capacity of developed markers to amplify
other Lumbricus species, including L. herculeus. Indeed, COI barcodes revealed that L.
herculeus was not included in our study.

The high variability of the microsatellite loci suggests that the developed markers will have a
sufficient degree of polymorphism for population genetic studies. The study of population
genetic structure can be useful to investigate effective population sizes as well as the
respective effects of genetic drift, migration and selection in the evolution of populations.

For example, population genetic data allow discussing how genotypes from distinct

75

© 2017 Tous droits réservés. lilliad.univ-lille.fr



These de Dima Souleman, Lille 1, 2017
[Chapter 3] Isolation of microsatellite markers in L. terrestris

populations with contrasted ecology are genetically connected. High levels of neutral genetic
differentiation would suggest genetic divergence among populations, whereas low levels
could reveal a favourable background for the detection of outlier loci involved in local
adaptation (Hendry et al., 2011). Population genetic surveys should be particularly important
for species that, like L. terrestris, are used as sentinel species in ecotoxicological studies.
Indeed, L. terrestris naturally occurs in anthropized habitats, such as metal-polluted sites. The
evolution of adaptive divergence among metallicolous and non-metallicolous populations
cannot be excluded. Such divergence may affect biological parameters that are used as
biomarkers to assess the impact of a contaminant on physiology, since divergent genotypes
may behave differentially in front of a specific contaminant (Pauwels et al., 2013). This
possibility is hardly taken into account in ecotoxicological studies. Currently, in most
biomarker trials, various L. terrestris genotypes are generally used without any knowledge
about their respective evolutionary history, and, a fortiori, the possibility of genetic
differences in their phenotypic response. Such knowledge should be made available from
population genetic data. In addition, from a more fundamental point of view, the availability
of microsatellite markers may also be appropriate to discuss the demographic relationships
among the two cryptic species that have been recently detected in L. terrestris (James et al.,
2010).

In the present study, we report the isolation and characterization of eight polymorphic
microsatellites markers for the earthworm Lumbricus terrestris, which can be used to
investigate the population sizes as well as the respective effects of genetic drift, migration

and selection in the evolution of populations.
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Chapter IV

Population genetics of the earthworm Lumbricus terrestris in
disturbed habitats using microsatellite markers
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he explosion of human populations led to increasing exploitation of land surface.

About 3-6% of land cover was transformed to urban area to accommodate human

population bulge during the period of 1980-2000 (Johnson et al., 2015). Urbanisation
and anthropogenic activities threaten the local and global ecosystems through dramatic
modifications of landscape. Urbanization and its related consequences such as habitats loss,
fragmentation and the change of habitats quality may affect the evolution of organisms. One may
think, that invertebrates living in close contact with soil (like earthworms) and which are not
very mobile, are more sensitive to changing environment. Studying the evolution of these
organisms can help to understand the effects of habitats modification on the evolution of species.
The modification of abiotic (water, temperature, pollution) and biotic (parasite, pollinators,
fragmentation) components of an environment can modify natural selection and the related
adaptive response. Moreover, these modifications can also affect non-adaptive evolution owing
to the alteration of evolutionary forces such as gene flow, genetic drift or non-random mating
(Donihue & Lambert, 2014). Urbanization is expected to generate differentiation in genetic
diversity between populations through urban area re-colonization, which may induce bottleneck
in population size (Bartlewicz et al., 2015). Pollutions may also represent one of the abiotic
factors that can alter environmental conditions and affect biodiversity.
Nord Pas-de-Calais region, situated in Northern France, is one of the most urbanized region in
France. In addition, this region has been producing coal in the past and therefore sheltered
numerous metallurgical industries that have spawned a metallic pollution in the upper layers of
soil. According to (DREAL, 2013), formerly mining areas like Auby stand by a high proportion
of urbanized landscape and by a surface metallic pollution. Two smelters located in this area
were the main sources responsible for the production of metallic contamination. Fragmentation
related to urbanization and the change of environmental quality related to metallic pollution are
supposed to generate environmental stress, which may affect organisms living in close contact
with soil.
Among invertebrates living in soil, earthworms are considered as good candidates for
biomonitoring (Lavelle & Spain, 2001). In terrestrial ecosystem, earthworms play an essential
role in water, carbon and nutrients cycles and they increase soil fertility. L. terrestris is an

annelid oligochaete which is widely distributed even in disturbed environments. It can survive in
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both metallic contaminated and uncontaminated soil. Thus, it provides a good model to
investigate the effect of urbanization and metallic pollution on genetic diversity.

We aimed in this work to investigate the genetic variability of L. terrestris collected from
metallic contaminated and un-contaminated sites in the Nord-Pas de Calais Region. We assumed
that changes in the environmental conditions due to the presence of heavy metals and

urbanization can induce a difference in genetic diversity among L. terrestris populations.
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Abstract

Transformation of natural habitats into agricultural or urban areas is the main threats to
species survival. Terrestrial ecosystems are widely impacted by the destruction, pollution and
fragmentation of habitats that represent the primary causes of global diversity decline. To
understand the genetic consequence of habitats fragmentation, we compared genetic diversity
of five locations of terrestrial species; Lumbricus terrestris that are subject to the degrading
effects of habitats fragmentation using eight microsatellite markers. We assume that habitats
alteration may be affect the structure of genetic diversity in this important species.
Microsatellite data showed no differences in the level of genetic variation among locations.
However, significant level of genetic differentiation was detected among localities that may
due to isolation by geographical distance. However, genetic structure seems to be correlated
with the type of fragmentation. No genetic structure was detected in the agriculture location,
while genetic structure at fine-scale was revealed in the highly urbanized and metals polluted
locations were physical barriers are present. Our results suggest that fragmentation have been
modified the structure of genetic diversity of L. terrestris without cause any reduction in the

level of genetic diversity.

Keywords: Anthropogenic landscape, L. terrestris, Microsatellite markers, genetic structure
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1 Introduction

In anthropogenic landscapes, human activities have generally strongly affected the
environment. For example, anthropic activities often favoured spatial environmental
heterogeneity. Environmental changes progressively have fragmented the spatial distribution
of species habitats (Merriam, 1984; Saunders et al., 1991; Ellis et al., 2006, 2010; Ellis &
Ramankutty, 2008). Habitats could have been either strongly modified, e.g. following
pollution, or partially or totally replaced by other habitats or (almost) inhabited urban
structures (roads, parking lots, buildings, etc.). In fine, habitat fragmentation is usually
expected to negatively affect levels of species diversity in the landscape (Polus et al., 2006;
Krauss et al., 2010).

Local species extinction results from a negative impact of habitat fragmentation on the
survival of populations, through a reduction of mean fitness of populations (Lienert, 2004).
However, and prior to species extinction, the intensity of major micro-evolutionary forces
driving the evolution of local populations (random drift, selection, migration) should also be
affected. As a result, habitat fragmentation should have consequences on population dynamics
(i.e. population sizes) and, at the molecular level, on the structure of genetic diversity among
populations. First, habitat fragmentation should result in population fragmentation. In such a
case, large ancestral populations are divided in a set of smaller populations experiencing
higher level of genetic drift and separated by unsuitable environments that may act as barriers
limiting migration events among populations (Fahrig, 2003). Fragmented, isolated,
populations are generally assumed to show reduced genetic diversity and higher levels of
inbreeding within populations, and higher genetic differentiation among populations
(Templeton et al., 1990; Young et al., 1999). Population fragmentation may also be
associated with migration towards newly suitable habitats, resulting in founder effects and
reduced genetic diversity in derived populations. Meanwhile, remaining populations may
experience the evolution of local adaptation, through the selection of individuals that are
tolerant to new environmental conditions. This should provoke strong genetic bottlenecks
reducing genetic diversity within populations. It should also promote adaptive divergence
among populations that are ecologically differentiated. Adaptive divergence should occur
firstly at selected loci. Therefore, divergence could also be genome-wide if local adaptation
favoured the evolution of genetic mechanisms of reproductive isolation, limiting among

population gene flow.
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With 17.2 % and 67% of urban and agricultural areas, respectively, the Nord-Pas de Calais
region is among the most anthropized regions in France (in comparison, national means are
9% and 51.5%, respectively) (DREAL, 2013). It is also one of the most densely populated,
with 324 inhabitants per square kilometre (national mean is 118). Anthropogenic activities
have significantly impacted landscape and biodiversity. Considering plant biodiversity, for
example, it has been reported that regional habitats have experienced major changes in
species composition over the last century (Van Calster et al., 2008; Hautekeete et al., 2015).
In addition, from the XVIlle century, the region had a long industrial history, including
intense mining and metallurgic activities. In particular, the region hosted three important
metal (mostly zinc and lead) smelters, including, from 1893 to 2003, one of the biggest lead
smelter in Europe, called "Metaleurop-Nord". Consequently, soils have been locally highly
polluted by metallic trace element, especially Zinc (Zn), Lead (Pb) and Cadmium (Cd)
(Sterckeman et al., 2000; Douay et al., 2007). Metal pollution has so strongly affected the
landscape that it generated a specific habitat, called calaminarian grassland that is protected
by the European Habitat Directive (Baumbach, 2012). The habitat is characterized by strong
selective pressures exerted by the toxicity of high metal concentrations in soils. Accordingly,
calaminarian grasslands of Nord-Pas-de-Calais also host very specific plant and animal
communities (Nahmani & Lavelle, 2002; Lemoine, 2016). Little is known, however, on the
consequences of anthropization on the population genetics of resident species.

In terrestrial ecosystem, earthworms, so-called “engineers of soil”, are key elements of
terrestrial species communities because of their strong interactions with many soil abiotic and
biotic soil components. They can change the structure of the soil, through their vertical and
horizontal burrows (Edwards & Bohlen, 1996). They can increase soil fertility, mixing soil
layers and contributing to the humification of organic matter. They also increase the
bioavailability of nutrients for plants, or provide aeration and humidity proper for microbial
activity (Ndegwa & Thompson, 2001). As a result, earthworm communities can be shown to
be sensitive to any anthropogenic activities that may impact soil characteristics, such as land
use (Decaéns, 2010; Rutgers et al., 2016), agricultural practices (Chan, 2001), soil pollution
by, for example, metals or pesticides (Pelosi et al., 2013; Lévéque et al., 2015) or
urbanization (Amossé et al., 2016). Modifications of earthworm communities suggest that, at
the population level, population dynamics and genetics should be affected by habitat
anthropization. Habitat quality may also modify the earthworm dispersal behaviour, and

therefore the level of connectivity among populations (Mathieu et al., 2010; Eijsackers, 2011;
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Caro et al., 2013). Finally, habitat change may also favor the evolution of local adaptation in
earthworm populations (Pauwels et al., 2013). Altogether, this suggests that the intensity of
major micro-evolutionary forces may be affected in earthworm populations occurring in
anthropogenic landscape, and that the genetic structure of these populations may be altered.
Despite of earthworms’ importance and the theoretical effects of landscape anthropization on
populations’ genetic structure, population genetics of those invertebrates is poorly studied
(Costa et al., 2013). Genetic characterization of earthworms’ populations is an essential
component of species conservation, particularly in small and highly fragmented populations.
Few works were focused on the population genetics of earthworms of L. terrestris
(Kautenburger, 2006), Allolobophora chlorotica, Aporrectodea icterica and hormogastrid
earthworms (Novo et al., 2010; Torres-Leguizamon et al., 2014; Dupont et al., 2015). The
objective of this work was to examine if fragmentation and the change of habitat quality have
modified the structure of genetic diversity of L. terrestris. Thereby, this study was conducted
on L. terrestris samples collected from five fragmented sites in Northern France, Nord-Pas de
Calais region. Genetic differentiation between locations and genetic structure were compared
using mitochondrial (COI) sequences and genotyping data obtained using microsatellite

markers developed by Souleman et al., (2016).

2 Materials and methods

2.1 Sampling and DNA extraction

This study was carried out in Northern France in the Nord-Pas de Calais region. Earthworms
of L. terrestris were collected from five different locations. Each location includes several
sampling sites that correspond to 1 m? quadrat. The first location called AGB
(50.848528/1.864583- 50.8683311/1.855883), contained 43 sites and corresponded to organic
agriculture soils. The second location called MEU (50.4111139/3.030917 -
50.451572/3.049203), contained 60 sites. It is a highly urbanized area located 100 km east of
(AGB). This location hosted the "Metaleurop-Nord" lead smelter from 1893 to 2003, when
the smelter was destroyed. Concentric circles of decreasing concentrations of Cd, Pb and Zn
in soils were highlighted around the former smelter (Fritsch et al., 2011). The three other
locations (Coc (8 sites), Gen (12 sites) and Tour (7 sites) group together in a non-polluted area
at short geographic distance north east of MEU. They correspond to agricultural areas

showing a moderate level or urbanization (Figure 1).
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In total, 828 earthworms were extracted from their subterranean burrows using Allyl
isothiocyanate (AITC) (Zaborski, 2003). The number of individuals varied among locations
(AGB=253, Meu=412, Coc=25, Gen=86, Tour=52) (Table 1). Worms have been identified
with the taxonomic key of Bouche (1972) using characteristics such as the prostomium shape,
the shape and the location of the clitellum (saddle-shaped on segments 32-37) and the location
of the tuberculata pubertatis (segments 33-36). In addition to this identification based on
morphological characters, 321 randomly taken samples were chosen to ensure their taxonomic
status using COI barcoding. After identification, earthworms were rinsed and conserved in
ethanol 96%. Using NucleoSpin® 96 Tissue (Macherey Nagel) kits, which permit the
purification of multiples of 96 samples, total genomic DNA was extracted from a small
section of earthworms’ tails (Souleman et al., 2016). This DNA was used for 1:20 dilution.
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Figure 1 : Geographical distribution of sampling locations of L. terrestris. AGB (organic agriculture
soils), Meu (highly urbanized area), Coc , Gen and Tour: three locations in non-polluted areas.

86

© 2017 Tous droits réservés. lilliad.univ-lille.fr



These de Dima Souleman, Lille 1, 2017
[Chapter 4] Population genetics of Lumbricus terrestris

2.2 COl sequencing

COl sequencing was used to barcode 321 samples randomly chosen from the L. terrestris, 145
sequences were cited in (Souleman et al., 2016). Briefly, COI was amplified using universal
DNA primers LCO1490 and HCO2198 (Folmer et al., 1994). However, in order to ensure that
amplification failure was not due to primer-template mismatches, an additional amplification
was performed using redesigned amplification primers (Souleman et al., 2016) from the
complete L. terrestris mitochondrial genome sequence (GenBank NC001673.1). Standard
protocols were used for amplification and sequencing reactions (James et al., 2010). The
Millipore-Multiscreen purification kit was used for amplicon purification and PCR fragments
were sequenced using the BigDye TerminatorKit 3.1 (Applied Biosystems) and run on an
ABI-3130 capillary sequencer (Applied Biosystems).

2.3 COl sequences analysis

The number of COI sequences varied among locations 111, 9, 29, 18, 145 sequences for Meu,
Coc, Gen, Tour and AGB respectively. Then, sequences were checked manually with
CodonCode Aligner Version 5.1.4. Sequences analysis was performed as suggested in (James
et al., 2010). Then, sequences were aligned with MEGA 4 (Tamura et al., 2007) software
using ClustalW. MEGA 4 was also used to examine bases composition intra location and to
calculate pairwise genetic distances for the total number of sequences employing the Kimura
status. To verify the correspondence of the obtained sequences with L. terrestris species, 228
COI sequences were added from Genbank of Lumbricus genus identified by James et al.
(2010). The phylogenetic tree was displayed using a Neighboring Joining (NJ) method, and
with 1000 bootstraps. By the mean of DnaSP 4.0 (Librado & Rozas, 2009), supplemented
descriptions of population genetic were performed for each location such as the number of
polymorphic sites (S), number of haplotype, haplotype diversity (Hd), nucleotide diversity ()

and the average number of nucleotide difference (K).
2.4 Microsatellite Genotyping

DNA samples of L. terrestris were genotyped using eight microsatellite markers developed by
Souleman et al., (2016). For two multiplex of four microsatellite markers, PCRs were realized
using QIAGEN Multiplex PCR Kit under the following conditions: denaturation step at 95°C,
for 15 min, 5 cycles including (45s at 95°C, 5 min at 68 °C, and 60s at 72 °C), 5 cycles
including (45s at 95°C, 1 min at 58 °C, and 60s at 72 °C), 20 cycles including (45s at 95°C,
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30s at 47 °C, and 60s at 72 °C), and extra extension step of 30 min at 60 °C. Then, a mixture
of 1.5ul of PCR product with 9.75ul of formamide (Applied Biosystems) and 0.25 pl of
Genescan-500 LIZ size standard was done and analysed using ABI3130 Genetic Analyzer
(Applied Biosystem). GENEMAPPER 3.7 software (Applied Biosystem) was used to analyse
the fragments obtained and to determine genotype at each locus for each individual. Allele
determination was performed according to the marker peaks’ position, allowing an offset up

to 0.8 bases among peaks assigned to same allele.

2.5 Genetic analysis of microsatellite data

2.5.1 Genetic diversity analysis

For our five locations and by the mean of microsatellite data for each individual, the number
of alleles per loci (Nall), the expected heterozygosity (HE), observed heterozygosity (HO), and
the intra-locations fixation index (Fis) were estimated (per locus and over locations) and (per
location and over loci) using GENETIX (Version 4.05.2) (Goudet, 1995). In parallel, the
average of allelic richness Ar was calculated for each location employing FSTAT (Version
1.2) (Goudet, 1995). Ar refers to the unbiased estimate of the expected allele numbers
independent of the sample size. Differences in means for Nall, HE, HO, Ar and Fis were tested
using Kruskal-Wallis H-test. Furthermore, genotypic disequilibrium and departure from
Hardy-Weinberg were estimated over loci and locations using FSTAT. The number of private
alleles was calculated in each location using GeneClass v2.0.f software (Piry et al., 2004).
The function GENHET in R program was used to estimate five of individual heterozygosity
estimates: 1) the ratio of heterozygous loci in an individual (PHt= number of heterozygous
loci/number of genotyped loci); 2) standardized heterozygosity depending on expected
heterozygosity’s average (Hs-exp= PHt/mean expected heterozygosity of typed loci); 3)
standardized heterozygosity depending on observed heterozygosity’s average (Hs-obs=
PHt/mean observed heterozygosity of typed loci). 4) Internal relatedness (IR). 5)
Homozygosity by locus (HL) (Coulon, 2010).

2.5.2 Bayesian clustering

To infer the presence of genetically distinct clusters or gene pools, we used microsatellite data
to perform Bayesian clustering analysis (BCA) using STRUCTURE 2.1 software (Pritchard et
al., 2000) under the admixture model. The STRUCTURE procedure uses a Markov Chain
Monte Carlo (MCMC) algorithm to detect the number of genetic clusters (K) that are
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consistent with some population genetic assumptions (linkage and Hardy-Weinberg
equilibrium) in a group of individuals. The number of possible K was tested from K=1 to
K=40, with 30 analytical replica for each K value. Burn-in duration was defined for 2x10°
followed by 105 MCMC repetitions. This analysis was performed two times, firstly with no
prior information about individuals’ origin and secondly taking into account the information
about the sites where individuals were collected (LocPRIOR option). Moreover, BCA was
designed in a hierarchical way starting with the totality of sampled individuals to determine
an upper level of population structure, and afterwards a sub-analysis was carried out on
resulting clusters (Figure 2). At each step, the optimal K was chosen depending on the AK
statistics (Evanno et al., 2005). CLUMPP v1.1 was used after the identification of the most
likely K to calculate the mean of individuals’ adhesion coefficient over replication to each
cluster. Finally, DISTRUCT (Rosenberg, 2004) software was used to visualise the clustering

results.
2.5.3 Population genetic structure

The package R (HierFstat) was used to estimate hierarchical F-statistic among locations and
sites within locations (de Meels & Goudet, 2007). HIERFSTAT allows calculating the
components of the variance of allele frequencies for any number of hierarchical levels,
estimates F-statistics at each specified level and can test the significance of F-statistics values
using permutation tests. The effects of two hierarchical levels (location, sites within location)
on genetic structure were estimated (giving FCT and FSc indices, respectively), using 1000
permutations.

To analyse the fine-scale genetic structure within localities, a spatial autocorrelation analysis
were proceed as explained in (Hardy & Vekemans, 1999) using SPAGeDi software version
1.0 (Hardy & Vekemans, 2002). The association between genetic and spatial distances allow
the investigation of isolation by distance patterns. Pairwise genetic distance matrix was
estimated using kinship coefficient using 10 distance classes with 10000 permutations that
give 95% of confidence interval to ensure the presence of spatial genetic structure (Hardy &
Vekemans, 2002). A plot of the average of pairwise genetic distance of each set of distance
class (a) was displayed against demographical distance between individual (r) to visualise the
spatial genetic structure. To assess the possibility of IBD partial Mantel test was executed by
a permutation of the data in PASSaGE 2 software. This test is usually used to estimate the
correlation between two matrixes of variable (Rosenberg & Anderson, 2011).
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3 Results

3.1 COl sequences diversity

145 COI gene sequences belong to AGB location were mentioned in a previous work
(Souleman et al., 2016) with GenBank accession numbers (from KU888473 to KU888617).
In this study, 167 sequences were added to represent the four other locations and to check the
taxonomic status of sampled earthworms. 167 obtained sequences felt in the L. terrestris
cluster identified by James et al., (2010). Totally, 312 sequences belong to L. terrestris
suggest that L. herculeus, a close relative and cryptic species, does not exist in the sampling
area. Between locations, haplotype number ranged from 7 to 24 in Coc and Meu respectively.
While, haplotype diversity showed a slight difference between locations and varied from 0.87
to 0.94 (Table 1).

3.2 Genetic diversity per locus and per location

The eight microsatellite loci used in this study were highly polymorphic (Souleman et al.,
2016). The level of polymorphism for 828 individuals varied between 10 and 56 alleles per
locus. Averaged observed heterozygosity (HO) ranged from 0.221 (locus Lt8) to 0.805 (locus
Lt163), while gene diversity index (HE) varied between 0.583 and 0.908 respectively (Table
2). Allelic richness estimates over loci varied among locations between (6.51 and 9.5),
observed heterozygosity (HO) ranged from 0.394 to 0.503, expected heterozygosity (HE) from
0.69 to 0.81 and inbreeding coefficient (Fis) spread between 0.35 and 0.43 (Table 1). Means
of genetic diversity indices HO, HE, Ar, Nall and Fis show slight and not significant
differences among locations (P-value > 0.05 by Kruskal-Wallis test for all). The number of
private alleles among locations ranged between 2 and 27 in Coc and AGB respectively. The

frequencies of private allele varied between 0.001 and 0.154.
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Table 1 : Over loci genetic diversity distribution for five locations of L. terrestris (xSD), N°Ind individuals number within location, N°site sites number within location,
Ar allelic richness, Ap private alleles number, Nall alleles number, HE gene diversity, HO observed heterozygosity, Fis the fixation index, N°seq number of sequences,
N° (S) number of segregating sites, N°haplo number of haplotyps, Hd haplotype diversity, Pi nucleotide diversity.

Microsatellite diversity COl sequence diversity
location

N°ind  N°sites Ar Nall Ap HE Ho Fis N°seq N° (S) N°haplo Hd Pi(m)
Coc 25 8 6.51+2.86 57 2 0.666 + 0.17 0.394 + 0.27 0.43+0.19 9 40 7 0.94 0.025
Gen 86 12 7.38+£2.94 83 7 0.69+0.17 0.458 +0.23 0.35+0.11 29 42 8 0.87 0.023
Tour 52 6 9.264 + 2.84 102 26 0.808 + 0.08 0.503+0.16 0.38+0.14 18 29 6 0.84 0.014
AGB 253 43 821+35 132 20 0.754 £ 0.12 0.432 £ 0.26 0.43 £ 0.05 145 62 16 0.837 0.023
Meu 412 60 9.55+3.84 154 27 0.81+0.1 0.465+0.2 0.43+0.04 107 96 24 0.087 0.02
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Table 2: Genetic diversity for eight microsatellite loci overall samples and alleles, (HE) gene
diversity, (HO) observed heterozygosity, (Ar) allelic richness, (Nall) total number of alleles.

Locus HE Ho Ar Nall Fis Fit Fst

Lt12 0.791 0.453 9.8 43 0.41£0.09 0.435 +0.09 0.027 £ 0.02
Lt163 0.908 0.805 14.35 56 0.14 £ 0.04 0.164 £ 0.041 0.023 £ 0.01
Lt17 0.875 0.686 11.12 33 0.218 = 0.06 0.264 + 0.06 0.06 + 0.006
Lt9 0.729 0.264 6.96 22 0.65 + 0.026 0.669 + 0.018 0.058 * 0.047
Lt16 0.707 0.373 5.5 15 0.47 £ 0.07 0.508 + 0.06 0.078 £ 0.017
Lt19 0.583 0.526 5 10 0.23 £ 0.067 0.245 + 0.06 0.021 +£0.01
Lt3 0.703 0.278 6.67 19 0.69 £ 0.038 0.69 £ 0.024 0.039 £ 0.05
Lt8 0.672 0.221 6.06 22 0.69 £ 0.035 0.734 = 0.008 0.128 = 0.08
Over all loci 0.416 +0.082 0.45 £ 0.082 0.063 = 0.012

3.3 Bayesian clustering

For the total number of individuals, Bayesian clustering analysis taking or not in
consideration the origin of individuals (i.e. with and without the locPRIOR option) both
revealed that K=2 and K=3 as the most likely number of clusters (Figure 2A and 2B). At K=3,
both analyses accordingly delimited clusters corresponding to three groups of samples that we
named AGB, containing AGB samples, Meu, containing Meu samples, and CGT, (containing
all samples from Coc, Gen, Tour localities. Nevertheless, at K=2 (highest AK values), results
were somehow incongruent. The analysis ignoring the origin of individuals gathered AGB
and CGT samples in a unique cluster, whereas taking into account the origin of individuals
gathered CGT samples with Meu ones (Figure 2). This difference led us to test the genetic
structure in a hierarchical way, analysing separately subsets of samples including either AGB
with CGT or CGT with Meu. For the AGB+CGT subset, K=2 and K=5 (when the
LOCPRIOR option is off) were the most likely numbers of clusters. K=2 separated AGB and
CGT samples, whereas K=5 corresponded to a lower of genetic structure within localities, as
confirmed by a clustering analysis considering AGB and CGT samples separately. For the
CGT+Meu subset, K=2 and K=3 (when the LOCPRIOR option is off) were the most likely
numbers of clusters. Here again, K=2 separated CGT samples from others. K=3 revealed a
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lower level of genetic structure in Meu, as confirmed by a clustering analysis considering

Meu samples separately.

Meu + CGT

AK

AGB Coc.| Gen. | Tour. Meu

CGT

93

© 2017 Tous droits réservés. lilliad.univ-lille.fr



[Chapter 4] Population genetics of Lumbricus terrestris

These de Dima Souleman, Lille 1, 2017

LocP

Meu + CGT

10 20 30 a0
K

Figure 2: Genetic clustering of L. terrestris groups based on microsatellite data represented from the
bottom up to the top, from the total number of individuals until locations, AGB (organic agriculture
soils), Meu (highly urbanized area), CGT = Coc + Gen + Tour (three locations in non-polluted area).
Each individual is representing by a vertical bar showing admixture degree. Each graph shows the
number of cluster, which has the highest AK. In A) Bayesian clustering results without locPRIOR

option while in B) Bayesian clustering results with locPRIOR option

© 2017 Tous droits réservés.
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3.4 Levels of genetic differentiation

Low but significant level of genetic variation was found overall samples and locus (Fst =
0.063 £ 0.012, P-value <0.001). The mean of a multilocus Fit-estimate was 0.45 + 0.082.
HierFstat analysis of the partition of the genetic variance among sites within location (Fsc)
and among locations (Fcr) revealed that samples are significantly structured at 2 levels, level 1
correspond to locations (AGB, Meu, Coc, Gen, Tour), where genetic variance among
locations was significant (Fcr = 0.075, P-value = 0.001), while level 2 corresponds to sites
within each location, where (Fsc = 0.043, P-value = 0.001). HierFstat results were confirmed
by performing the same analysis using Fstat v.2.9.3.2 (pairwise comparisons among locations

and among sites) and results were identical (Figure 3).

(A) (B)

. Hierarchical F-statistic J Geographical distance

0 002 0.06 0 20 40 60 80 100
Fctindex Distance Km

Co
Gen
Tour Tour

AGB AGB

Fct locations

Meu Meu

o = = m =
o} 3 [}
e 8 & @ =

—

0.047 0.049* 0028 0022 -

Fsc sites

Figure 3 : Hierarchical F-statistic among and within locations (Co, Gen, Tour, AGB, Meu); AGB
(organic agriculture soils), Meu (highly urbanized area), Coc + Gen + Tour (three locations in non-
polluted area) presented as heatmap, In red: a matrix of Fct allelic differentiation among locations
within the total of individuals, Fcs allelic differentiation among sites within location, in blue: a matrix
of geographical distance among locations

3.5 Spatial genetic structure

Results of partial test of Mantel suggest a significant correlation between geographical
distances and genetic structure at the scale of two groups (IBD) (r=0.077, P-value=0.001 for
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Meu), (r=0.22, P-value=0.001 for CGT), but no significant correlation was detected in AGB
group (r=0.024, P-value=0.2). This IBD was confirmed by an autocorrelation analysis using
SPAGeDi considering 10 distance classes; all over samples SPAGeDi correlogram show
significant spatial structuring at a short distance (Figure 4). The same result of fine-scale
genetic structure was observed for Meu location, while no significant genetic structure was

detected for the other locations.

e P<0.05 A

NS

Individuals from AGB

0.00 002 004

-0.02

Kinship coefficient (Fij)- Loiselle et al. 1996

000 005

-0.10

Geographical distance (km)

96

© 2017 Tous droits réservés. lilliad.univ-lille.fr



[Chapter 4] Population genetics of Lumbricus terrestris

These de Dima Souleman, Lille 1, 2017

® P<0.05

NS

Individuals from Cocagne

|
i)
i

-005 000 005
|
T
i
/
1
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Kinship coefficient (Fij)- Loiselle et al. 1998

Geographical distance (km)

———

0 2Km Tour

Figure 4: Correlograms of kindship coefficient (Fij)- Loiselle et al. 1996, in A: for AGB (organic
agriculture soils), Meu (highly urbanized area), CGT = Coc + Gen + Tour (three locations in non-

polluted area) in B: the three groups (Coc, Gen, Tour).

4 Discussion

Anthropogenic activities and urbanization can alter the quality and the connectivity of

terrestrial habitats either by changing the abiotic and biotic conditions or by creating physical

barriers. As a terrestrial species, L. terrestris can be among the species that are highly

impacted by habitats modifications. The influence of habitats fragmentation can be at the

level of earthworm’s communities and may reach the genetic level and affect the genetic

diversity of terrestrial species. The main objective of this study was to characterize the

structure of genetic diversity and to determine how fragmentation can shape the structure of

genetic diversity of L. terrestris collected from different fragmented sites. For this aim,

earthworms were collected from 5 locations (CO, Gen, Tour, AGB, Meu), which represent a
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gradient of fragmented and anthropogenic habitats from the most fragmented location (Meu)

to the less fragmented one (AGB).

4.1 A hierarchical structure of genetic diversity

Overall, the level of polymorphism detected at nuclear microsatellite loci was high (Table 1).
The number of alleles ranged from 10 to 56 alleles per locus, and was thus significantly
higher than previously reported by Souleman et al. 2016 (between 5 and 25 alleles per locus).
Not that the previous survey was spatially limited and only included individuals from the
AGB location. This difference illustrates the benefit of broadening the scope of earthworm
population genetic survey to get access to higher level of genetic polymorphisms. It also
suggests that, at the regional scale, alleles may not be shared (private alleles), and therefore
that genetic diversity is structured among populations.

Accordingly, BCA revealed that three genetic pools could be delimited from our sampling set.
The signal was stronger (i.e. K=3 corresponded to the modal value for AK) when the origin of
individuals was taken into account in the analysis. However, a second BCA on clusters
detected at K=2 in both analyses (AGB+CGT using the default model and CGT+Meu using
the LOCPRIOR model) revealed that CGT cluster was actually differentiated from AGB and
Meu. This liability in the results may be explained by the level of genetic differentiation
among populations at the regional scale. Indeed, although we detected significant levels of
genetic differentiation among localities, Fct values were small (from 0.03 to 0.09), suggesting
that population structure is moderate and that private allele, likely at low frequency,
marginally participate to population differentiation.

BCA performed on the three detected clusters revealed that they could actually be divided in
several subclusters. For AGB, a modal, but low, value of AK was obtained for K=2. However,
all individuals show elevated membership coefficient to both subclusters, suggesting that
AGB is actually no structured. This absence of structuration was supported by the near
absence of isolation by distance pattern in the analysis of the evolution of genetic correlation
among individuals with geographic distance in this locality (Figure 2). For CGT, subclusters
more or less corresponded to the Coc, Gen and Tour localities, although Coc appear to be
intermediate. Tour was the only locality that possesses a specific subcluster that was actually
almost restricted to a single sampling site. The structure of genetic diversity within CGT was
supported by significant levels of genetic differentiation among localities (Fsc). Surprisingly,
genetic differentiation among CGT localities was even as high as the levels of genetic
differentiation among clusters (AGB/CGT/Meu) whereas geographic distances may be ten
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times lower. For example, whereas Tour and Coc are separated from one another by about 9
kilometers and Gen and AGB are separated by about 90 kilometers, pairwise Fcrt are similar
(0.67 and 0.68, respectively, Figure 3). For Meu, two subclusters were detected, showing a
rather clear geographic pattern. Indeed, the spatial distribution of membership coefficient
appeared to show a North/South gradient. The assumption of spatial genetic structure within
Meu was supported by the regular decreasing of genetic correlation among individuals with
geographic distance in this locality.

Overall, a high Fis value was noticed. This might be due to mating behaviour of the species. L.
terrestris is a hermaphrodite earthworm but their reproduction is bi-parental by a mutual
exchange of sperm between two individuals during mating. This problematic may be different
between earthworm species, as some species have been suggested to be parthenogenesis
(Edwards & Bohlen, 1996).

4.2 Determinants of genetic structure at the regional scale

Overall, a significant genetic differentiation was detected among sites (Fst = 0.063). However,
this level of genetic differentiation is rather low if we consider the geographical scale at which
our study has been carried out (Max.distance = 100 Km). It was greater than observed in
Aporrectodea icterica and Allolobophora chlorotica (Fst= 0.018, Fst = 0.014 respectively),
but at smaller geographical scale (about 500m) (Dupont et al., 2015). The level of population
differentiation we detected was however far lower than observed in L. terrestris at a larger
spatial scale (about 300 Km, ®st =0.4243) using 61 RAPD markers (Kautenburger, 2006).
This moderate genetic differentiation may be due to recent evolutionary history and a
common ancestry for locations that colonized new habitats by the mean of human activities or
by a historical gene flow.

Overall analyses suggested that genetic structure is related to geographical distances among
the three clusters (AGB, Meu, CGT). Nevertheless, this does not explain why differentiation
was has high between AGB and CGT or Meu and between CGT and Meu whereas distances
between AGB and CGT /Meu were higher (ca. 100 Km) than distances between CGT and
Meu (ca. 25 Km). We suggest that these results could be explained by levels of urbanization,
which is more important in the centre of the region than in the West. Higher urbanization
could enhance genetic isolation among populations and result in higher levels of genetic
structure at smaller spatial scales.

Our results show no significant differences in genetic diversity indices among the five

locations where HE ranged between 0.666 and 0.81 and HO ranged between 0.394 and 0.503.
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These results suggest that adaptation to metallic pollution within Meu, if it exists, does not
cause neither loss in genetic diversity nor genetic differentiation between populations
originating from contaminated and un-contaminated sites. In this case, many hypotheses are
possible i) local adaptation does not exist. However, previous studies on another earthworm
species such as Lumbricus rubellus and Eisenia fetida support the possibility of genetic
adaptation to metal exposure (Spurgeon et al., 2011; Anderson et al., 2013) ii) fragmentation
of habitat and the change of habitat quality due to metallic pollution does not provoke
bottleneck in population sizes during the colonisation of new habitats iii) human activities
through earthworms’ and their cocoons transplantation at the moment of Nord-Pas de Calais

smelter destruction did not affect genetic diversity of earthworms.
4.3 Determinant of genetic structure at the local scale

Analysis of spatial autocorrelations revealed a genetic structure at fine-scale for Meu location,
but not AGB. Indeed, it is possible that this structure is the result of a special adaptation to the
local context, which is amplified in Meu location by intensive human activities, including the
presence of a water channel and the construction of the highways that led to strong
fragmentation, which probably highly affect L. terrestris connectivity and preventing gene
flow. However, in AGB that is a bio-agriculture area, anthropogenic impact is limited to
agriculture activities that can less modify earthworms habitats. Apparently, this structure has
no relationship with the presence of metals in the soil of Meu location. However, metal trace
elements MTEs have been shown to cause a decrease of earthworm population densities (Pizl
& Josens, 1995) and cause modifications in the structure of their communities (Lukkari et al.,
2004) that could have an effect on the structure of genetic diversity. Moreover, some studies
revealed that some genes which are involved in detoxification processes of MTEs such as Cd-
metallothionein gene show high gene expression in earthworms exposed experimentally to
ETMs, especially Cd (Gruber et al., 2000; Brulle et al., 2006; Demuynck et al., 2007,
Mustonen et al., 2014). Induction of Cd-metallothionein coding gene has also been observed
in earthworms collected in metal-contaminated fields, thus exposed in situ (Pérés et al., 2011)
Bayesian structure analysis detect sub-structure in Meu location that revealed two clusters
which apparently may be due to the presence of the channel of water that hinder the
movement of L. terrestris for reproduction.

In contrast to Meu location, no relationship between geographic and genetic distance was

detected for AGB location that may be explained by heavy agricultural activities in this
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region. This kind of human activities, as a passive dispersal, can help L. terrestris earthworms
to expand their ranges. Similar results were reported for Aporrectodea icterica (Torres-
Leguizamon et al., 2014)

This genetic structure may due to the mating among relatives because of the limited dispersal
of L. terrestris. L. terrestris is not able to colonize new habitats by itself owing to: i) a slow
dispersal 4 m/year in grazed grassland (Hoogerkamp et al., 1983) and 1.5 m/year in grassland
(Ligthart & Peek, 1997) compared to the fastest colonizer earthworm Aporrectodea longa
(between 5 and 8 m/year) (Eijsackers, 2011), ii) dispersal of L. terrestris increases with a high
earthworms density and may be affected by the presence of another earthworm species such
as L. rubellus as a competitor on food resources (Lowe & Butt, 2002), iii) as an anecic, L.
terrestris live in deep vertical burrows. Thus, they disperse less than earthworms from another
ecological categories (epigeics and endogeics). Finally, the heterogeneity of food sources

distribution that affect L.terrestis dispersal (Grigoropoulou & Butt, 2010).
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Chapter V

Genetic architecture of local adaptation to anthropogenic habitat:
evidence from an F2 progeny from an inter-ecotypic cross in
Arabidopsis halleri
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he quantitative variation of traits results from the combined action of genes and
Tenvironment. The approach of QTL (Quantitative Trait Loci) is commonly used to
understand the relationship between the genotype-phenotype and to dissect the architecture of
complex traits. Metallic pollution is a problem associated with the area of intensive industry.
Only some taxa are preferentially observed on sites highly contaminated by metals,
suggesting that in addition to the large phenotypic plasticity of some opportunistic taxa,
evolutionary processes are involved in this adaptation to metalliferous environments. Metals
tolerance and hyperaccumulation are quantitative and adaptive traits. Tolerance to metals
contaminations refers to the ability of organisms to survive and reproduce on highly polluted
sites without showing any sign of metals toxicity, while hyperaccumulation can be considered
as a mechanism of tolerance through the accumulation of metals in plants shoots to protect
both: roots from toxic effects of metals and shoots from herbivorous. The genetic basis of
tolerance and hyperaccumulation have been extensively studied (Antonovics et al., 1971;
Baker, 1987; Macnair, 1993). All such quantitative traits, metals tolerance and
hyperaccumulation are expected to be controlled by multiple genes and their interactions.
Pseudometallophyte plants such as Arabidopsis halleri, which survive on soil contaminated
and uncontaminated by metals, provide a good model to study the genetic architecture of
metals tolerance and hyperaccumulation. Pseudometallophyte plants provide the opportunity
to distinguish between contrasted ecotypes (metallicolous grow on contaminated soil) and
(non-metallicolous grow on uncontaminated soil). Studying the genetic architecture of traits
require a crossing program between two contrasting phenotypes for these traits.
Previous studies that aimed on the identification of genetic basis of metal tolerance and
hyperaccumulation were performed on interspecific crosses between A. halleri and its non-
tolerant, non-hyperaccumulator relative A. lyrata. In this study and for the first time, we
aimed to investigate the genetic architecture for these traits using intraspecific cross between
metallicolous and non-metallocolous individuals of A. halleri collected from Italy to generate

F2 progeny.
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Abstract

Arabidopsis halleri is a well-studied species for its ability to tolerate and hyperaccumulate
metals, particularly zinc and cadmium. In previous studies, these quantitative traits displayed
genetic differentiation between populations from polluted and non-polluted soils, suggesting
that they are involved in local adaptation to metallic pollution. Deciphering the genetic
architecture of these quantitative traits has only been done at the inter-specific level using A.
lyrata ssp. petraea x A. halleri backcross and F2 progenies. The major QTL regions identified
included candidate genes implied in the traits such as genes from the hma4 (heavy-metal
transporting ATPase 4) and the mtpl (metal tolerance protein 1) families. So far, no QTL
mapping study has been done at the intra-specific level. We aimed at studying the genetic
architecture of zinc tolerance and hyperaccumulation in an A. halleri F2 progeny (175
individuals) by crossing individuals coming from polluted and non-polluted soils. 384 single
nucleotide polymorphism (SNP) markers issued from high-throughput sequencing of the
genomes of parental plants have been developed and used for the genetic map construction.
Growth parameters and photosynthetic yield were performed under control and polluted
conditions in hydroponics (10 vs. 2000 uM of ZnSQO4). One major QTL was identified for
photosynthetic yield that explained about 30% of the variation for the trait. This QTL region
does not co-localize with the known candidate genes for metal tolerance that have been
identified so far at the inter-specific level. This suggests that, in A. halleri, molecular
mechanisms involved in local adaptation to metal-polluted soils at the intra-specific level
differ from those that distinguish the level of metal tolerance observed in the species from

those observed in its non-tolerant close relatives.

Keywords: Arabidopsis halleri; zinc tolerance; QTL mapping; intraspecific F2 cross; Single
Nucleotide Polymorphism
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1 Introduction

Anthropogenic activities are one of the main sources of Global Change. Locally, they may
cause habitat fragmentation, modification or even destruction. Several factors can be
responsible of habitat modification at a local scale, thus generating spatially heterogeneous
environments. These factors can be biological (e.g. invasive species), physical (e.g. the
increase of freshwater temperature due to industrial activity), or chemical (e.g. soil pollution
by organic or inorganic compounds). Consequently, populations are differentially affected
according to their geographical location. Persistence of populations facing new environmental
conditions relies on the capacity of individuals to migrate or rapidly adjust their phenotype.
Such rapid changes may result from non-genetic and genetic processes. Although some non-
genetic determinants can be transmitted to the next generations, like epigenetic marks, genetic
processes stay the main drivers of adaptation in the long term (Danchin & Pocheville, 2014).
As a result, populations are locally adapted when resident populations outperform foreign
populations in their local environment in field reciprocal transplants as well as in common
garden experiments, thus revealing genotype x environment interactions (Kawecki & Ebert,
2004). However, the fact that evolution through genetic adaptation could be as fast as human
activities’ development is not a trivial issue (Schoener, 2011). According to these authors,
rapid adaptation may depend on how ecology can affect evolution, i.e., on the evolutionary
dynamics of ecologically relevant traits. These traits can be relatively simple (e.g. tolerance to
herbicides, insecticides or pollutants) or more complex (life history traits like, e.g. body size,
fecundity, or mating behavior) (Reznick & Ghalambor, 2001), which particularly raises the
question of their genetic bases. Studying genetic bases of rapid and local adaptations actually
refers to the study of genetic bases of local adaptation for traits related to a specific human
disturbance (if we omit the rare cases of rapid and natural environmental changes).
Interestingly, several authors indicated that genetic bases of local adaptation are still largely
uncovered, and also reported appropriate genomic approaches to investigate them (Savolainen
et al., 2007; Bergelson & Roux, 2010). According to these authors, high-throughput
molecular tools have become particularly helpful for phenotype-genotype association studies
requiring moderate (e.g. for Quantitative Trait Locus Mapping) to high (e.g. for Genome-
Wide Association Mapping) density of markers along the genome.

In this study, we aim at exploring the genetic bases of rapid and local adaptation to a
particular case of anthropogenic impact: metallic pollution. Mining and industrial activities
are therefore responsible for the expansion of areas highly contaminated with zinc (Zn),
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cadmium (Cd) and lead, also called calamine areas. For this purpose, we will focus on two
adaptive traits that have evolved in some plant species growing on this type of soil, also
known as metallophyte species. Metal tolerance is defined as the capacity of a plant to survive
and reproduce on a metal-contaminated soil without showing any toxicity symptom like do
other non-tolerant plants (Macnair, 1993). Hyperaccumulation refers to the capacity of plants
to concentrate high quantities of metals in their shoots (Baker, 1981; AlanJM Baker et al.,
1999). Pseudometallophyte species are particularly interesting models for local adaptation
studies because they are able to grow on both contaminated (metallicolous populations, M)
and non-contaminated (non-metallicolous populations, NM) soils, often geographically close
to each other (Antonovics et al.,, 1971; Macnair, 1983). Arabidopsis halleri is a
pseudometallophyte, which has been extensively studied for its Zn and Cd tolerance and
hyperaccumulation properties (Bert et al., 2000, 2002; Macnair, 2002; Pauwels et al., 2006;
Roosens et al., 2008; Meyer et al., 2015; Stein et al., 2016). According to all these studies, Zn
tolerance and hyperaccumulation are quantitative and species-wide properties, while Cd
tolerance and hyperaccumulation are not. It is a diploid species with 2n = 16, with a genome
size of approximately 250 Mbp/1C (Briskine et al., 2016). It shares about 94% DNA sequence
identity into coding part with its relative Arabidopsis thaliana (a non-hyperaccumulator and
sensitive species to Cd and Zn, with a genome size of 135 Mbp) (Becher et al., 2004), from
which it diverged 5 Myr ago (Bechsgaard et al., 2006). It is even closer to Arabidopsis lyrata
a non-hyperaccumulator and sensitive species to Cd and Zn, with a close genome size (210
Mbp/1C) and the same number of chromosomes (Hohmann et al., 2014). A. halleri and A.
lyrata may have diverged 337 Kyr ago (Roux et al., 2011), and can be completely
intercrossed. Consequently, to ensure significant segregation of metal tolerance and
hyperaccumulation, the genetic architecture of these traits in A. halleri was first investigated
by using interspecific crosses between A. halleri and A. lyrata. A. halleri parental origins were
either metallicolous (Willems et al., 2007; Courbot et al., 2007; Frérot et al., 2010; Willems et
al., 2010) or non-metallicolous (Meyer et al., 2016). These QTL Mapping analyses revealed
that phenotypic variation in Zn, Cd tolerance and Zn hyperaccumulation is controlled by a
restricted number of QTLs. Furthermore, candidate genes occurring in some of these QTL
regions were identified by synteny with the A. thaliana genome and positional cloning
(Roosens et al., 2007, 2008) and were also functionally validated: the HMA4 (Heavy Metals
ATPase 4) and the MTP1 (Metal Transport Protein 1) gene families (Dréager et al., 2004;
Hanikenne et al., 2008). Remarkably, the region of AhHMA4 tandem copies was colocalizing
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with a shared QTL, occurring in all studies. This gene, which encodes a membrane protein
activating root-to-shoot translocation of Zn and Cd, was thus supposed to be involved in any
ancient acquisition conferring basic levels of, at least, Zn tolerance to the whole A. halleri
species (Meyer et al., 2016). These ancient acquisition may be contemporary of the speciation
between A. halleri and A. lyrata (Roux et al., 2011). On the contrary, the region of AhMTP1-
A and AhMTP1-B genes were only revealed when using a M parental origin of A. halleri
(Willems et al., 2007), suggesting a more recent acquisition. Whether these genes, which are
involved in sequestration of overtaking metals from the cytoplasm into vacuoles to maintain
Zn homeostasis (Zaal et al., 1999), were selected during colonization of metal-polluted soils is
probable but not clearly evidenced. When confronted, all these results suggest that the
species-wide Zn tolerance basic level in A. halleri and the enhanced Zn tolerance level
secondarily acquired in M populations would have different genetic architectures. Therefore,
a direct approach, i.e., an intra-specific cross between a NM and M populations of A. halleri,
appeared timely. That is why we performed a F2 cross between a NM and M A. halleri
geographically close populations collected from the Lombardy region in Italy. The linkage
map was constructed using Next Generation Sequencing and the mapping of Single
Nucleotide Polymorphisms (SNPs). The questions addressed by this study are: (1) Can we
detect any significant QTL region involved in local adaptation of A. halleri to metal pollution
through the assessment of Zn tolerance and hyperaccumulation in a controlled experiment?
(2) Are these regions overlapping a QTL already highlighted in previous studies? (3) What
can we infer about the process of local adaptation to anthropogenic habitats?

2 Materials and methods

2.1 Sampling sites

A. halleri is a montane species distributed throughout Europe (Northern France, Silesia in
Poland, Harz in Germany and Northern Italy) (O’Kane & Al-Shehbaz, 1997; Al-Shehbaz &
O’Kane, 2002). This study was carried out using genetic accessions of A. halleri from two
different sites in Bergamo province of Italy. The first one, called 135, is located in the “Val
del Riso” valley from southern Alps (N 45°55°01.6, S 9°47°40.1). In this valley, some old
mines wastes and ruins of mining industries can be observed since mining activities occurred
between 1850's and 1980's. 135 is situated in a mine exit (Figure 2). Consequently, the soil of
this site presents high concentrations of metal trace elements. For example, the mean

concentration of ammonium-EDTA extractable Zn is 11417 + 4566 ug.g* (from 5 soil
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samples). The second site, called 130, is located in another valley about 40 km away from the
first valley near the “Sommaprada” locality (N 45°59°28.03 S 10°16°19.38) (Figure 1). This
site is covered by hayfields and forests and is not contaminated by metal trace elements, since
the mean concentration of ammonium-EDTA extractable Zn is 22.81 + 13.00 pg.g™* (from 5

soil samples) (Figure 2) (Decombeix, 2011).

Lombardy

100 Km Italy
Metallicolous Non-metallicolous
population 135 population 130
dd40Km

14

Figurel: locality of populations used to performed F2 progeny.

Figure 2: A: Sampling site of metallicolous population (135), B: Sampling site of non-metallicolous
population (130) (Decombeix thesis 2011)
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2.2 Plant material and crossing program

We aimed at producing a F2 progeny. As A. halleri is a self-incompatible species, two F1
progenies were first produced from two different inter-ecotypic crosses, i.e., involving one M
and one NM parent. The two NM parents were originating from the non-contaminated site
described above (130 site, individuals 130.13 and 130.16, used as females) and the two M
parents were originating from the contaminated one (135 site, individuals 135.6 and 135.12,
respectively, used as males). Two F1 individuals, one per cross, were randomly selected and
crossed to generate the F2 progeny (Figure 3). All crosses were made by hand. Finally, 177
F2 individuals were positively assigned to the right crossing parents using a multiplex of eight
microsatellite markers (Godé et al., 2012).

II Non-metallicolous II Metallicolous
population 130 population 135

| |
| |

‘ @ 130.13 individual | x ‘ & 135.6 individual ‘ © 130.16 individual | x ‘ & 135.12 individual

l l

I I Fliso.13 x135.6 Progeny I I F1i30.16 x 135.12 Progeny
Q Fl,5013 x 1356 individual X & Fli3016 x 135,12 INdividual
F2 progeny

Figure 3 : A. halleri F2 progeny production

2.3 Assessment of Zn tolerance

Six replicates of each parental, F1 and F2 genotypes were obtained by cutting, generating a
total of 1062 plants (Meyer et al., 2010). Then, the replicates were grown in the greenhouse
on sand during eight weeks so as to obtain rooted plants. After that, they were transferred to
pots containing one liter of nutrient solution for eight weeks in a growth control chamber
(temperature: 20°C day and 15°C night; light: 14 h day and 10 h night; hygrometry: 80% for
the first two weeks of acclimation and then 65%). Plants were randomly distributed among
pots (three plants/pot) and pots were randomly placed on three rotated tables to homogenize

culture conditions (1062 plants in 354 pots in total) (Figure 4).
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The nutrient solution contained essential micro and macro-elements for plants to grow
including 0.02 mM FeEDDHA, 0.1 pM (NH2)6M07024.H20, 0.1 uM CuSO4.5H0, 0.025 mM
H3BO3, 2 uM MnSOs.H20, 1 uM KCI, 0.1 uM NaCl, 0.5 mM MgS04.7H.0, 1 mM
NH4H2PO4, 2 MM Ca(NO3)2.4H20, 3 mM KNOs3 and 10 uM of Zn added as ZnSO4.7H-0.
Metal bioavailability was insured using a buffer solution of 2 mM of MES (2-(N-
morpholino)ethanesulfonic acid) whose pH was adjusted to 5 using a KOH solution. To
provide these elements regularly for plants, the nutrient solution was changed each week for
all pots. For the acclimation phase, replicates were grown in the same dose of Zn (10 uM) for
two weeks. Then, the Zn tolerance test started by assigning three replicates per genotype to
either of two conditions of Zn concentrations: 10 uM as a non-polluted condition and 2000
UM as a polluted condition (Meyer et al., 2010).

The Zn tolerance test lasted six weeks (week 0 to week 5). Zn tolerance was estimated by
measuring five phenotypic traits for all individuals: biomass-related traits that are root length
(three measures at weeks 0, 2 and 4, represented by to, t1 and to, respectively), mean leaf width
(three measures at weeks 0, 2 and 4, represented by to, t1 and tz, respectively), root dry
biomass and shoot dry biomass, and one physiological trait that is mean photosystem Il yield
(“Dpsi”, three measures at weeks 2 and 4, represented by t1 and tz, respectively). Plant shoots
and roots were harvested at the end of the experiment, cleaned using osmosis water, oven-
dried at 60°C for 48 h and weighed.

For each replicate, tolerance indices were computed by dividing the phenotypic value in the
polluted condition by the median of the phenotypic values of the three replicates in the non-
polluted condition. Then, for each genotype, the phenotypic measures in polluted and non-
polluted conditions and tolerance indices were averaged across the replicates (Meyer et al.,
2010).

The broad-sense heritability (H?) of Zn tolerance that is the ratio of the total genetic variance
to the total phenotypic variance was estimated using the mean square values (MS) from the
ANOVA following the formula for cloning data based on three replicates (Lynch & Walsh,
1998):

(M5 — M5 b 9 i
2 = L ogenonRe error)/n : where “n” is the number of replicates, here n = 3.

(MSgenotype — MSerror)/n + MSerror

Thus, only individuals with available phenotypic data for the three clones were considered
(i.e., from 136 to 161 individuals according to the trait and condition considered, 153

individuals on average).
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(2)

Figure 4: Experimental design to evaluate Zn tolerance.

2.4  Assessment of Zn hyperaccumulation

We performed the same cutting program as for Zn tolerance, for each parental, F1 and F2
genotypes to obtain six replicates per genotype. Replicates were grown on compost in the
greenhouse for eight weeks so as to obtain rooted plants. Then, the plants were transferred in
1L-pots with 650 g of fresh compost. They were subjected to two Zn concentrations, with
three replicates per genotype per concentration. The first concentration was set to 10 mg.kg*
of Zn (non-polluted condition). The second concentration was set to 1500 mg.kg? of
ZnSO4.7H20 (polluted condition) (Frerot et al., 2010). As we wanted to assess the
hyperaccumulation plant capacities in healthy conditions, the concentrations in the non-
polluted and polluted conditions were chosen to be moderate. Pots were distributed randomly
into three balanced blocks. After six weeks, shoots of each replicate were harvested and rinsed
with demineralized water and dried at 55°C for three days, and then shoot dry biomass was
weighed. For each replicate, shoot Zn concentration was measured using the zincon method
developed for A. halleri by (Macnair & Smirnoff, 1999). It is a UV-visible

spectrophotometry-based method that uses zincon as a colored Zn-chelating agent. For that,
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25 mg of ground leaves were digested in 750 pl of a 2% sulfosalicylic acid solution during 24
h. Four microliters of the resulting solution were mixed with 40 ul of 0.03% zincon solution
and 156 pl of a buffer at pH 9.6. Absorbance values were measured at 606 nm on a microplate
absorbance reader (SUNRISE Tecan V 3.17, Grddig, Austria). Shoot Zn concentration was
expressed in mg.kg? of shoot dry weight. The broad-sense heritability (H?) of leaf Zn

concentration and shoot biomass was computed as described above.

2.5 High throughput sequencing and reads processing

DNA was extracted from the four parental and two F1 individuals of the cross described
above, followed by RNAse treatment and ethanol precipitation. The six individuals were
paired-end sequenced (2 x 100 bp) on three lanes of an lllumina HiSeq 2000 using one tag per
individual. Library preparation and sequencing were done at the GET PLAGE platform
(http://get.genotoul.fr/).

Reads were de-multiplexed according to the six tags. The PRINSEQ-lite 0.20.4 tool was used
for reads processing: poly-N, poly-A and poly-T tails were trimmed at the 5°- and 3’-ends of
the reads with a minimum length of 1 for poly-N tails and 5 for poly-A tails and poly-T tails.
Reads were trimmed by quality score from 3’-end with a quality threshold of 20, and they
were filtered out if their average score was below 25 or if they included characters other than
A, C, G, T or N. Low complexity sequences were filtered out with the entropy method with a
minimum allowed value of 70. Reads with less than 80 nucleotides were filtered out.
Adaptors were removed using cutadapt (Martin, 2011). Pre and post processed FATSQ files
(read files) were quality controlled using FastQC (v0.11.4,
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).

2.6 SNP and genotype calling

After read processing, only paired reads of the four P1 and two F1 individuals were mapped
against the A. halleri assembly (version 1 PL22 polish individual) constructed by Sol
Schvartzman and Marc Hanikenne at the University of Liege in Belgium. Mapping was done
using the Bowtie short-read aligner version 2-2.2.4 (Langmead et al., 2009) with the sensitive
mode, the end-to-end option and a fragment length for valid paired-end alignment comprised
between 0 and 1000. Bowtie alignments were piped to SAMtools version 1.2 (Li et al., 2009)

for reformatting into BAM files, sorting, indexing and PCR duplicates removal. We used
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QualiMap (v.2.0.2, (Garcia-Alcalde et al., 2012) to obtain statistics on the BAM files (i.e.,
number of mapped reads, depth of coverage, mapping quality and genome coverage).

We aimed at selecting 384 high-quality SNPs suitable for genotyping the F2 generation and
thus for the genetic map construction. Variant and genotype calling across all the four P1 and
two F1 individuals were done using GATK version 3.3-0 (McKenna et al., 2010). Both the
UnifiedGenotyper (UG) and HaplotypeCaller (HC) probabilistic algorithms were tested with a
minimum base quality score of 20 (to consider a base for calling). UG considers each locus
independently for variant calling and detects SNPs and INDELs separately whereas HC
considers haplotypes for variant calling (it does not suppose independence between loci) and
allows a simultaneous detection of SNPs and INDELSs via a local de novo assembly. We used

UG exclusively for SNP calling.

2.7  Assessing Mendelian violations

SNPs with two or more alleles common to UG and HC were used to evaluate the Mendelian
violation between the parents and F1 individuals (2,970,216 SNPs). This was done using the
SelectVariants function from GATK version 3.3-0 (McKenna et al., 2010) by providing a
pedigree and indicating a minimum genotype quality threshold of 100 (risk of false genotype
< 10719 that all members of a trio must have in order for a SNP to be accepted as a Mendelian

violation.

2.8 SNP filtering

We applied filtering steps on the SNP issued from the UG and HC algorithms, based on
different quality scores, genotyping and mapping requirements. Only bi-allelic SNPs with
long enough, polymorphism free flanking regions (50 bp from each side with no N-
nucleotides) and no missing genotypes among the six individuals were kept. SNPs were also
selected according to their suitability for genetic map construction, i.e., SNPs that showed at
least one ecotype-specific allele (metallicolous vs. non-metallicolous) in parents, clearly
transmitted p to the F1 individuals. This implies that selected SNPs had a Mendelian
segregation. Finally, only SNPs that were common between the UG and HC algorithms were
kept (Figure 5).

According to the HC output quality scores, we applied the following filters: MQ > 40.33 (first
quantile), QUAL > 3142.27 (first quantile), the individual variant position depth comprised
between 28 (first quantile) and 100 and genotype quality > 78 (first quantile). We applied
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additional filters that take into consideration the allele bias: BaseQRankSum comprised
between -1.96 and 1.96, FS < 13.01 (error rate of 0.05), ClippingRankSum comprised
between -1.96 and 1.96, FS < 13.01 (error rate < 0.05), MQRankSum comprised between -
1.96 and 1.96, QD > 26.83 (third quantile) and ReadPosRankSum comprised between -1.96
and 1.96 (error rate < 0.05).

In our final 384 SNP dataset that we chose for genotyping the F2 progeny, we wanted to
include SNPs located within or close to known metal tolerance and hyperaccumulation
candidate genes. Sequences of the Ah-mptl gene family (mtp1-Al, mtpl-A2, mtpl-B, mtpl-C
and mtpl-D; GenBank accessions: FN428855, FN386317, FN386316 and FN386315:
(Shahzad et al., 2010) and Ah-hma4 gene family (hma4-1, hma4-2, hma4-3; GenBank
accessions: EU382073.1 and EU382072.1, from: (Hanikenne et al., 2008) were aligned to the
A. halleri genomic assembly using the blastn function from the BLAST 2.2.28+ (Camacho et
al., 2009) software. Blast hits with alignment length equal to or greater than the query length
and with an identity percentage equal to or greater than 95% were kept. The SNPs within or
close to these matching regions were forced to be in the final 384 SNP. The rest of the SNPs

were randomly chosen among those that passed all the filtration criteria.

Unified L Haplotype

3,981,568 Raw outout 3,824,861 variants
SNPs P (SNPs + INDELS)
247,896 No polymorphism within the 50 bp 234_’097
SNPs flanking regions VIR
246,740 . . 189,341
SNPs Only bi-allelic SNPs SNPs
14,904 ; s 11,214
c SNPs h type- f 0
SNPs s having ecotype-specific SNPs

segregating alleles

SNPs common between the two algorithms:
10,466 SNPs

Figure 5: First step of SNP filtration
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2.9 SNP genotyping

The DNA of 176 F2 individuals was extracted at the GENTYANE platform (INRA,
Clermont-Ferrand, France, http://www.ibisa.net/plateformes/detail.php?tri=&srch=&q=101)

from oven dried leaves using the sheadex™ maxi plant kit (LGC Genomics, Teddington
Middlesex, UK) on the oKtopure™ robot. The mean concentration was 8.57 + 4.82 ng.uL™
and the mean A260/A280 ratio was 1.84 + 0.06. For genotyping, DNA was normalized to 5
ng.uLt

Genotyping was performed with the KASP chemistry (LGC Genomics) using the Fluidigm
dynamic array platform (Fluidigm, South San Francisco, CA, USA) at the GENTYANE
platform. Plant material replicates (independent DNA extractions) and DNA replicates (a
single DNA extraction) were included in the experiment for assessing the genotyping error
rate which was computed as [the number of SNPs x number of genotypes that have discordant
information over the replicates] divided by [the total number of individuals x number of
SNPs] x 100. As individuals were grouped in two 96 well plates, the error rate was computed
at the intra-plate and inter-plate levels. Genotypes were visually checked using the
FLUIDIGM SNP GENOTYPING ANALYSIS software.

2.10 Construction of the genetic map

The genetic map construction was done using the R/gtl package (version 1.39-5, (Broman et
al., 2003). Before map construction, six individuals and 27 SNPs with more than 25% of
missing data were discarded from the analysis. Three pairs of individuals shared more than
99% of genotype identity. We discarded one individual from each pair as they could be
sample duplications. Additionally, we discarded five markers showing significant segregation
distortion (Chi-square test, asonf = 14€-05)), i.e., differing from the expected 1:2:1 ratio for an
F2 progeny. Finally, 167 individuals and 352 SNP markers were included in the genetic map
construction.

For linkage groups construction, the logarithm-of-odds (LOD) score minimum threshold was
set to 10 and the maximum recombination fraction threshold to 0.5. Ordering markers along
each linkage group was done with the greedy algorithm by fixing the positions of previously
ordered markers and adding one marker at a time in the position giving the minimum number
of obligate crossovers. The genotyping error rate that is taken into consideration in the genetic
map construction was estimated to 0.07 by quantifying the degree of repeatability observed

when comparing duplicated individuals and SNPs included in the genotyping experiment. We
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used the Kosambi’s mapping function to obtain the genetic distances from the recombination

rates (Kosambi, 1943).

2.11 Shared synteny of A. halleri genomic sequences with A. lyrata and A. thaliana

Synteny is defined as the degree to which the genomic loci remain on corresponding
chromosomes over time (Tang et al., 2008). In order to study the shared synteny of our
genetic map with the genomes of A. lyrata and A. thaliana, we extracted the scaffolds
including SNPs in the genetic map of A. halleri from the A. halleri genome assembly (version
1) using SAMtools version 1.2 (Li et al., 2009) and grouped them by linkage groups. Then, we
used the blastn function from the BLAST 2.2.28+ (Camacho et al., 2009) software to compare
the eight A. lyrata chromosome sequences (Hu et al., 2011), Phytozome V9.0, version 1.0
(107)) and the five A. thaliana chromosome sequences ((The Arabidopsis Genome Initiative
(AGI), 2000), TAIR10 genome release) to these linkage group scaffolds. The blastn results
were filtered according to an alignment length minimum threshold of 5000.

2.12 QTL mapping and annotation

The QTL mapping was done using the R/qtl package (version 1.39-5, (Broman et al., 2003)
on the tolerance indices of the traits. We started by the Interval Mapping method (IM)
implemented in R/qtl, particularly the single QTL genome scan. The LOD score representing
the likelihood of a QTL has been computed every centiMorgan (cM) along the linkage groups
using the non-parametric model and the expectation maximization (EM) method with 4,000
iterations. The genome-wide significance threshold for the LOD score was set for each trait
using a permutation test (1,000 permutations) and corresponding to a 0.05 significance
threshold (Churchill & Doerge, 1994). For the detected QTLs, an approximate Bayesian
credible interval was computed, with a probability coverage of the interval of 0.95. We
computed the QTL additive “a” and dominance “d” effects of the QTL using the effectscan
function implemented in R/qtl. The additive effect is calculated as the half difference between
the means of the phenotype values for the homozygotes for a given trait. The dominance
effect is calculated as the difference between the mean phenotypic value of the heterozygotes
and the midpoint between the mean phenotypic values for the homozygotes for a given trait.
The degree of dominance for a QTL was computed as the absolute value of the ratio of

dominance effect to the additive effect (|d/al). A QTL is considered additive if |d/a| is lower
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than 0.2, partially dominant if |d/a| is between 0.2 and 0.8, dominant if |d/a| is between 0.8

and 1.2 and over-dominant if |d/a| is greater than 1.2 (Frérot et al., 2010).
3 Results

3.1 Segregating and heritability of the traits

Eight traits were finally retained for QTL mapping: (1) leaf width at t1 - leaf width at t0, (2)
leaf width at t2 - leaf width at tO, (3) root length at t1 - root length at t0, (4) root length at t2 -
root length at t0, (5) shoot biomass, (6) root biomass, (7) photosystem II yield (OPSII at t1)
and (8) photosystem II yield (OPSII at t2). Leaf and root growth were estimated through the
non-destructive traits (1) and (2) in order to focus on the dynamics of plant response to Zn. To
these tolerance variables were added two traits measured in the hyperaccumulation
experiment: (1) leaf Zn concentration and (2) shoot biomass.

To illustrate the trait responses to Zn, we plotted the traits distribution between polluted and
non-polluted conditions (Figure 6). Our results show a significant increase in phenotypic
values for all biomass traits in response to Zn exposure. Conversely, a significant decrease in
the phenotypic values of the photosystem Il yield traits was observed in response to Zn
exposure (Wilcoxon statistical test for paired data using R 3.1.2). Remarkably, a positive
correlation between the photosystem Il yield trait and biomass traits appeared in the non-
polluted condition, namely for root growth, shoot biomass and root biomass. This correlation
disappeared in the polluted condition (Spearman coefficient, Figure 7). A more concrete
representation of tolerance indices distribution is shown in Figure 8 and Figure 9 by
segregation histograms. The parental and F1 individuals died before this experiment, this is
why they were not represented on the histograms. Tolerance indices varied between 0.86 +/-
5.58 and 3.42 +/- 4.22, with no significant difference from one for all of them (Table 1,
Wilcoxon statistical test using R 3.1.2).

The broad-sense heritabilities (H?) of the traits in the polluted and non-polluted conditions and
of the tolerance indices were estimated and summarized in Table 1. For all traits except for
the root length growth between t2 and t0, we observed an increase in the heritability values in
polluted condition in comparison to non-polluted one (3.8 fold as a mean). Moreover, we also
observed for all traits higher heritability values based on tolerance indices in comparison with

values based on the polluted condition (4.8 fold as a mean).
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Figure 6: Traits distributions in the non-polluted and polluted conditions for all genotypes

NP = non-polluted condition; P = Zn-polluted condition.
P-values are the results of the Wilcoxon statistical test for paired data.
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7.8e-04)
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Figure 8: Traits segregation histograms in the non-polluted and polluted conditions for all genotypes.
NP = non-polluted condition; P = Zn-polluted condition. Below each histogram, the trait mean +/- the
standard deviations are written.

© 2017 Tous droits réservés.

123

lilliad.univ-lille.fr



These de Dima Souleman, Lille 1, 2017

[Chapter 5] Genetic architecture of local adaptation to anthropogenic habitat

Figure 9: Segregation histograms of the tolerance traits
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Table 1: Traits, tolerance indices and tolerance indices broad-sense heritabilities (H?)

These de Dima Souleman, Lille 1, 2017

Trait Tolerance index  H? in the non- HZ2in the H? of the train
(mediane * sd) polluted polluted tolerance index
condition condition

Leaf width at t; - leaf width at to(cm) (.86 + 5.58 -0.04 0.15 0.65

Leaf width at t2 - leaf width at to(cm) 1,17+ 5.02 0.06 0.12 0.50

Root length at t; - root length at to

(cm) 1.75+9.78 0.09 0.15 0.65

Root length at t, - root length at to

(cm) 1.38+9.14 0.15 0.04 0.81

Shoot biomass (9) 1.35+3.03 0.26 0.41 0.62

Root biomass (g) 3.42 £4.22 0.06 0.31 0.62
Photosystem Il yield ®PSII at t1 0.96 + 0.08 0.03 0.40 0.42
Photosystem Il yield ®PSII at t2 0.96 + 0.08 0.14 0.33 0.37
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3.2  From reads to SNPs

SNPs were detected by mapping the paired processed reads (841,110,582 reads, representing
90.46% of the raw reads) against the A. halleri assembly (version 1). The average number of
paired processed reads across the four parental and two F1 individuals was 140,185,097 +
38,924,730 reads. The average number of mapped reads was 66,088,413 + 9,071,361, depth
of coverage 40.37 £ 5.54 X and genome coverage 81.10 + 0.59% across these individuals.

We examined Mendelian violations between the parental and F1 individuals in the SNPs
detected with GATK. 95% of the examined SNPs have a QUAL equal to or above 100 (risk of
false polymorphism < 10%). None of these SNPs showed Mendelian violation confirming

that the P1 individuals are the true parents of the F1 individuals.

According to the filters described in the materials and methods section, 705 SNPs were
selected. From these high-quality 705 SNPs, 377 SNPs were randomly chosen and five forced
to be in the dataset because they were included in a scaffold matching significantly on Ah-
mtpl-C and Ah-mtpl-D genes. In addition to these SNPs, two SNPs located within a scaffold

matching significantly on Ah-hma4-2 were added.

The genotyping of the F2 progeny (384 SNPs x 175 individuals) was manually checked and
validated. The results showed a conversion rate (number of polymorphic SNPs over the total
number of SNPs) of 93% approximately. The percentage of missing data per individual had a
mean of 22.5% + 20.5. The percentage of missing data per SNP had a mean of 22.8% + 23.1.
Plant material replicates (independent DNA extractions) gave a mean error rate at the intra-
plate level of 5.2% * 3.1 and a mean error rate at the inter-plate level of 10.6% + 3.5. DNA
replicates (a single DNA extraction) gave a mean error rate at the inter-plate level of 4.7% *
0.3.
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Table 2: Summary of the read number after processing and the mapping

*A. halleri genome assembly (version 1)

Individual Number of raw Number of Number of Mean depth Mean A. halleri genome
reads paired processed mapped reads of coverage mapping coverage (%)*

130.13 140,127,836 127,847,806 66,951,489 40.90 23.27 80.45%
(91.24%) (47.78%)

130.16 238,894,204 212,134,468 58,441,253 35.70 23.48 80.53%
(89.05%) (24.46%)

135.6 109,757,778 100,200,986 54,072,668 33.03 23.34 81.05%
(91.29%) (49.27%)

135.12 144,921,280 132,552,426 78,288,260 47.82 23.21 81.00%
(91.47%) (54.02%)

F1i30.13x 1356 130,752,396 119,331,600 65,068,657 39.75 23.45 81.70%
(91.27%) (49.76%)

F1130.16x 135.12 165,403,764 148,443,296 73,708,153 45.01 23.65 81.89%
(89.75%) (44.56%)

Mean+sp  >4976:210x  140,185097 66,088,413 + 4037+554  234+0.16 81.10 + 0.59

44,953,396 38,924,730 9,071,361
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3.3 Genetic Map

With a maximum authorized missing data threshold of 25%, the map construction was conducted
with 167 individuals and 352 SNPs. With a LOD score threshold of 10, 17 linkage groups were
formed, from which the eight first groups carried 97% of the markers, approximately, which
corresponds to the expected number of chromosomes in A. halleri. In these first eight linkage
groups, the number of markers per linkage group varied from 29 to 61 markers. The scaffolds
including the SNPs in the map has a minimum size of 1,003 bp, a maximum size of 485,200 bp,
and a median size of 82,380 bp. Markers reordering and QTL mapping were carried out with
these first eight linkage groups. Their size varied from 57.7 to 124.8 cM. The average spacing
and maximum spacing per linkage group varied between 1.3 and 3.0 and between 9.9 and 61.4
(Figure 10).
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Figure 10: Linkage map of the A. halleri F2 cross constructed with R/qtl (version 1.39-5)

LG = linkage group.

Distances on the genetic map are expressed in cM on the left bar.

The 352 SNPs included in the map are represented by the scaffold number and the position on the
scaffold separated by an underscore. The scaffolds belong to the A. halleri genome assembly (version 1).

The comparison of the A. lyrata and A. thaliana genomes, respectively, to our A. halleri genetic

map showed a strong signal of shared synteny between A. halleri and its close relative A. lyrata,
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where each linkage group in A. halleri corresponded mostly to one chromosome in A. lyrata

(Figure 11). Shared synteny was more partial between A. halleri and A. thaliana, where each A.

thaliana chromosome shared considerable syntenic blocks with at least two A. halleri linkage
groups (Figure 11) as if the AtChrl is a fusion of the AhLG1 and AhLG2, the AtChr2 a fusion of
the AhLG3, AhLG4 and AhLGS5, the AtChr3 a fusion of the AhLG3 and AhLGS5, the AtChr4 a
fusion of the AhLG6, AhLG7 and AhLG8 and the AtChr5 a fusion of the AhLG6, AhLG7 and

AhLGS.
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Figure 11: Shared synteny study between the A. halleri linkage group constituting scaffolds and the A.
lyrata and A. thaliana chromosomes, respectively. LG = linkage group; Chr = chromosome.

3.4 QTL detection and annotation of the QTL region
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The Interval Mapping approach for QTL detection was done with the tolerance indices of our
traits. It gave one significant QTL region associated with the Photosystem 11 yield. We note that
this QTL signal is significant in the polluted condition but not in the non-polluted one. The QTL
region is located on the linkage group 4. The LOD score significance thresholds was set at the
genome wide scale to 3.22 for t1 and 3.04 for t2 with o = 0.05. The association was significant at
both t1 and t2 and more pronounced at t2. At t1 (resp. t2), the maximum LOD score was of 5.96
(resp. 8.19), located at the position of 5 cM (resp. 4 cM) at a pseudo-marker position. The
credible interval with a probability coverage of the interval of 0.95 was between 0 and 10 cM for
t1 and 0 and 8 cM for t2) (Figure 12). The markers included in the credible interval of the QTL
are: “1164 147397, “1164 14686, “1164 133727, “488 356877, “65 175932” and
“65 23009”. The contribution of the QTL to the phenotypic variance was 18.02% for t1 and
27.19% for t2. For this QTL, the metallicolous allele increased the photosynthetic yield (Figure
13). The additive effect of the QTL was estimated to 0.0428 + 0.0076 at t1 and 0.0463 £ 0.0072
at t2. The dominance effect of the QTL was estimated to 0.0221 + 0.0109 at t1 and 0.0458 +
0.0103 at t2. The degree of dominance of the QTL was estimated to 0.52 at t1 and 0.99 at t2, so
the QTL is partially dominant to dominant, as reflected by the position of the phenotypic
distribution of the heterozygotes that is closer to that of the metallicolous homozygotes in Figure
13.
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Figure 12 : QTL mapping results for the tolerance indices of the photosystem 11 yield at t1 and t2 by the
interval mapping method

The linkage group 4 is represented in the upper part of the figure, and only the names of the first eight
markers are displayed.

The horizontal lines represent the LOD score significance thresholds (3.22 for t1 and 3.04 for t2) with o =
0.05. The vertical lines represent the limits of the credible interval with a probability coverage of the
interval of 0.95 (positions 0-10 for t1 and positions 0-8 for t2).
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Figure 13 : Effect plots of the QTL associated with the tolerance indices of the Photosystem Il yield at t;
and t,

The allele « A » is exclusively transmitted by the non-metallicolous parents and the allele « B » by the

metallicolous parents.

4 Discussion

4.1 Response of the intra-specific F2 progeny to Zn exposure

Rapid local adaptation is a major challenge conditioning the survival of species in front of the
fast pace of the environmental changes due to anthropogenic activities. In this study, we aimed at
adding knowledge about the little known on the genetic architecture of local adaptation. For that,
we used a QTL mapping approach on an intra-specific F2 progeny, generated by crossing parents
issued from contrasted geographically close environments. We were particularly interested in the
genetic architecture of local adaptation of a pseudometallophyte species A. halleri, to recent Zn
pollution, acting since less than 200 years. We worked on two isolated Italian populations (130
(NM) and 135 (M)) located in two environments highly contrasted by the levels of metal

pollution in the soil. Previous results on M and NM A. halleri populations all over the range
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distribution of the species (Pauwels et al., 2006) and on Polish and Slovakian populations
(Meyer et al., 2010), have shown that in spite of the continuous distribution of the tolerance
traits, we observe extreme phenotypes between the M and NM populations whose genetic bases
are interesting to study. More particularly in Italian populations, (Decombeix, 2011),
unpublished data) measured Zn tolerance traits in a NM population “I31” that has very similar
geographic and edaphic characteristics to 130, notably the heavy metal soil concentrations such
as Zn, cadmium and lead, and in 135 in common garden experiment. As expected, they showed
that the 131 was less fit than the 135 population in Zn contaminated environments: they found
lower leaf width, leaf length and photosynthetic yield in 131 relatively to all the studied
metallicolous populations and particularly the 135 in two polluted conditions (1,000 pg.g™* and
8,000 pg.g* of Zn added as ZnO). The geographical and edaphic similarities between 130 and
I31 made us assume that there are exploitable Zn tolerance genetic differences between 130 and
I35 for QTL mapping. We note that the 130 and I35 populations didn’t show significant
differences for Zn hyperaccumulation in common garden experiment ((Decombeix, 2011),
unpublished data).

As A. halleri is known to be self-incompatible, two inter-ecotype crosses were done using
individuals from and 130 and 135 populations to generate a F2 progeny, subsequently phenotyped
and genotyped for QTL mapping. Zn tolerance was estimated based on variation in
morphological traits that are leaf growth and root growth that may be directly affected by metal.
Root growth was considered because this organ is in direct contact with the soil pollution. Shoot
growth was considered because shoots are the storing organ after metal translocation. Zn
tolerance was also estimated based on a physiological trait that is the Photosystem Il yield that
reflects the effect of metal on the efficiency of the photosynthesis (Meyer et al., 2010). Zn
hyperaccumulation was estimated by measuring Zn content in leaves. Heritability values were
increased in the polluted condition relatively to the non-polluted one for the majority of the
tolerance traits. We also observed a heritability increase for tolerance indices for all traits
compared to the heritabilities in the polluted condition. This suggests that for an A. halleri
genotype, variation in tolerance trait phenotypic values under Zn stress is smaller than under a
non-polluted environment and that the variation of the amplitude of phenotypic response to Zn
stress is even smaller. This confirms the strong genetic basis of Zn tolerance in A. halleri. Zn

exposure caused a general decrease in the photosynthetic yield of the F2 plants while,
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unexpectedly, biomass was increased with Zn exposure. These findings differ from what was
observed by (Meyer et al., 2010) in the same conditions as our experiment (same medium and
same Zn concentrations) in Polish and Slovakian A. halleri populations, where the biomass-
related traits (shoot and root biomass, root length and leaf width) had lower values in the
polluted condition independently on the ecotype. This contradictory behavior could be related to
different genetic backgrounds among the compared populations: the A. halleri populations from
the northern range of the species including the Polish and Slovakian populations seems to belong
to a phylo-geographical group that is different from that of the populations from the southern
range including the Italian populations (Pauwels et al., 2008, 2012). The increase in the biomass-
related traits we observed could be mainly due to a biomass that is not affected by the Zn
pollution in some genotypes (as observed in (Zhao et al., 2000) or slightly hindered by it, namely
the non-metallicolous ones, and a biomass that is favored in the presence of the metal, namely in
the metallicolous genotypes. This scenario was observed in hydroponic solution in another
tolerant species Noccaea caerulescens where with increasing Zn concentration, biomass was
relatively constant in non-metallicolous populations and was increased in metallicolous ones
(Escarré et al., 2013). When we looked at the correlations between the traits we measured, Zn
exposure seemed to break positive correlations existing between biomass and photosynthetic
yield in non-polluted conditions. This suggests that Zn may differently affect the biomass-related
traits and the photosynthetic yield, and that genetic bases underlying these traits are potentially

unlinked.

4.2 Construction and validation of the A. halleri genetic map

Next Generation Sequencing (NGS) technologies are nowadays offering a fast and low-cost tool
for developing a large number of DNA markers that can be used in population and quantitative
genetics (Metzker, 2009; Nielsen et al., 2011). In this paper, the NGS of the parental and F1
individuals allowed us to detect millions of SNPs widely distributed across the genome. We were
particularly interested in SNPs because they are easy to detect, reproducible, segregate strongly
among populations and give the ability to examine both neutral and under selection variations in
the genome (Helyar et al., 2011). The high density of SNPs we obtained allowed us to apply very
stringent quality filters and mapping filters and select 352 SNPs that we used to genotype the F2
progeny and build a robust A. halleri genetic map with a LOD score threshold of 10. As,
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expected, it consisted in eight linkage groups, which probably correspond to the eight A. halleri
chromosomes in A. halleri. Our map was larger in size (622.8 vs. 567 and 526 cM), more dense
in markers (384 vs. 85 and 70 markers, 2.0 vs. 6.6 and 8.5 cM average spacing between two
adjacent markers) relatively to the A. halleri * A. lyrata genetic maps constructed by (Willems et
al., 2007) and (Frérot et al., 2010). QTL mapping would be ideal with molecular markers
homogenously distributed on the linkage groups. Nevertheless, we observed non-random marker
distribution in our map reflected by large gaps between marker groups. This could reflect the
bias due to the NGS read filtration and mapping and the SNP quality filtration that should
prevent detecting SNPs in highly repeated or low complexity genomic regions. To assess the
biological relevance of the linkage groups, we analyzed the shared synteny between the scaffolds
in the linkage groups and the chromosomes of A. lyrata and A. thaliana. A strong shared synteny
was observed between the A. halleri linkage groups and the A. lyrata chromosomes, with a one-
to-one chromosome correspondence. Nevertheless, some punctual genomic blocks escaped this
shared synteny profile. These blocks could be due to local genomic rearrangements that
happened after speciation. They could also reveal errors in the genomic assemblies such as the
presence of chimeric scaffolds. The shared synteny profile obtained between the A. halleri
linkage groups and the A. thaliana chromosomes revealed the same chromosomic fusions in A.
thaliana relatively to both A. lyrata and A. thaliana (Willems et al., 2007; Hu et al., 2011).

The A. halleri genetic map we constructed was made of eight linkage groups that are biologically
relevant, and has a high density of SNP markers that cover both neutral and non-neutral loci.
Consequently it offered a good global representation of the genome and constituted a powerful

tool to proceed to the QTL mapping step.

4.3 Detection of a major QTL for Zn tolerance

Among the eight tolerance and two hyperaccumulation traits we measured, we detected one
single QTL associated with the Photosystem Il yield. This QTL was located on the linkage group
4 at the position of 4 cM approximately. It was detected after two weeks and after four weeks of
Zn exposition, and interestingly, the QTL signal got stronger with time, confirming the
robustness of the association. It appeared that it is a major tolerance QTL because it explained up
to 27% of the total phenotypic variance. Given that the corresponding estimated broad-sense

heritability is equal to 37%, this QTL would explain 73% approximately of the genetic variance
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of the trait. However, we should be careful in interpreting the effect size of the QTL, because it
may be inflated because of the limited number of markers and individuals in the experiment. In
fact, it has been shown that increasing sample size and marker density increases the number of
QTL detected and decreases the effect size of each QTL (Mackay et al., 2009). The Photosystem
Il yield QTL that we detected showed a partially dominant to dominant heredity, with the
metallicolous allele conferring the increased photosynthetic yield to the heterozygotes and the
metallicolous homozygotes. The absence of QTLs for the other traits could be due to multiple
reasons. In our case, we can exclude the absence of segregation of the traits in the F2 progeny
because they showed variability in that generation. However, in spite of the segregation, the
traits would not have differential distributions across the genotypic because of similar means of
large variances. Moreover, we could imagine that the genetic bases of these biomass traits is
much complex (integrative traits) and that they are governed by multiple QTLs with small effects
that require a detection power that we didn’t reach in our experiment. For Zn hyperaccumulation,
the absence of QTL was expected as the Zn concentrations measured in the parent populations in
(Decombeix, 2011) were similar.

Interestingly, our study corroborates the results of (Meyer et al., 2010) that found a mean Qst
value for Zn tolerance indices calculated from Photosystem Il yield significantly higher than the
mean FsT value in Polish and Slovakian populations. This suggests that divergent selection may

act at least on the photosynthetic yield in several regions of the species range.

4.4 QTL specificity at the intra-specific and local scale

Until recently, the genetic architecture of Zn tolerance and hyperaccumulation in A. halleri was
studied at the inter-specific level, where crossing A. halleri with its non-tolerant relative A. lyrata
was a guaranty to observe segregation in the progeny given the constitutive aspect of the trait.
Deciphering the genetic architecture of the increased Zn tolerance observed in the metallicolous
populations was only possible by comparing an inter-specific crosse between a metallicolous
accession of A. halleri and A. lyrata (Willems et al., 2007) to an inter-specific crosse between a
non-metallicolous accession of A. halleri and A. lyrata (Meyer et al., 2016). This comparison
showed that the AhMTP1-A and AhRMTP1-B genes would be implied in that increased tolerance.
This work is the first to directly study the genetic architecture of increased Zn tolerance in A.

halleri at a local scale. Our detected QTL is not located in a genomic overlapping with
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previously identified QTL in A. halleri. This could be due to the differences in the genetic
backgrounds between the previously studied populations (Auby France) and the Italian one. It
would be necessary to identify the genes that are included in our QTL region that would be
related to Zn tolerance and sequence these genes in addition to the AhMTP1-A and AhMTP1-B
genes in metallicolous and non-metallicolous natural populations and see if we can detect signals
of selection that differ according to the genetic background.

Our study showed that rapid local adaptation to anthropogenic environmental stress could occur
in natural populations. Whether the dominant heredity of our detected QTL is related to this fast

adaptation has to be dug out.
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1 General discussion and perspectives

Habitat fragmentation through urbanization and change in habitat quality due to pollution
(metals, pesticides...) can affect the resident species. Since, habitats modifications are usually
spatially heterogeneous and populations are differentially affected depending on their
geographical locality. Permanence of populations is related to their capacity to migrate to a most
favourable environment or to adjust their phenotype through adaptation or phenotypic plasticity.
Adaptation requires genetic modifications while phenotypic plasticity implicates non-genetic
modifications (mainly physiological plasticity). The objective of this thesis was to assess the
genetic consequences of organisms’ response to habitat fragmentation and metallic exposure
using two approaches on two tolerant model species: a population genetics approach in the
Lumbricus terrestris earthworm species and a quantitative genetics approach in the Arabidopsis
halleri plant species. Population genetics approach, using microsatellite markers allowed us to
evaluate the effect of the fragmentation and MTEs pollution on the genetic variability and the
genetic structure of L. terrestris earthworm populations, while the quantitative genetics approach
was used to understand the genetic architecture of Zn tolerance and Zn hyperaccumulation in A.
halleri.

Both selected models live in close contact with the soil matrix and are highly exposed to soil
modifications due to anthropogenic activities. L. terrestris was selected as sentinel species often
used in ecotoxicology because it is found in hostile environments. Nevertheless, earthworms
communities can be affected by the modifications of biotic and abiotic parameters such as
agricultural practice (Chan, 2001), soil pollution by metals or pesticides (Pelosi et al., 2013;
Lévéque et al., 2015) and urbanization (Amossé et al., 2016). These modifications in
earthworm’s communities can affect populations’ dynamics and may alter the genetic structure
of these populations. The first part of this thesis was conducted to study the effect of
fragmentation and the change of habitats quality on the structure of genetic diversity in L.
terrestris. In parallel, A. halleri, a metal tolerant and hyperaccumulator plant, was selected
because it is considered as a great model to study local adaptation in metal polluted areas given

its physiological characteristic and its proximity to the model species A. thaliana (Figure 1).
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L.terrestris earthworms in disturbed habitats in
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Materials and methods:
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* COI sequencing for earthworms identification
* Genotyping with eight microsatellite data
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Main results: Main results:
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* No difference was reported in genetic diversity between  traits to estimate Zn tolerance, two traits to estimate Zn
earthworms collected from polluted and non-polluted hyperaccumulation
area. » 384 SNPs markers + Genetic map
* Hierarchical structure in two levels » One major QTL involved in Zn tolerance that explains
* Genetic structure at fine-scale in polluted and highly 30% of phenotypic variation

urbanised location comparing to less urbanised one.

Figure 1 : summary of the works presented in this thesis.

2 A population genetics approach to study neutral genetic diversity

Isolated populations in fragmented habitats have generally less genetic diversity than their
ancestral populations because of founder effects or bottlenecks in populations’ size that have
lead to genetic drift. When fragmented populations are founded by a small number of
individuals, those individuals will bring a sample of alleles from the set of alleles of the ancestral
population. By this way, derived populations will differ by genotype, allele and phenotype
frequencies from each other and from the initial population. Moreover, geographical distances

and physical barriers can hinder gene flow among populations. Indeed, populations surrounded
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by roads, water channels and others barriers may receive fewer migrants than other populations,
which may lead to an increase in inbreeding rates (Fauvergue et al., 2012). In addition to the
genetic drift and reduced gene flow, natural selection due to the change of environmental
conditions and the presence of contaminants such as metals can explain the loss of a part of the
genetic diversity (only for adaptive genes).

In this work, we assumed that habitat fragmentation resulting from anthropogenic activities has
modified the genetic structure of L. terrestris populations and has provoked a loss of genetic
diversity. To understand how habitats fragmentation can shape the structure of genetic diversity
in L. terrestris, we compared the genetic diversity between different groups of L. terrestris
earthworms collected from differently fragmented sites i.e. either by urbanization and metallic
pollution or by agriculture activities, using microsatellite markers. To our knowledge, our study
has pioneered the exploration of the genetic diversity and its structuration in L. terrestris and the
possible impacts of habitats fragmentation on it.

Microsatellite markers are ideal to study the genetic variation within and among populations.
These markers are highly used to study several events of the demographical history of
populations such as bottlenecks, founder effects and gene flows. Since those markers are not
available for the studied species, this work started by identifying eight polymorphic
microsatellite markers in L. terrestris.

On the local scale, earthworms collected from the urbanized area showed a genetic structure,
which is mostly related to populations connectivity modified by habitats fragmentation but there
is no evidence in favour of an effect of metallic pollution in this structure (Figure 2). This figure
shows no relationship between genetic clusters obtained in samples collected from polluted area
and the concentration of Cd in the soil. No genetic structure was revealed in earthworms
collected from the agriculture area where fragmentation is only related to agricultural activities.
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Figure 2 : In A) the distribution of two clusters obtained from samples collected in metals polluted area.
The first group is in red in the south and the second one is in blue in the north. In B) cadmium
concentration in the soil where samples were collected.

Our results show no difference in the level of genetic diversity between the metallicolous and
non-metallicolous populations suggesting that metallic pollution did not affect the neutral genetic
diversity in the L. terrestris ecotypes. The absence of metallic pollution effects on the neutral
genetic diversity may be explained by the ecological category of the studied earthworms’
species. Indeed, as an anecic earthworm, L. terrestris may be less exposed to metallic pollution
than epigeics and endogeic earthworms, which live in closer contact with surface pollution in
soil. Another hypothesis can be evoked since behavioural studies showed that earthworms could
be able to detect the pollution and thus to avoid it and escape it (Capowiez et al., 2003;
Capowiez & Bérard, 2006).

In perspective, identification of more microsatellite markers will help to ensure the obtained
results. Furthermore, large sampling of L. terrestris populations in different sites at large scale
for example: in Europe will help to study the demographical history of this species, to
characterize the genetic diversity in wide-range and could help to determine the environmental
factors that influence the genetic diversity of this widely distributed and ecologically important
species.

In A. halleri, population genetics studies were previously done to investigate the structure of
neutral genetic diversity among populations collected in anthropogenic metal polluted and non-

polluted sites. Genetic diversity in A. halleri has been studied using microsatellite markers (Van
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Rossum et al., 2004), RFLPs in cpDNA (Pauwels et al., 2005) and using sequence level variation
(Kawabe & Miyashita, 2003). Results from neutral genetic studies were similar to those obtained
for L. terrestris, no difference in genetic diversity was detected between ecotypes (Pauwels et al.,
2005). Moreover, no evidence of neutral genetic divergence was reported among populations of
A. halleri collected from a range of heterogeneous metallic polluted sites (\Van Rossum et al.,
2004).

Even though, metallic pollution was expected to become a structuring landscape factor
influencing the spatial structure of genetic diversity. The results obtained on L. terrestris (In
Chapter 4 of this thesis) and A. halleri (Pauwels et al., 2005)There is no evidence that metallic
pollution present a barrier that hinder gene flow between metallicolous (M) and non-
metallicolous (NM) populations. Moreover, habitats fragmentation related to metal
contamination did not generate a bottleneck in population size that implies a reduction in neutral
genetic diversity or founder effect on recolonized soils. Therefore, on metal contaminated soils,
sufficient genetic diversity should be available for natural selection to act and thus for local

adaptation to occur.
3 A quantitative genetics approach to study the genetic architecture of local adaptation

Particular gene or several genes normally control a specific adaptation. ldentifying the genes
implicated in such adaptation is a major challenge of quantitative genetics studies. The presence
of A. halleri on calamine soils that are heavily contaminated by Zn, Cd and Pb makes it one of
the best species to illustrate adaptation to metallic pollution. Therefore, many studies aimed at
the identification of genomic region implicated in Zn and Cd hyperaccumulation and tolerance in
A. halleri.

These two traits have been demonstrated to be quantitative. In particular, the distribution of Zn
tolerance in M and NM populations of A. halleri was determined by (Pauwels et al., 2006). The
results confirm that Zn tolerance is a quantitative trait since populations from both polluted and
non-polluted sites showed a continuous variation in Zn tolerance from the less tolerant
population till the most tolerant ones, with M populations revealing higher average tolerance
than NM populations (Figure 2). Zn tolerance is also a constitutive trait, since all the A. halleri
populations showed higher tolerance levels than the relative non-metallophyte species A.

thaliana and A. lyrata.
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Figure 3: population survival curves obtained from fitting to a sigmoidal dose-response model
Arabidopsis halleri (Pauwels et al., 2006).

To ensure sufficient segregation in progenies, these traits were usually studied through
interspecific crosses between A. halleri (metallicolous and non-metallicolous) and A. lyrata
(non-tolerant, non-hyperaccumulator relative species) (Willems et al., 2007; Meyer et al., 2016).
In this thesis and for the first time, using QTL mapping approach, we examined the architecture
of Zn tolerance and hyperacccumuation using intraspecific F2 progeny resulting from a cross
between individuals of metallicolous population (135) and non-metallicolous population (130) of
A. halleri collected in Italy. Common garden experiment showed differences in Zn tolerance
between the two populations used to realize this cross (Decombeix, 2011). We thus assumed that
major Zn hyperaccumulation and Zn tolerance loci that control intraspecific variation are
different from those involved in interspecific variation.

Variation of Zn tolerance was estimated through morphological traits such as root length, leaf
width and shoot and root dry biomass, and a physiological trait that is photosystem Il yield
“®ps))”. The linkage map was constructed using genotyping data of 384 SNPs (single nucleotide
polymorphisms) and then the association of genotype and phenotypes was done using QTL
mapping approach. As a result, one major QTL involved in Zn tolerance was detected. The later
explains 30% of phenotypic variation in photosystem vyield 1l. This QTL has been never
highlighted previously in studies performed on inter-specific crosses between A. halleri and A.

lyrata. Consequently, we supposed that Zn tolerance mechanism at intraspecific level could be
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controlled by different loci from those at interspecific level. One candidate gene that belongs to
NRAMP family is located in the QTL region we detected. This family of genes is implicated in
metal ions transport across the phagosomal and plasma membrane of cells. On the contrary, no
QTL were detected for Zn hyperaccumulation (not showed results). This may be due to the
similar capacity of Zn accumulation in both M and NM populations of A. halleri which were
used to generate F2 progeny (Decombeix, 2011), or the small effect in trait variation of the loci
which control Zn hyperaccumulation making them hard to detect.

The next step of this work will be the densification of SNPs makers at QTL region in order to
identify the genes involved in Zn tolerance variation at intra-specific level. Since we have a
candidate gene (NRAMP), we can study the relative gene expression and genomic copy numbers
of this gene using some individuals of M population (135) and some individuals of NM
population (130) cultivated on polluted soil in control conditions. In the case of L. terrestris, the
best candidate gene widely used as a biomarker in the annelide oligochaete is the gene that
encodes the metallothionein proteins (MTs) (Brulle et al., 2010). These proteins are able to fix
metallic ions and play an important role in metal detoxification, notably cadmium and zinc. Gene
expression of Cd-methallothionein usually show differences between polluted and non-polluted
conditions depending on the duration and the intensity of the exposure (Bernard et al., 2010;
Brulle et al., 2010; Spurgeon & Hopkin).

Finally, genetic mechanisms of local adaptation to metallic pollution exist in the two species. In
both cases, the role of these candidate genes needs to be validated in natural population. We
assume that the colonization of metal contaminated sites by those two species may led to a
difference in MT coding gene expression. Since MT2 expression phenotype is contrasted
between worms living in metals contaminated sites versus worms living in non-contaminated
sites, studies comparing gene expression between individuals from different ecotypes are

required.
4 Phenotypic plasticity and local adaptation

The effect of phenotypic plasticity and local adaptation are usually confounded when comparing
any adaptive phenotype between two contrasting populations in situ. It is effectively impossible

to distinguish between local adaptation and phenotypic plasticity without an experimental

146



These de Dima Souleman, Lille 1, 2017
[Chapter 6] General discussion and perspectives

approach comparing adaptive traits between populations in controlled conditions so as to
eliminate the environmental effect.

Common garden approaches are widely used to compensate this problem by placing individuals
(ideally cocoon or juveniles) from different populations in the same environment. If there is
phenotypic plasticity in the strict sense, it is assumed that all individuals will response in the
same way. On the contrary, any observed difference between populations for the studied
phenotype would be of genetic origin. This point is valid even in the presence of G*E
interaction, since all individuals are in the same environment. In this case, we will simply limit
the scope of the analysis in a particular environment (for example, metals polluted environment).
In perspective, local adaptation could be detected in L. terrestris, using common garden to detect
genetic differences in metal tolerance between individuals collected from polluted and non-
polluted sites. This approach would allow eliminating most of variations related to other
environmental conditions. Genetic differences between metallicolous and non-metallicolous
populations could be revealed by measurement of life history traits such as growth rate, sexual
maturity, cocoon number and mortality rate as well as measurement of gene expressions.
Common garden experiment had already been investigated in metallicolous populations and non-
metallicolous populations of A. halleri. These experiments showed differences in metal tolerance
between two ecotypes (Meyer et al., 2010; Decombeix, 2011).

Nevertheless, the best approach to detect local adaptation for any phenotypic trait is called
reciprocal transplantation (Kawecki & Ebert, 2004). The idea of this experiment is to grow local
individuals and individuals from other populations (immigrants) in several meta-population
environments. If there is local adaptation, it is expected that, at least in some environments, local

individuals will have a better selective value than immigrants.

147



These de Dima Souleman, Lille 1, 2017

148



These de Dima Souleman, Lille 1, 2017

Annexes

149



Annexes

These de Dima Souleman, Lille 1, 2017

2 New
AS Phytologist

Potential preadaptation to anthropogenic pollution: evidence
from a common quantitative trait locus for zinc and cadmium
tolerance in metallicolous and nonmetallicolous accessions of

Arabidopsis haller:

Claire-Lise Meyerl, Maxime Pauwelsz, Loic Brisetl, Cecile Godez, Pietro Salisl, Angelique
Bourceaux , Dima Souleman ™, Helene Frerot * and Nathalie Verbruggen *

Laboratoire Physiologie et Genetique Moleculaire des Plantes, Universite Libre de Bruxelles, Boulevard du Triomphe, Campus Plaine, B-1050 Brussels, Belgium; “Universite de Lille — Sciences

et Technologies, CNRS, UMR 8198 Evo-Eco-Paleo, F-59655 Villeneuve d’Ascq, France

Author for correspondence:
Nathalie Verbruggen

Tel: +32 2 650 21 28
Email: nverbru@ulb.ac.be

Received: 6 April 2016
Accepted: 31 May 2016

New Phytologist (2016)
doi: 10.1111/nph.14093

Key words: constitutive tolerance, genetic

architecture, metal pollution, preadaptation,

pseudometallophytes, rapid evolution.

Summary

As a drastic environmental change, metal pollution may promote the rapid evolution of
genetic adaptations contributing to metal tolerance. In Arabidopsis halleri, genetic bases
of zinc (Zn) and cadmium (Cd) tolerance have been uncovered only in a metallicolous
accession, although tolerance is species-wide. The genetic determinants of Zn and Cd
tolerance in a non-metallicolous accession were thus investigated for the first time.

The genetic architecture of tolerance was investigated in a nonmetallicolous population
(SK2) by using first backcross progeny obtained from crosses between SK2 and
Arabidopsis lyrata petraea, a nonmetallophyte species.

Only one significant and common quantitative trait locus (QTL) region was identified
explaining 22.6% and 31.2% of the phenotypic variation for Zn and Cd tolerance, respec-tively.
This QTL co-localized with HEAVY METAL ATPASE 4 (AhHMAA4), which was previ-ously
validated as a determinant of Zn and Cd tolerance in a metallicolous accession. Triplication
and high expression of HMA4 were confirmed in SK2. In contrast, gene duplica-tion and high
expression of METAL TOLERANT PROTEIN 1A (MTP1A), which was previously associated

with Zn tolerance in a metallicolous accession, were not observed in SK2.

Overall, the results support the role of HMA4 in tolerance capacities of A. halleri that
may have pre-existed in nonmetallicolous populations before colonization of metal-
polluted habi-tats. Preadaptation to metal-contaminated sites is thus discussed.

Introduction

Global change, namely the impact of human activities on the Earth,
has become a major concern. In particular, the way in which habitat
disturbances affect species diversity is now increas-ingly studied.
Anthropogenic disturbances resulting in abrupt changes towards
hostile environmental conditions (e.g. use of insecticides or
herbicides, or soil, air and water pollution) are expected to locally
reduce species diversity because they challenge the maintenance of
species populations in local communities. Theoretically, population
persistence may rely on the levels of phenotypic plasticity, dispersal
or genetic adaptations. However, environmental changes are often so
drastic that phenotypic plas-ticity and migration are not sufficient to
avoid extinction. Accordingly, many examples suggest that
population persistence, following human-induced environmental
disturbances, implies

*These authors contributed equally to this work.

2016 The Authors
New Phytologist 2016 New Phytologist Trust

the rapid evolution of genetic adaptations (Reznick & Ghalam-
bor, 2001). Thus, whereas strong selective pressures resulting
from habitat modifications should cause population decline,
adaptive evolutionary changes must occur quickly enough to
restore population growth before extinction, a phenomenon
known as evolutionary rescue (Gomulkiewicz & Holt, 1995;
Gonzalez et al., 2013; Carlson et al., 2014). Whether populations
can rapidly adapt or undergo evolutionary rescue actually
depends on several extrinsic and intrinsic factors (Carlson et al.,
2014). Among them, intrinsic factors, such as population size, the
initial levels of standing variation, and the initial degree of
maladaptation, seem essential (Gomulkiewicz & Holt, 1995; Bell
& Gonzalez, 2009; Carlson et al., 2014).

Metal pollution is one of the major sources of anthropogenic
disturbances inducing toxic environmental conditions for many
plant populations, and is mainly caused by the use of agricultural
fertilizers or the accumulation of residues from mining or smelt-
ing industries. Before the molecular biology era, several studies
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revealed that the maintenance of plant populations facing metal
pollution and the associated selective pressures implied the rapid
evolution of an adaptive trait called ‘metal tolerance’ (Wu et al.,
1975; Al-Hiyaly et al., 1988). It was also shown that the evolu-tion
of metal tolerance in metallicolous (M) populations has occurred
in pseudometallophyte species which displayed low fre-quencies
of metal-tolerant individuals in nonmetallicolous (NM)
populations growing in nonpolluted areas (Ingram, 1988, cited in
Baker & Proctor, 1990). Therefore, the maintenance of M
populations in those species suggested that they have undergone
evolutionary rescue thanks to the rapid selection of favorable alle-
les from initial standing genetic variation (Bradshaw, 1991).

Such rapid evolution of metal tolerance supported the assump-tion
that it may be controlled by a few major genes, although minor
modifier genes could be secondarily selected (Macnair, 1983, 1997;
Schat & Ten Bookum, 1992). Using quantitative trait locus (QTL)
mapping, genetic studies have investigated zinc (Zn) and cadmium
(Cd) tolerance in Arabidopsis halleri, a pseu-dometallophyte model
species that develops on metal-polluted sites where pollution is only of
anthropogenic origin. From an interspecific cross (BC1) between a
Zn/Cd-tolerant M accession (Auby, France) and its nontolerant close
relative Arabidopsis lyrata petraea, QTL analyses revealed that the
genetic architecture of Zn and Cd tolerance traits involved a limited
number of genomic regions accounting for a substantial part of
phenotypic variance (Courbot et al., 2007; Willems et al., 2007). Two
candidate genes co-localizing with these major QTLs were mainly
detected. First, HEAVY METAL ATPASE 4 (HMA4), encoding a
plasma mem-brane metal pump involved in root-to-shoot metal
translocation and cellular metal detoxification (Hanikenne et al.,
2008), co-localized with major QTLs for Zn and Cd tolerance. Second,
paralogs of the METAL TOLERANT PROTEIN 1 gene
(AhMTP1A1 and AhMTP1AZ2 in tandem repeat and AhMTP1B),
encoding Zn transporters involved in vacuolar sequestration
(Dr€ager et al., 2004; Shahzad et al., 2010), co-localized with
QTLs for Zn tolerance. More recently, CATION EXCHANGER 1
(CAX1), a gene co-localizing with the second major QTL for Cd
tolerance, was identified after fine-mapping. CAX1 encodes a vac-
uolar Ca++/H+ exchanger that was proposed to limit Cd-induced
reactive oxygen species (ROS) accumulation under low-Ca condi-
tions (Baliardini et al., 2015). To date, only the contribution of
AhHMA4 has been validated by RNA interference (RNAI)-
mediated silencing (Hanikenne et al., 2008).

As QTLs were identified in an M accession, they might have
been selected during the rapid adaptation of A. halleri to
anthropogenic metal-polluted sites. However, it was demon-
strated that NM populations of A. halleri exhibited (1) signifi-
cant standing genetic variation (Meyer et al., 2009) as well as
(2) a high degree of Zn and Cd tolerance, so that metal tol-
erance in this pseudometallophyte species can be considered
as species-wide or ‘constitutive’ (Pauwels et al., 2006; Meyer
etal., 2010, 2015). Considering that M  populations were
probably founded from NM populations nearby (Pauwels
et al., 2005), it can be reasonably assumed that (1) initial (i.e.
present in NM populations) levels of standing variation were
sufficient and (2) the initial degree of maladaptation of
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A. halleri to anthropogenic metal-polluted habitats was
limited enough to promote the maintenance of M populations
on metal-polluted soils. Nevertheless, significant differences
in average tolerance levels between M and NM populations
have been observed (Pauwels et al., 2006; Meyer et al., 2010,
2015). This means that the maintenance of M populations also
has required specific adaptive changes, as expected in an
evolutionary rescue scenario. However, it remains unclear
whether AhHMA4, AhRMTP1A1/A2/B and/or AhCAX1
would participate in the local adaptation of M populations to
the impacted environment or whether they would be involved
in constitutive tolerance capacities shared by M and NM
popu-lations.

To examine whether the genetic determinants of Zn and Cd
tolerance that have been identified in the M accession of
A. halleri were selected during adaptation to anthropogenic
metal-polluted habitats or pre-existed in NM populations, the
genetic architecture of Zn and Cd tolerance was explored for the
first time using an NM A. halleri accession. For this purpose,
QTL mapping of a BC1 progeny (called BC1 SK2) generated
from a cross between one A. halleri individual from an NM Slo-
vakian population (SK2) and A. lyrata petraea was performed. To
allow comparison with the previous QTL mapping of the BC1
generated with the Auby accession (BC1 AU), the same pheno-
typing protocol as in Willems et al. (2007) and Courbot et al.
(2007) was used. In addition, the genomic copy number and
transcript levels of the candidate genes HMA4 and MTP1A that
were identified in BC1 AU were determined in BC1 SK2 and in
the parental populations. By comparison with previous studies
only involving M individuals, we discuss the possibility that the
identified mechanisms are putative preadaptations to
anthropogenic metalliferous soils.

Materials and Methods

Plant material

The NM SK2 population is a Slovakian population located in
the Tatras Mountains that was initially referred to as SI2 (Bert
et al., 2002). It was chosen for this study because of its
particu-larly low Zn and Cd tolerance levels compared with
other studied Arabidopsis halleri (L.) O’Kane & Al-Shehbaz
popula-tions (Pauwels et al., 2006; Meyer et al., 2010, 2015).
A single cross was performed between one individual from
the SK2 population and one individual from the nontolerant
species Arabidopsis lyrata petraea (L.) O’Kane & Al-Shehbaz
(from Unhost’, Central Bohemia: Macnair et al., 1999). Both
species are self-incompatible and usually outcrossing.
Therefore, to avoid any inbreeding depression effect, one
randomly selected F1 individual was used as the pollen donor
to fertilize a second A. lyrata petraea genotype, generating the
interspecific backcross progeny (BC1). The BC1 population
used for linkage map construction consisted of 335
individuals of which 129 and 70 were phenotyped for Zn and
Cd tolerance, respectively. The different sample sizes resulted
from difficulties in maintaining some genotypes by cutting.
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Evaluation of Zn and Cd tolerance

Zn and Cd tolerance were measured in two separate sequential
growth tests as described in Willems et al. (2007) and Courbot et
al. (2007). Genotypes were propagated by cutting and after 5 wk
of growth on sand, three cuttings per BC1l genotype were
transferred to vessels filled with nutrient solution. The Zn toler-
ance test was performed at the University of Lille (France) in a
growth chamber with the following parameters: 13 h light d 1, 80
Imol photons m 2 s ~ irradiance, 20°C : 18°C, day : night, and
hygrometry of 65%. To minimize microenvironmental effects,
vessels were randomly distributed in the chamber on a turntable
(Rotoplan system; Strader, Saint Sylvain d’Anjou, France). Cd
tolerance was measured under controlled glasshouse conditions
(13 h light d 1, 100 Imol photons m 2 s ! irradi-ance, and 20°C :
17°C, day : night) at the Free University of Brussels. Vessels
were randomly distributed in the chamber and moved around
once a week during the change of nutrient solu-tion. After 3 wk in
nutrient solution, plants were sequentially transferred to
increasing concentrations of Zn (10—3000 IM ZnSQOy) or Cd (10—

250 IM CdSOy). Individual tolerance levels were determined as
the lowest concentration at which no increase in root length (for
Zn tolerance) or fresh biomass (for Cd toler-ance) was observed.
This concentration is currently known as the effective

concentration for 100% growth inhibition (EC1qg).

Statistical analysis

For Zn tolerance and Cd tolerance, a one-way analysis of variance
(ANOVA) was performed in sas (GLM procedure; SAS Institute,
Cary, NC) considering ‘genotype’ as a random effect. The nor-mality
of residuals was tested using the Kolmogorov—Smirnov D test and a
normal quantile-quantile (Q-Q) plot. Departure from normality was
low for both traits (D = 0.15 and D = 0.14, respec-tively). For these
reasons, and because normality was also difficult to improve, data
sets were not transformed before parametric tests. The broad-sense
heritability (H2) of Zn and Cd tolerance was then calculated by
dividing the genetic variance (which includes additive genetic
variance and other sources of genetic variance) by the total
phenotypic variance. Variance components were calculated using the
REML method of the VARCOMP pro-cedure of sas. The arithmetic
mean of Zn and Cd tolerance for each genotype was then calculated
for the three replicates. The correlation between Zn and Cd tolerances
was estimated from genotype values using the Spearman
nonparametric coefficient.

Marker analysis

The genomic DNA of the four parental genotypes and 335 indi-
viduals of the BC1 progeny was extracted using a Kit NucleoSpin 96
Plant (Macherey-Nagel, Hoerdt, France). Sixty single nucleotide
polymorphism (SNP) or microsatellite markers were selected for
genotyping (Supporting Information Table S1). Thirty-nine new
microsatellite markers were developed as described in Frerot et al.
(2010). Briefly, the markers were selected from a microsatellite-
enriched genomic library developed
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from an enrichment procedure with Dynabeads (Thermo Fisher
Scientific, Waltham, MA, USA) (Glenn & Schable, 2005).
Primer sequences were designed in flanking regions of A. halleri
microsatellites using Primer3 software (http://frodo.wi.mit.edu/).
In order to allow multiplexing of markers, primer combinations
were selected according to a 60°C ( 5°C) melting temperature and
compatibility of PCR product sizes (100-150, 150—250 and 250—
350 bp). The microsatellite markers were combined in 12
multiplexes labeled with FAM, PET, NED or VIC fluorescent
dyes. Multiplex PCR was carried out in 10-1l reactions contain-
ing 19 PCR buffer 1l (Applied Biosystems, Foster City, CA,

USA), 25 mM MgCly, 150 nM dNTP (Euromedex,
Souffelweyersheim, France), 0.075 IM of the forward-M13
primer, 0.375 IM of the reverse-PIG primer, 1.5 IM of fluores-
cent dye-labeled M13 (Applied Biosystems), 0.5 U of Qiagen
Multiplex PCR kit, and 5 Il of DNA (20-60 ng). The cycling
conditions consisted of one initial denaturation step of 15 min at
95°C, followed by two touchdowns of five cycles each: denatura-
tion for 45 s at 95°C, annealing at 68°C ( 2°C/cycle) for 5 min for
the first touchdown and at 58°C ( 2°C/cycle) for 1 min for the
second, and extension for 60 s at 72°C; then 27 cycles of 45 s at
95°C, 30 s at 47°C, and 60 s at 72°C; and a final extension of 10
min at 72°C. Amplification products were separated on an ABI
Prism 3130 DNA sequencer (Applied Biosystems). Alleles at
microsatellite loci were scored using GeEneMarper software ver-
sion 3.7 (Applied Biosystems).

In addition, re-sequencing data sets were used to design seven
SNP markers. Illumina paired-end sequencing reads from six
A. halleri populations (P. Saumitou-Laprade, unpublished data) were
aligned to the Aralyl assembly of the A. lyrata lyrata genome
(http://genome.jgi.doe.gov/Aralyl/Aralyl.info.html). Within regions
of interest, the criteria used for the selection of SNPs were:
interspecific polymorphism; fixed polymorphism within
A.halleri or A. lyrata; 50-base flanking regions with low polymor-
phism within A. halleri and between A. halleri and A. lyrata;
read depth > 20. The SNPs were genotyped by KBioscience
competitive allele-specific polymerase chain reaction (KASP)
(LGC Genomics, Teddington, UK). KASP assays were per-
formed in a final reaction volume of 8 Il containing 4 Il of KASP
master mix V2 low ROX (LGC Genomics), 0.125 Il of KASP
mix assay (LGC Genomics) and c. 100 ng of genomic DNA. The
PikoReal real-time PCR system (Thermo Scientific,
Breda, the Netherlands) was used with the following cycling con-
ditions: 15 min at 94°C; 10 touchdown cycles of 20 s at 94°C and
60 s at 61-55°C (the annealing temperature for each cycle being
reduced by 0.6°C per cycle); and 26 cycles of 20 s at 94°C and 60
s at 55°C. Fluorescence detection was performed at the end of
each cycle and the data sets were analyzed using the allelic
discrimination RFU-based method of the PikoReaL software 2.1.

Linkage map construction

The A. halleri SK2 9 A. lyrata petraea linkage map was con-
structed with the Joinmae 3.0 program (Van Ooijen & Voorrips,
2001). The grouping of loci is based on a test for independence
translated into a logarithm of odds (LOD) score. Linkage groups
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were obtained at an LOD of 4. Markers along each linkage group
were then ordered using the sequential method implemented in
Joinmar 3.0 in which loci are added one by one starting from the
two most strongly linked loci. For each added locus, the best
position is determined by comparing the goodness of fit of the
resulting maps for each tested position. Kosambi’s mapping func-
tion was used to translate recombination frequencies into map
distances (Kosambi, 1944). When dealing with an interspecific
cross, segregation distortion frequently occurs. Deviations from

. . . 2 . .
Mendelian ratios were assessed using a v test implemented in
Joinmar 3.0 at a locus-by-locus significance level of a = 0.05.

QTL mapping

Detection of QTLs was performed using the MarQTL 4.0 soft-
ware (Van Ooijen et al., 2002). A Kruskall-Wallis rank test was
first performed on each locus separately to find potential regions
of QTLs. Interval mapping (IM) analysis then allowed finer
detection by determining whether a QTL occurred and comput-
ing an LOD score for every centiMorgan (cM) along the linkage
groups. The LOD score represents the 10-base logarithm of the
quotient of two likelihoods: the likelihood of the presence of a
segregating QTL (alternative hypothesis) divided by the likeli-
hood of no segregating QTL (null hypothesis). To establish the
occurrence of a QTL, the calculated LOD scores were compared
with an LOD score threshold obtained by a permutation test
(1000 permutations), which corresponds to a genome-wide
empirical significance threshold at the 5% level (Churchill &
Doerge, 1994). A multiple-QTL model (MQM) analysis was
finally performed every cM, in which markers close to detected
QTLs (by IM mapping) were selected as cofactors to take over
the role of the nearby QTLs in the approximate multiple-QTL
models used in the subsequent MQM analysis. This method
reduces the residual variance and enhances the power of
searching for other segregating QTLs. It also improves the
precision of QTL positions. After manual selection of cofactors,
an automatic selection of cofactors was executed to keep a
restricted set of sig-nificant cofactors. The LOD score profiles
showing QTLs with their one- and two-LOD support intervals
were obtained using MapCHarT 2.1 (Voorrips, 2002).

Additionally, the power of analysis to detect the QTLs identi-
fied by Courbot et al. (2007) and Willems et al. (2007) was calcu-
lated using the R/qTLDEsien software (Sen et al., 2007).

HMA4 and MTP1A relative transcript levels and gene
copy humbers

Eighteen BC1 progenies with different allelic combinations (A.
lyrata/A. lyrata or A. lyrata/A. halleri) in the genomic region of
HMA4 (markers Chr2-06046 to Chr2-08800) and MTP1A
(markers Chr2-17890 to Chr2-19598) were grown on soil in a
. 1 2
controlled growth chamber (16 h lightd ~, 100 Imol photons m ~ s
! irradiance, 20°C : 18°C, day : night and 70% humidity). Nine
leaves of each genotype were harvested, immediately frozen in
liquid nitrogen, homogenized and stored at 80°C. Total RNA was
extracted with TRI Reagent (Sigma, St Louis, MO,
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USA) and cDNA was synthesized from 1 Ig of DNasel-treated
(Promega, Fitchburg, WI, USA) total RNA using oligo-dT and
the Goscript reverse transcription system (Promega). Real-time
quantitative PCRs were conducted in 96-well plates with the
PikoReal real-time PCR system using Takion no ROX SYBR
Mastermix (Eurogentec, Cologne, Germany). Volumes of 2.5 Il
of cDNA were used for PCR in a 10-1l mix containing 5 Il of

SYBR mastermix, 2 1l of HoO and 0.5 IM of each primer. A total
of three technical repeats were run per cONA and primer pair
combination. Relative transcript levels of HMA4 and MTP1A
were calculated by normalization to ELONGATION FACTOR 1
ALPHA (EFla) as a constitutively expressed reference gene
(Talke et al. 2006). HMA4, MTP1A and EFla primers were
described previously (Talke et al., 2006; Shazhad et al., 2010;
Hanikenne et al., 2013). In the study by Shazhad et al. (2010), the
MTP1A primers were designed for amplification on A. halleri
DNA. By sequencing, we checked the specificity of these primers
on A. lyrata DNA and then the PCR efficiency was evaluated
from the analysisof 1 :1,1:3,1:12 and 1 : 48 dilution series.
Genomic copy numbers of HMA4 and MTP1A were evaluated
on genomic DNA of the BC1 SK2 parents. The single-copy gene
SHORT ROOT (SHR) was used as a reference gene and a total of
15 technical repeats were run per DNA and primer pair combina-
tion according to the protocol previously described. All primers
have been described previously (Baliardini et al., 2015).

Results

Zn and Cd tolerance in BC1 SK2

For both Zn and Cd tolerance, the broad-sense heritability (H2)
was moderate: 0.54 and 0.50, respectively. The phenotypic distri-
bution of these traits was examined in the BC1 population (Fig.
1). A slight departure from normality was observed for both traits
(D = 0.15 and D = 0.14, respectively; P-value < 0.01), with
skewness ( 0.13 and 0.15, respectively) and kurtosis (3.07 and
3.07, respectively) values barely different from those of a normal
distribution (0 and 3, respectively). Seven individuals showed
higher Cd tolerance values (EC1gg from 150 to 225 IM CdSOy)
than the average tolerance in the SK2 population

(EC100 = 133 IM CdSOy4; Meyer et al., 2015). This result has to
be treated with caution because parent representatives are not the
original parents and some individuals from this population
were able to survive up to 250 IM CdSOy in the study of
Meyer et al. (2015). For both Zn and Cd tolerance, the
phenotypic distribu-tions were rather different between the
BC1 SK2 and the BC1 AU progenies, suggesting different
genetic architectures (Fig. 1). The correlation between Zn and
Cd was positive and significant (N = 50; r = 0.29; P = 0.039).

Linkage map

The 60 markers were assigned to the eight linkage groups of the
A. halleri 9 A. lyrata petraea genetic map (Willems et al., 2007;
Frerot et al., 2010). The length of each linkage group varied from
52.1 to 85.2 cM, while the marker number varied from five to
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Fig. 1 Segregation profile for Zn (a) and Cd (b) tolerance in backcross progenies generated either using one SK2 individual (dark gray bars) or
one Auby individual (light gray bars; from Courbot et al. (2007) and Willems et al. (2007)). Parents’ representatives are noted above the arrows.
A.lp, Arabidopsis lyrata ssp petraea; A.h SK2, A. halleri of population SK2; A.h AU, A. halleri from population AU (Auby).
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Fig. 2 Linkage map of the Arabidopsis halleri SK2 9 A. lyrata petraea BC1 progeny. Markers are labeled to the right of linkage groups by their
position in the A. thaliana genome (chromosome number — position in kb) except for some markers with unknown positions. Distances on the
genetic map are expressed in cM. Markers in segregation distortion are underlined. LG, linkage group.

nine by linkage group (Fig. 2). The total length of the map (522
cM) was very similar to the previous estimations (567 and 526
cM; Willems et al., 2007; Frerot et al., 2010). The order of the
markers in the present genetic map was very similar to that in A.
thaliana and A. lyrata physical maps (Fig. 2; Table S1). Dis-
crepancies among these three maps were only observed for one
marker in linkage group 7 (Chr2-13290) and three markers at the
beginning of linkage group 2 (markers Chrl-22240, Chr1-21029
and Chr1-21138). The order in this group of three mark-ers was
similar between the A. lyrata physical map and the present
genetic map but the localization was different (end of scaffold 1
for A. lyrata; data not shown). At a significance threshold of 5%,
32 markers (i.e. 53% of markers) showed significant departure
from the expected Mendelian ratio (Fig. 2). These markers were
located mainly in LG1, LG2 and LG4 and showed distortion in
the same direction (excess of the homospecific A. I. petraea/
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A. |. petraea allelic combination) as was observed in the BC1
AU progeny (Willems et al., 2007).

QTLs of Zn and Cd tolerance

Only one significant QTL was detected for Zn tolerance and one
for Cd tolerance (called SK2_2ZnToll and SK2_CdTol1, respec-
tively) with LOD scores higher than the threshold obtained by
permutation (i.e. 2.3). These two QTLs overlapped and were
located at the end of linkage group 3 between markers Chr2-
08800 and Chr2-06046. They explained 22.6% and 31.2% of the
total phenotypic variance for Zn and Cd tolerance, respec-tively
(Table 1; Fig. 3). Negative additive effects were measured for
both traits, meaning that the A. halleri alleles increased toler-ance
compared with the A. lyrata petraea alleles (Table 1). Inter-
estingly, confidence intervals of SK2_ZnToll and SK2_CdToll
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Table 1 Summary characteristics of quantitative trait loci (QTLs) detected
for zinc (Zn) and cadmium (Cd) tolerance in the Arabidopsis halleri
SK2 9 A. lyrata petraea BC1 progeny

LOD
Tolerance to QTLY LG" Marker® score® Rze a
Zn SK2_ZnToll 3 Chr2-08800/ 6.85 22.6 178.50
Chr2-06046
Zn SK2_ZnTol2 6 Chr5-08514  1.65 4.6 79.61
Zn SK2_ZnTol3 8 Chr5-17487 1.29 3.9 75.00
Cd SK2_CdToll 3 Chr2-08800/ 4.33 312 4874
Chr2-06046
Cd SK2_CdTol2 1 Chr5-01735 1.55 10.5 27.71
Cd SK2 CdTol3 5 Chr3-14085 1.39 L3 23.30

aQTLs are named according to the trait and ordered according to
their significance level. Suggestive QTLs are indicated in italics.

Linkage groups (LGs) where the QTLs were detected.
CMarker closest to the higher logarithm of odds (LOD) score.

Maximum LOD score for the linkage group obtained by the multiple-
QTL model (MQM) mapping method.

Cperc ntage of variance explained by the
QTL. Additive effect of the QTL.

overlapped with the position of the HMA4 gene (Chr2-08280 in
the Arabidopsis thaliana genome). Additionally, two peaks near
the LOD threshold were observed in linkage groups 6 and 8, and

LG1 LG2
0.0 -}~ Chr1-00400 L - 0.0 - Chr1-22240 Ry R 2 <
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1 and 5 for Zn and Cd tolerance, respectively (Fig. 3; Table 1)
which may indicate minor-effect QTLs. These putative QTLs
did not co-localize with the QTLs previously identified in
BC1 AU. Together, they explained 8.5% and 17.8% of the Zn
and Cd phenotypic variance, respectively.

Using 129 BC1 individuals, markers spaced c. 7 cM apart,
broad-sense heritability of 0.89 and an LOD threshold of 2.3
for declaring significance, 99% power was found to detect
QTLs with additive effects similar to those of ZnTol2 and
ZnTol3 (Willems et al., 2007). With the same parameters, 70
BC1 indi-viduals and a broad-sense heritability of 0.79, 75%
power to detect a QTL similar to CdTol2 was obtained and
50% power for a QTL similar to CdTol3 (Courbot et al.,
2007). These results indicated that the absence of QTLs
similar to those of BC1 AU in the present study is not
attributable to a lack of statis-tical power.

Transcript levels and genomic copy numbers of HMA4 and
MTP1A

In order to confirm HMA4 as a candidate gene for the overlap-
ping QTLs SK2_ZnToll and SK2_CdToll, relative expression
and genomic copy numbers were examined in some BC1 SK2
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Fig. 3 Quantitative trait locus (QTL) mapping for zinc (Zn) and cadmium (Cd) tolerance in the Arabidopsis halleri SK2 9 A. lyrata petraea progeny
obtained by the multiple QTL model (MQM) mapping method. Marker names are designated by the position on A. thaliana chromosomes except
for some markers with unknown positions. Logarithm of odds (LOD) scores are indicated on the horizontal axes. The vertical dashed lines
represent the LOD score threshold (2.3) at a 5% error level for QTL detection. The positions of QTLs are indicated by bars representing the one-
LOD support intervals (one LOD score unit on either side of the QTL peak) and whiskers representing the two-LOD support intervals (two LOD
score unit on either side of the QTL peak). Black line, LOD scores for Zn tolerance; dotted line, LOD scores for Cd tolerance.
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individuals and in the parents of the cross. The same analysis was
performed on MTP1A to further confirm that MTP1 was not a
candidate gene for Zn tolerance in SK2. Relative expression of
HMAA4 and MTP1A was studied in the shoots of 18 BC1 individ-
uals representing the two genotypic classes (A. I. petraea/

A. |. petraea and A. I. petraea/A. halleri) in each genomic region. On
average, 10-fold higher HMAA4 transcript levels were observed in the
BC1 genotypes harboring the A. halleri allele at the QTLs
SK2_ZnToll and SK2_CdTol1 than in the individuals with two
A.lyrata petraea alleles in this interval (Fig. 4a). By contrast,
MTP1A was similarly expressed in the different BC1 individuals
independently of the presence of the A. halleri allele in the QTL
region (Fig. 4b). Using quantitative PCR on genomic DNA, the
copy number in the parents of the BC1 SK2 was estimated. As
expected, three HMA4 gene copies were found for A. halleri and
two for A. lyrata petraea (Fig. 5a). It should be noted that one of
the two copies detected in A. lyrata is a truncated pseudogene
(Hanikenne et al., 2013). Only one copy of MTP1A was detected
in the parent A. halleri SK2 and in A. lyrata petraea (Fig. 5b).

Discussion

Genetic architecture of Zn and Cd tolerance in an NM
A. halleri accession

The genetic architecture of Zn and Cd tolerance was investigated
for the first time in progeny from an interspecific cross between
an NM accession of A. halleri (SK2) and A. lyrata petraea, a non-
metallophyte close relative species. Previous QTL analyses sug-
gested a genetic architecture involving six major genetic
determinants for Zn and Cd tolerance, called Zntol-1, Zntol-2,
Zntol-3, Cdtol-1, Cdtol-2 and Cdtol-3 (Courbot et al., 2007;
Willems et al., 2007). Associated percentages of explained vari-
ance were moderate for Zn tolerance (12.2%, 11.2% and 5.6%,
respectively) and higher for Cd tolerance (42.9%, 23.7% and
15.9%, respectively). By contrast, the genetic architecture
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detected here was apparently simpler, as only one significant
QTL region was detected for each trait (SK2_ZnToll and
SK2_CdToll, respectively). The associated explained variances
were reasonably high (22.6% and 31.2%, respectively), even
though they may be overestimated as a result of sample size
effects (Beavis, 1994). Interestingly, however, SK2_ZnToll co-
localized with Zntol-1 in Willems et al. (2007) and SK2_CdToll
co-localized with Cdtol-1 in Courbot et al. (2007). Moreover,
SK2_ZnToll and SK2_CdToll co-localized with each other and
represented the only QTL region that was shared between Zn and
Cd tolerance in previous studies (Fig. 3). Additionally, two peaks
near the LOD threshold which may indicate minor-effect QTLs
explained 8.5% and 17.8% of the Zn and Cd phenotypic variance,
respectively. These putative QTLs did not co-localize with the
QTLs previously identified with BC1 AU.

The phenotypic distributions in BC1 SK2 were unimodal with
an intermediate mode between the values of the parents’ repre-
sentatives (Fig. 1). By contrast, bimodal distributions of pheno-
typic values were observed for Zn and Cd tolerance of the BC1
AU progeny (Courbot et al., 2007; Willems et al., 2007). A
bimodal distribution is commonly interpreted as evidence for one
major effect locus in association with a few minor effect loci.
Nevertheless, a unimodal — even normal — distribution is not evi-
dence of genetic control by more than a single major gene (Lynch
& Walsh, 1998). The phenotypic distributions in BC1 SK2 thus
remained in accordance with the detection of one major-effect
QTL, even though a contribution of additional weak-effect genes
for Zn and Cd tolerance in A. halleri is very likely.

Putative role of AhHMA4 in constitutive tolerance in

A. halleri

SK2 showed among the lowest levels of Zn and Cd tolerance
compared with other NM and M A. halleri accessions (Pauwels
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Fig. 5 Gene copy number in the parents of the Arabidopsis halleri

SK2 9 A. lyrata petraea BC1 progeny for (a) HEAVY METAL ATPASE 4
(HMA4) and (b) METAL TOLERANT PROTEIN 1A (MTP1A). Values (mean
+ SE; n = 15 technical replicates) are given relative to the single-copy gene
SHORT ROOT (SHR). Arabidopsis lyrata petraea (Al) genomic DNA served
as a calibrator. Note that, among the AIHMA4 copies, one is a truncated
pseudogene (Hanikenne et al., 2013).
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et al., 2006; Meyer et al., 2010, 2015). This suggests that the tol-
erance capacities of SK2 are representative of the constitutive
capacities that are shared by the whole species and must have
evolved very early after the species emergence (Bert et al., 2000;
Pauwels et al., 2006). Accordingly, we assume that genetic bases
of constitutive background tolerance are species-wide and, a
fortiori, shared among M and NM populations. As SK2_ZnToll
and SK2_CdToll (the overlapping QTLs) corresponded to the
common QTL region identified for BC1 AU and BC1 SK2, this
region may be involved in constitutive tolerance in A. halleri.
Thus, considering the co-localization of SK2_ZnToll and
SK2_CdToll with Zntol-1 (Willems et al., 2007) and Cdtol-1
(Courbot et al., 2007), AhHMA4 can be considered as a relevant
candidate gene for constitutive tolerance. Although the wide con-
fidence intervals of the QTL regions mean that we cannot rule out
the possibility that one or more genes in linkage disequilib-rium
may also be valid candidates, strong evidence supports AhHMA4
as a candidate gene for constitutive tolerance. First, AhHMA4
was already identified as a candidate gene underlying Zntol-1 and
Cdtol-1 in the BC1 AU studied by Willems et al. (2007) and
Courbot et al. (2007). A contribution of HMA4 to Zn and Cd
tolerance traits was further demonstrated by RNAi-mediated
silencing in the German M accession of Langelsheim (Hanikenne
et al., 2008). In addition, high HMA4 expression was associated
with tandem triplication of AhHMAA4, whereas the gene is present
as a single copy in nontolerant relatives (Hanikenne et al., 2008).
A combination of demographic and molecular evolution
approaches suggested that AhHMA4 triplica-tion occurred well
before the establishment and colonization of anthropogenic metal-
polluted habitats (Roux et al., 2011). Actu-ally, the first
duplication event of AhHMAA4 could have occurred very close to
the time of the split between A. lyrata and A. halleri, and was
subsequently followed by the second AhHMAA4 duplica-tion
(Roux et al., 2011). More recently, a population survey sug-
gested that triplication was shared among M and NM accessions
from Germany (Hanikenne et al., 2013). Our results confirmed
that AhHMA4 was also triplicated in SK2, a population that can
be considered to be genetically isolated from M accessions than
have been characterized so far (Pauwels et al., 2012). Taken
together, previous findings and the results of the present study
strongly support the assumption that the tandem triplication and
the consecutive overexpression of AhHMA4 may be a major
determinant of constitutive Zn and Cd tolerance in A. halleri.

Role of standing genetic variation in adaptive evolution
to anthropogenic metal-polluted habitats

The subtractive comparison of QTL regions detected for BC1 AU
and BC1 SK2 should be informative about the genetic mech-
anisms involved in the local adaptation to anthropogenic metal-
polluted habitats. It is remarkable that Zntol-2 and Zntol-3, which
are commonly associated with AhMTP1A and AhMTP1B,
respectively (Willems et al., 2007), Cdtol-2, which is associated
with AhCAX1 (Baliardini et al., 2015), and Cdtol-3 were not
detected in BC1 SK2. It is also remarkable that ANMTP1A was
not overexpressed in SK2 compared with control sensitive species
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(Fig. 4b). This might indicate that those candidate genes may
rather contribute to enhanced metal tolerance observed in M
populations instead of constitutive tolerance. We suggest that the
maintenance of M populations in anthropogenic polluted sites
(i.e. their evolutionary rescue) might have involved selection of
particular variants of those genes, either in the coding or in the
promoting region. Considering AhMTP1, this would suggest that
an improvement of Zn detoxification mechanisms, through
enhanced sequestration in leaf cell vacuoles, would have been
advantageous for plants exposed to higher concentrations of Zn in
soils. In contrast, effective Zn detoxification is not necessary on
nonmetalliferous soils, and basic activity of AhMTP1 should be
sufficient to ensure Zn homeostasis.

More generally, most adaptive genetic changes are expected tc
result from standing variation, that is, the selection of neutral or
mildly deleterious alleles present at variable frequency in popula-
tions (Matuszewski et al., 2015). Based on investigations of within-
population genetic variation, it has already been suggested that M
populations of A. halleri may have evolved from large standing
variation existing in NM populations (including SK2) rather than
from new mutations (Pauwels et al., 2006; Meyer et al., 2010).
Several authors came to the same conclusion regard-ing tolerance
polymorphism within NM populations of Noccaea caerulescens
(Meerts and Van Isacker, 1997; Escarre et al., 2000).

Preadaptation of A. halleri to anthropogenic
metal-polluted habitats

Apart from selection of standing variation, local adaptation may
also benefit from the existence of advantageous alleles that are
already at high frequency or even fixed in populations. In this
case, individuals can be considered as ‘preadapted’. In some
pseu-dometallophytes, it has already been suggested that
adaptation to metal-polluted soils may have benefited from
preadapting pro-cesses. For example, preadaptation to high soil
Zn concentrations was reported for Canadian populations of
Deschampsia cespitosa as all NM individuals tested revealed
quite high Zn tolerance levels (Cox & Hutchinson, 1981).
Similarly, the widespread tol-erance to high magnesium : calcium
ratios and nickel concentra-tions covered by a granite outcrop
population of Phacelia dubia suggested that this species showed
some degree of preadaptation to serpentine habitats (Taylor &
Levy, 2002). In A. halleri, the pre-existence of constitutive
tolerance and of AhHMAA4 copy number expansion (Roux et al.,
2011; Hanikenne et al., 2013) suggests that the species was
somehow preadapted to anthro-pogenic metal-polluted habitats. I
also interrogates the evolu-tionary ‘raison d’”etre’ of constitutive
metal tolerance in a pseudometallophyte. Evidence of positive
selection in the AhHMAA4 genomic region in M as well as NM
populations implies that AhHMA4 paralogs may have played a
role in a non-metalliferous environment (Hanikenne et al., 2013).
However, the selective pressure that may have favored the
selection of AhHMAA4 overexpression remains unclear.

A preadaptation may occur when a trait that is currently asso-
ciated with a particular adaptation was previously selected for
another function in response to a different selective pressure
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(Gould & Vbra, 1982). The current trait is thus considered as an
‘exaptation’, in comparison with an ‘adaptation’ which is an orig-
inal trait that evolved for its present function. A preadaptation is
thus a potential exaptation if it becomes selected for a different
function. Considering AhHMA4 paralogs, available data indicate
that they may not only be involved in tolerance of toxic metals in
soils. In particular, AhHMA4 gene copies have been shown to
participate to Zn and Cd hyperaccumulation (Hanikenne et al.,
2008; Frerot et al., 2010; Willems et al., 2010), that is, the abnor-
mal concentrations of these trace elements in aerial plant parts
(for recent reviews, see Kr€amer, 2010; van der Ent et al., 2013;
Verbruggen et al., 2009). Indeed, HMA4 is a plasma membrane
pump that plays a role in Zn and Cd xylem loading and cellular
detoxification of Zn and Cd excess (Hanikenne et al., 2008). The
selective pressures that promote the evolution of hyperaccumula-
tion have been, and are still, a subject of debate (Boyd & Martens,
1992; Pollard et al., 2014). Interestingly, some of these putative
selective pressures could act in a nonpolluted environ-ment. For
example, elemental defense against herbivores and pathogens or
elemental allelopathy have been suggested as poten-tial roles for
metal hyperaccumulation (Boyd & Martens, 1992, 1998).

Finally, our study provides consistent arguments in favor of
some degree of preadaptation to Zn and Cd tolerance in A. halleri.
These arguments will be strengthened when the occur-rence of
AhHMA4 copies, associated with significant Zn and Cd tolerance
capacities, is demonstrated in several NM populations.
Undoubtedly, the more integrated NM accessions are in future
molecular studies, the greater will be the potential to elucidate the
evolutionary origin of tolerance capacities in A. halleri. Other
important implications of our work relate to investigations into
mechanisms of local adaptation to metal-polluted soils. In this
regard, it should be enlightening (1) to pursue the identification of
candidate genes associated with the QTL regions specific to BC1
AU, (2) to explore the association between their expression and
quantitative variations for Zn and Cd tolerance in natural
populations of A. halleri, and (3) to examine the consequence of
local adaptation to metal-polluted sites for the population struc-
ture of genetic diversity at those genes.
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Résumé

Les métaux lourds peuvent étre émis dans 1’air sous forme de trés fines particules qui finissent
par retomber sur le sol, mais ils peuvent aussi étre présents dans les déchets miniers et industriels
déposés a la surface des sols. Certaines plantes sont adaptées a cette contamination, et sont dites
tolérantes aux métaux. Parmi ces especes, certaines sont également hyperaccumulatrices de
métaux dans leurs parties aériennes, c’est le cas d’Arabidopsis halleri (Brassicacée), qui
hyperaccumule le zinc et le cadmium. L'identification des génes impliqués dans la tolérance et
I’hyperaccumulation permettrait de bien comprendre les mécanismes évolutifs impliqués dans
I'adaptation aux milieux anthropisés. Un croisement BC1 entre A. halleri et une proche parente
non tolérante (A. lyrata petraea) a permis d'identifier plusieurs QTL pour la tolérance et
I'accumulation du Zn et du Cd (Courbot et al. 2007, Willems et al. 2007, Frérot et al. 2010,
Willems et al. 2010). Ces études ont cependant utilisé un seul individu d'A. halleri provenant
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d'une population métallicole. Or des études récentes de phylogéographie (Pauwels et al. 2005,
Pauwels et al. 2012) et de phénotypage en milieux controllés (Pauwels et al. 2005, Meyer et al.
2010, Meyer et al. submitted) ont montré que plusieurs unités génétiques existaient au sein de
I'aire de distribution de cette espéce, que les populations métallicoles étaient fondées de maniére
indépendantes a partie des populations non-métallicoles les plus proches géographiquement et
qu'il existait une grande variabilité de tolérance entre les populations. Nous avons donc voulu
tester si lI'architecture génétique de la tolérance au Zn et Cd étaient la méme dans une population
non-metallicole. Pour cela nous avons produit un nouveau croisement BC1 entre un individus A.
halleri d'une population non-métallicole et A lyrata petraea. Nous avons ainsi identifié plusieurs
QTL de tolérance au Zn et Cd dont certains co-localisent avec ceux obtenu dans les études
précédents et d'autres non. Ces résultats suggerent différents mécanismes de tolérance au sein de
I'espece et une évolution des bases génétiques dans les milieux meétalliferes. L acquisition
secondaire de la tolérance et de I’hyperaccumulation lors de la colonisation des sites pollués est
en cours d’étude grace a un croisement intraspécifique A. halleri métallicole x A. halleri non

métallicole.
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Ahalleri par QTL Mapping en utilisant un croisement | concentrations croissantes en Zn et en Cd, respectivement, selon les protocoles de Willems et al. (2007)
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Le géne AhHMA4 code pour un transporteur de cations, et a pour fonction de détoxiquer les racines en chargeant le xyléme, faisant ainsi monter le métal dans les

\ feuilles (conséquence sur I’hyperaccumulation, voir Frérot et al., 2010). Si ce gene est bien celui qui est révélé ici par I’analyse QTL, il pourrait donc étre responsable |
de I’acquisition primaire de la tolérance chez A. halleri. Il reste maintenant a savoir quelles sont les forces évolutives qui sont a I’origine d’une telle modification de/
- I’homeéostasie des métaux chez A. halleri par rapport aux espéces-sceurs non métallophytes.
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1 Introduction

Mining, smelting and many anthropic activities can result in heavy metal contamination of urban
and agricultural soils. Pollution may induce physiological and genetic changes in organisms
living in close contact with soil. 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 naive organisms and it is sometimes 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, response of organisms sampled in the field may substantially

differ from laboratory specimens.
In a recent review, we investigated this point focusing on the definition and validity of molecular
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biomarkers of metal pollution using earthworms of the Lumbricidae family [1]. It appears that
conditions that allow local adaptation to occur are present in earthworms (namely, potential
strong and durable selective pressures and within-population genetically determined phenotypic
variability). In addition, some infra-individual evidence of adaptation obviously exists.
Consequently, there is a need for evolutionary studies investigating the level and distribution of
genetic diversity in natural populations of earthworms. Therefore, it seems necessary to integrate
the potential effects of local adaptation to Metallic Trace Elements (MTES) on biological

responses of organisms in the development of biomarkers. [1]

Three species of Lumbricidae family belonging to two ecological groups were choosen for this
study: Lumbricus terrestris, an anecic earthworm which lives in deep vertical burrows and come
to surface to feed and Lumbricus rubellus and Lumbricus castaneus, epigeic earthworms which
live in the litter above the soil surface. We assume that exposure of the two groups is different
due to their respective ecology. In this work, we decided to investigate a possible local
adaptation, owing to pollution, in earthworms from Lumbricidae family populations using
microsatellite markers approach. Microsatellite markers may provide datato investigate the

genetic differences between earthworm populations issued from polluted and reference sites.
2 Materials and methods

Individuals of Lumbricidae family (L. terrestris, L. rubellus and L. castaneus) used for
developping microsatellites were collected in northern and southern France and in southern
Poland to build a microsatellite enriched genomic library. Collecting indiviuals in different parts
of the species distribution in Europe was supposed to be helpful to develop molecular markers
whose efficacity does not depend on any reference genotype. Earthworms were stored in ethanol
96% until use. Total genomic DNA was isolated using NucleoSpin®Tissue (Macherey Nagel).
For each species, a mixture of collected DNA was performed. The microsatellite enriched
genomic library was built and sequenced by high throughput pyrosequencing (GS FLX®, Roche
Diagnostics®) by Genoscreen company. This allows the identification of hundreds of
microsatellites loci.Those sequence were used to define molecular markers in silico. First,
microsatellites identification was performed for L. terrestris because of its abundance in the field
and because of the relatively easy morphology-based identification of the species. Among 255

microsatellites, twenty markers were selected for a test using PCR reaction kit (QIAGEN) and
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DNA sequencer (Applied Biosystem). Finally, eight microsattelite markers were validated using
QIAGEN Multiplex PCR Kit and cappillary sequencing (3730XL®, Applied Biosystems®). A
broader validation of the eight markers was then performed on two hundred worms collected in

northern France.
3 Results and discussion

Eight new microsatellite markers have been identified in L. terrestris. These microsatellite
markers are highly polymorphic and can be used in population genetic analysis. Microsatellites
were co-amplified using QIAGEN Multiplex PCR Kit and divided into two multiplex PCR
reactions. The size of the different alleles was determined using GENEMAPPER 3.7 software
(Applied biosystem) (Figure 1A). Microsatellite markers identification is actually ready for L.
rubellus and a large genotyping (800 individual) of L. terrestris is actually ongoing. Large
sampling was performed in a workshop area located in Nord-Pas de Calais Region, France. The
workshop area exhibits historic contamination by heavy metals. Populations were collected from
many sites around Metaleurop factory (a lead smelter) and from reference sites. Metal
contamination (Pb, Cd and Zn mainly) is illustrated below by Zn content in soil at the regional

scale. (Figure 1B).

marker size of PCR repeat  repeat Fctime 3 ket

product number motif _—
Lt3 127 8 ca o —
Lt8 134 8 tca
Lt16 187 10 gag
Lt19 129 7 gt
Lt10 204 7 gt
Lt17 210 7 ca
Lt9 141 8 ca
Lt12 212 11 aca

(B)

Figure 3: A. microsatellite markers identified in this study. B. Sampling sites for earthworm populations
collected in northern France
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4 Conclusion

Eight microsatellite markers were identified in L. terrestris. The same approach of microsatellite
identification is ongoing in L. rubellus and L. castaneus. Microsatellite markers are used to
investigate the differences of microsatellite alleles size between metallicolous and non-
metallicolous of L. terrestris populations. These microsatellite markers are essential tools to
understand the evolutionary dynamics of populations and direct and indirect selective forces that
shape genetics variation in natural populations. We hypothesized that probable lose of genetic
variation may occur due to selection pressure and genetic drift in population belong to polluted

area.
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) Heavy metal pollution is often encountered in areas of intensive industries like smelting and mining. Organisms living
| ntrod uction in close contact with contaminants are often affected. Usually, shortly after exposure, organisms exhibit acclimation
responses (physiological adaptation) which may consist in changes observed at the infra-individual level (mainly
molecular, biochemical and cellular parameters). Many parameters showing variation following exposure to a
contaminant are pollution biomarker candidates. Therefore, a long-term exposure may not only cause environmental
phenotypic variation (acclimation) among individuals but also adaptative evolution unlike short-term exposure of
experimental approaches (Hendry et al., 2011; Pauwels et al., 2013).
At the field, contaminants may not usually result in either populations decline because of toxic effects or in the loss of
population size due to the reproductive success reducing and this process can lead to genetic variability diminution
through genetic drift, natural selection and gene flow alteration. Several methods are evoked to explain the loss of
genetic diversity. One of them consists in using neutral genetic markers at the genome-wide scale such as
microsatellite markers which are widely used in population genetic studies and may provide data to investigate the
genetic diversity within and between populations. These microsatellite markers are essential tools to understand the
evolutionary dynamics of populations and to understand direct and indirect selective forces that shape genetics

variation in natural populations. . H
Objectives

Selection pressure
Natural selection at ‘Gene-specific changes.
different loci (ex: Cdmt)
I Reduced earthworms Modification of gene Phenotypic diversity
reproductive success flow. changes

Several
generations

Earthworms from the Lumbricidae y W , - a Znenvichment factor
represent good candidates for soil

biomonitoring (Rombke et al., 2005).

We chose the anecic species Lumbricus

terrestris to investigate the possible local

adaptation due to metals using

microsatellite markers.

In this study, we succeed to identify and to validate eight polymorphic microsatellite loci
which can be use to explore the genetic diversity of field collected populations of
L.terrestris. Microsatellite loci do not depend on any reference genotype and have been
[ Genobereen designed to be used throughout the entire distribution area of the species. Then, allelic

m ."'u 7 diversity was assessed using 192 individuals. A total of 116 alleles were determined. The
number of different alleles per locus ranged from 5 alleles at locus Lt8 to 25 alleles at
locus Lt9 with an average of 6.125 for all loci. The observed heterozygosity (H,) ranged
from 0.128 to 0.855, whereas the expected heterozygosity (Hg) ranged from 0.262 to

£ e
L. terrestris ) I . I

DNA extraction

Sampling  Large sampling was performed . . .
throughout a large area located in peramweem— F s values obtained by Fstat version 2.9.3 analysis

Nord-Pas de Calais Region, France. product _ number revealed that 6 of 8 loci could have been affected by
The area was formerly contaminated one or more null alleles. Fs values varied among
by the activity of two smelters during markers from 0,082 (Lt163) to 0,722 (Lt12). Hight
more than a century. Thus, the area ’ Fys Values for loci (Lt3, Lt8, Lt16, Lt19, Lt9, Lt12)

exhibits historic contamination by e
heavy metals, mainly Zinc, lead and glae);erselated to the possibility to appearance of null

cadmium.

markers identified in this study

4 Eight microsatellite markers have been identified in L. terrestris.

4 We are actually performing the genetic diversity analysis using these 8 markers on populations which have been collected from many sites around Metaleurop factory (a lead smelter)
and from reference sites.

4 The same approach of microsatellite identification is ongoing in L. rubellus and L. castaneus.
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International Conference of Ecological Sciences, Marseille- 2016

QTL mapping for zinc tolerance at the intra-specific level in Arabidopsis halleri using a F2

progeny

Marie-Joe  KARAM, Dima SOULEMAN, Sophie GALLINA, Marc HANIKENNE, Sol

SCHVARTZMAN, Maxime PAUWELS, Héléne FREROT

Arabidopsis halleri is a well-studied species for its ability to tolerate and hyperaccumulate
metals, particularly zinc and cadmium. Deciphering the genetic architecture of these quantitative
traits has only been done at the inter-specific level using A. lyrata ssp. petraea x A. halleri
backcross and F2 progenies. The major QTL regions identified included candidate genes implied
in the traits such as genes from the hma4 (heavy-metal transporting ATPase 4) and the mtpl
(metal tolerance protein 1) families. So far, no QTL mapping study has been done at the intra-
specific level. We aimed at studying the genetic architecture of zinc tolerance and
hyperaccumulation in an A. halleri F2 progeny (175 individuals) by crossing individuals coming
from polluted and non-polluted soils. 384 single nucleotide polymorphism (SNP) markers issued
from high-throughput sequencing of the genomes of parental plants have been developed and
used for the genetic map construction. Growth parameters and photosynthetic yield were
performed under control and polluted conditions in hydroponics (10 vs. 2000 uM of ZnSOy).
One major QTL was identified for photosynthetic yield that explained about 30% of the variation
for the trait. This QTL region does not co-localize with the known candidate genes for metal
tolerance that have been identified so far at the inter-specific level. This suggests that, in A.
halleri, molecular mechanisms involved in local adaptation to metal-polluted soils at the intra-
specific level differ from those that distinguish the level of metal tolerance observed in the

species from those observed in its non-tolerant close relatives.

Keywords: Arabidopsis halleri; zinc tolerance; QTL mapping; intraspecific F2 cross; Single
Nucleotide Polymorphism
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Annex chapter 5:

Assessment of Zn hyperaccumulation

Figure 1: Experimental design to assess Zn hyperaccumulation. A) Replicates on compost. B) Adding Zn
to polluted soil. C) Culture on compost to evaluate Zn hyper-accumulation. D) Zn dosage in shoots using
Zincon method.
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Figure 2: Traits distributions in the non-polluted and polluted conditions for all genotypes in the hyper-
accumulation experiment

NP = non-polluted condition; P = Zn-polluted condition.

P-values are the results of the Wilcoxon statistical test for paired data.
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Figure 3: Correlation rates between the traits in the non-polluted and Zn-polluted conditions in the hyper-
accumulation experiment (a = 0.05)
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Figure 4: Traits segregation histograms in the non-polluted and polluted conditions in the hyper-
accumulation experiment for all genotypes

NP = non-polluted condition; P = Zn-polluted condition.
Below each histogram, the trait mean +/- the standard deviation is written.
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Figure 5: Segregation histograms of the traits tolerance indices from the first to the ninth decile for all

genotypes in the hyper-accumulation experiment

TI = tolerance index.
Below each histogram, the traits Tl median +/- the standard deviation are written.

Trait Block effect H2in the non- HZin the polluted condition
polluted condition
Leaf Zn_lconcentratlon No 008 0.22
(mg.Kg™)
Shoot biomass (g) No 0.32 0.39

Table 1 : Traits broad-sense heritabilities (H?) in the hyperaccumulation experiment
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Abstract

Natural habitats are more and more destructed and fragmented by urban expansion and human
activities. The fragmentation of natural and agricultural areas by buildings and new
infrastructures affects the size, connectivity and the quality of habitats. The populations of
organisms inhabiting these anthropized territories are then more isolated. However,
differentiation between populations of the same organism depends on demographic and genetic
processes such as genetic drift, gene flow, mutation and natural selection. Only species that have
developed special tolerance mechanisms can persist under changed environmental conditions.
The introduction of contaminants such as metals in the environment may influence plants and
animals evolution by modifying the evolutionary forces and thus generating differences between
populations. In this work, attention was focused on the genetic consequences of metallic
pollution on two species, the earthworm Lumbricus terrestris and the plant model Arabidopsis
halleri. Two different approaches have been used to study the genetic response to metallic
contamination: a population genetic approach was performed in L. terrestris and a quantitative
genetic approach was carried on in A. halleri. First, it was a question of identifying and
validating new microsatellite markers in L. terrestris. These markers were then used to
characterize the neutral genetic diversity in worms collected from agricultural and urban sites.
Secondly, genetic architecture of Zn tolerance and Zn hyperaccumulation was conducted
investigated for the first time using an intraspecific crossing between metallicolous and non-
metallicolous individuals of A. halleri. High density of SNP markers was used to proceed to the
QTL mapping step.

Résumeé

Les habitats naturels sont de plus en plus détruits et fragmentés par I'expansion urbaine et les
activités humaines. La fragmentation des espaces naturels et agricoles par les batiments et les
nouvelles infrastructures affecte la taille, la connectivité et la qualité des habitats. Les
populations d’organismes vivants sur ces territoires anthropisés sont alors plus isolées. Or, la
différenciation entre populations d’un méme organisme dépend de processus démographiques et
génétiques tels que la dérive génétique, le flux génétique, la mutation et la sélection naturelle. La
persistance et le développement des populations dans des conditions environnementales
modifiées dépendent de mécanismes de tolérance. Dans ce contexte, l'introduction de
contaminants tels que des métaux dans I'environnement peut influencer I'évolution des plantes et
des animaux en modifiant les forces évolutives et en créant des différences entre populations.
Dans ce travail, Pattention a été portée sur les conséquences génétiques de la pollution
métallique sur deux espéces, le ver de terre Lumbricus terrestris et une plante modele
Arabidopsis halleri. Deux approches différentes ont été utilisees pour étudier la réponse
génétique a la contamination métallique : une approche de génétique des populations chez L.
terrestris et une approche de génétique quantitative chez A. halleri.

Tout d’abord, il s’est agi d’identifier et de valider de nouveaux marqueurs microsatellites chez L.
terrestris. Ensuite, ces marqueurs ont été utilisés afin de caractériser la diversité génétique neutre
chez des vers collectés sur des sites agricoles et urbanisés. Parallelement, lI'architecture génétique
de la tolérance et de I'nyperaccumulation de Zn chez A. halleri a été explorée a 1’aide d’un
croisement intraspécifique entre une population métallicole et une population non métallicole.
Une densité élevée de marqueurs SNP a été utilisée pour procéder a I'étape de cartographie QTL.
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