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Summary

Studies have indicated the existence of several possible sources of genetic heterogeneity within 

the sentinel species Lumbricus rubellus that could compromise its suitability for ecotoxicological 

assessment. The species appears to consist of two genetically divergent cryptic lineages and has 

been demonstrated to display genetic adaptation towards contaminants within some 

populations.

In order to investigate the cryptic lineages of L rubellus further a combined morphological and 

DNA barcoding approach was undertaken, with both the mitochondria! COI gene being sequenced 

and external morphological characters being assessed. Combined barcoding and morphological 

analysis confirmed the existence of the previously described genetic lineages of L. rubellus and 

highlighted a potential lineage-specific morphological trait. The effectiveness of this trait in field 

identification of the two lineages was tested in a blind trial. This indicated that the trait may be 

particularly effective in successfully identifying the individuals of one of these lineages.

The two cryptic lineages were also analysed in a second study featuring cross-amplifying 

microsatellite loci. Both the sequencing and fragment analysis of these microsatellite loci strongly 

supported the existence of a high degree of reproductive isolation between the two lineages.

Finally microsatellite markers were applied to test the hypothesis of genetic adaptation within L. 

rubellus populations located along an aerially-deposited nickel contamination gradient. No 

support was obtained for the existence of genetic adaptation within these populations. This could 

indicate that the most heavily contaminated sites represent demographic 'sinks' into which 

individuals immigrate from adjacent less-contaminated regions.

The general implications of these studies are that the two lineages of L rubellus should be treated 

as separate species in future ecotoxicological trials given their high degree of genetic 

differentiation. An implication of the nickel study is that L. rubellus may display a greater capacity 

for tolerating toxic metals through phenotypic plasticity than previous studies have indicated.
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Chapter 1. General introduction

As an introduction to the thesis it is perhaps worth briefly describing how the focus of my studies 

changed over the course of this PhD. The initial focus of this PhD was to investigate the possible 

existence of genetic adaptation within populations of the earthworm species Lumbricus rubellus. 

This particular species is widely applied as a sentinel species to monitor the ecological effects of 

contaminants within studies of soil ecotoxicology. As a sentinel species it is important that the 

species displays genetic homogeneity between its populations (Hilty and Merenlander 2000). This 

means that experimental findings based upon one population of the species can be considered 

representative of all other populations.

Concerns about the genetic adaptation of some L. rubellus populations to metal contamination 

have arisen following the demonstration of inherited resistance within populations from 

contaminated sites (Langdon et al. 1999, Langdon et al. 2001). The initial aim of this study was 

therefore to investigate the possible genetic adaptation of L. rubellus populations along a gradient 

of nickel contamination. This was attempted by conducting a population genetic analysis using 

microsatellite markers. Microsatellite analysis has indicated the possible existence of genetically 

adapted populations within studies of other species by revealing an increased degree of genetic 

differentiation between environmentally-stressed populations and unaffected populations (Plath 

et al. 2007, Tobler et al. 2008, Plath et al. 2010).

However, shortly after the start of this study it was discovered that the 'species' of L. rubellus may 

actually comprise two distinct cryptic genetic lineages (King et al. 2008). The existence of such 

lineages could potentially complicate any studies of metal resistance given that comparative 

lineages in other annelid species have been found to differ markedly in their tolerance of 

contaminants (Sturmbauer et al. 1999, Linke-Gamenick et al. 2000). Differences in tolerance can 

also affect the distribution of such lineages across contaminated and non-contaminated sites 

(Sturmbauer etal. 1999).

Following the discovery of these cryptic lineages within L. rubellus, the focus of the PhD was 

broadened into a wider consideration of genetic heterogeneity within the species that included 

studies of these two lineages. The first of these studies applied mitochondrial 'bar-coding' 

sequences to investigate the extent of cryptic variation within L. rubellus populations from sites 

located across Britain. This study also applied a morphological analysis in order to uncover 

lineage-specific traits that could potentially be applied to differentiate the two lineages. The 

existence of such morphological differences could enable the development of 'type specimens' 

for the two lineages (Schlick-Steiner et al. 2007).



The second study of cryptic variation applied the same microsatellite markers from the nickel 

study to investigate genetic differentiation between sympatric populations of the two lineages. 

This was conducted using individuals from two of the sites sampled during the nickel study. 

Mitochondrial genotyping had revealed both cryptic lineages to be present at these sites. By 

applying nuclear molecular markers it was therefore possible to determine whether the sympatric 

populations displayed any evidence supporting the existence of hybridisation between the 

lineages.

Finally the original study of the thesis, the population genetic analysis of L. rubellus along a nickel 

contamination gradient was conducted after genotyping the individuals to determine their 

lineage. It was decided to focus the study upon only a single lineage (lineage A) as this lineage was 

found to be prevalent at the most highly contaminated sites.

Lumbricus rubellus- general biology

Within the field of soil ecotoxicology the earthworm species Lumbricus rubellus Hoffmeister 

(1843), has been widely applied as an important sentinel species (Spurgeon et al. 2003b, Franzle 

2006, Bundy et al. 2007). L. rubellus is a common lumbricid earthworm species that is easily 

recognisable on account of its dark-red pigmentation. It is often highly abundant within 

temperate soils and burrows horizontally through the upper litter-layer feeding on decaying 

organic matter (Sims and Gerard 1999). It is therefore classified as an epigeic species in 

accordance with the ecological categories of earthworm proposed by Bouche (1977). Given its 

epigeic ecological niche, L. rubellus largely favours the organically enriched soils found in habitats 

such as deciduous forests, flood plains, meadows and pastureland (Terhivuou 1988, Sims and 

Gerard 1999). However, L rubellus can also often be found inhabiting soils in urban and 

industrialised areas (Pizl and Josens 1995).

L. rubellus displays a holarctic distribution and is widely distributed throughout Europe (Sims and 

Gerard 1999). Given that it is widely believed that the Pleistocene glaciations eradicated the 

earthworm fauna of Britain, it has been proposed that the present-day British population of L. 

rubellus may descend from populations that inhabited ice-free refugia in Southern Europe during 

the last ice age (King et al. 2008). The human-mediated dispersal of L. rubellus has also been 

proposed to have resulted in its present wide-ranging distribution. Many invasive populations of 

L rubellus have been discovered in locations outside Europe including North America (Addison 

2009), and Australasia (Schon et al. 2011).

L. rubellus is an out-crossing hermaphrodite species that displays sexual reproduction (Sims and 

Gerard 1999). As a hermaphrodite, the anterior portion of each adult individual features both
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male reproductive organs such as the testes, testes sacs and spermathecae, and female 

reproductive organs such as the ovaries and ovipores (Edwards and Bohlen 1996). Being an 

oligochaete species, L. rubellus also displays a thickened collar of tissue termed the clitellum 

located after its 26th anterior segment (Sims and Gerard 1999). This organ is essential for the 

formation of earthworm cocoons. The breeding study of Elvira et al. (1996) found L rubellus to 

display a maturity time of 74 days. L. rubellus also demonstrated a breeding rate of 0.43 cocoons 

a week. In comparison with the results from other epigeic species the breeding rate of L. rubellus 

could be considered relatively low (Elvira et al. 1996).

Transects have indicated that field distributions of L. rubellus and other epigeic earthworms can 

often be patchy with the existence of aggregations separated by gaps of several metres or more 

(Campana et al. 2002). Such aggregations may correspond to spatial differences in conditions such 

as organic matter content (Campana et al. 2002, Whalen 2004). As an example of this, 

aggregations of L. rubellus are often found underneath dung pats within pastureland (Sims and 

Gerard 1999). It has also been proposed that the formation of aggregations may aid reproduction 

within low dispersal species (Whalen 2004).

Estimates for the dispersal capacity of L. rubellus have largely been derived by observing 

population expansion within formerly earthworm-free soils. The study of Marinissen and van den 

Bosch (1992) which focused upon Dutch polder soils, revealed a dispersal rate of up to 12.8m 

year"1 . This value was far higher than the dispersal rates stated in the review of Eijsackers (2010) 

which were largely derived from populations colonising contaminated soils. Some of these 

populations displayed a dispersal rate of approximately 2m year" 1 . It has also been proposed that 

L. rubellus may also be dispersed over larger distances by human activities. Such activities include 

the movement of soil through agriculture (Marinissen and van den Bosch 1992) and the disposal 

of earthworm bait by fishermen (Terhivuou 1988).

Lumbricus rubellus as a sentinel species

Many of the previously mentioned characteristics of L. rubellus make it an ideal sentinel species 

for studies of soil contamination. These include its abundance within the soil environment, 

recognisable appearance and widespread distribution which all make it an easy species to collect 

during field studies. The low motility of L. rubellus also makes it an ideal sentinel species for 

conducting high resolution studies of soil contamination as individuals generally only accumulate 

contaminants from an area of approximately ten cubic metres (Franzle 2006). Finally L. rubellus is 

also ecologically important given that like other earthworm species it is an "environmental 

engineer" of the soil environment (Spurgeon et al. 2003b) and an important prey-species for 

many animals (Franzle 2006).



However, several studies have raised doubts about the suitability of L. rubellus as a sentinel 

species of soil contamination by indicating the possible existence of significant genetic 

heterogeneity within the species. Firstly breeding studies have indicated that some populations of 

L. rubellus from contaminated sites may display genetic adaptation towards heavy metal 

contaminants (Langdon et al. 1999, Langdon et al. 2001). The possible existence of metal-resistant 

populations of L. rubellus at contaminated sites has also been indicated by population genetic 

studies that have indicated genetic differentiation between exposed and non-exposed 

populations (Andre et al. 2010, Simonsen and Klok 2010). Secondly genetic heterogeneity has also 

been uncovered within L. rubellus populations in the form of cryptic genetic variation. The 

application of mitochondrial sequence analysis in the studies of King et al. (2008) and Andre et al. 

(2010) has uncovered evidence of two distinct cryptic lineages. The study of Andre et al. (2010) 

also uncovered evidence of genetic divergence within the nuclear genome.

The history of ecotoxicology

Over the past two centuries the development of heavy industry around the world has led to the 

release of a wide-range of different anthropogenic contaminants into the natural environment. 

This has occurred as a consequence of direct release into the global commons through activities 

such as the disposal of industrial and domestic waste, the direct release of agrochemicals, the 

indirect release of substances as by-products of mining and also the inadvertent release of large 

quantities of contaminants during accidents.

Some incidences of animal deaths following exposure to anthropogenic contaminants were 

reported during the industrial revolution of the nineteenth century (Hoffman et al. 1990). 

However, given that the science of ecology was still then in its infancy with important concepts 

such as food-chains and niches still to be discovered (Clapp 1994), the possible ecological effects 

of contamination received little attention.

During the latter half of the twentieth century following the impact of such influential 

publications as 'Silent Spring' (Carson 1963) and several well-publicised pollution incidents such as 

Lekkerkerk in the Netherlands and Love Canal in the USA (Pollard et al. 2001, Binns 2004), many 

countries began to introduce legislation requiring companies and organisations to assess the 

effects of their activities upon the environment (e.g. Department of the Environment 1990). Much 

of this legislation was based upon the findings of traditional 'dose/response' toxicological tests 

that were used to determine 'dangerous' levels of contaminants (Chapman 1995). However the 

assessment of ecological risks using traditional laboratory-based toxicological testing was 

increasingly seen as an over-simplification, with test species often selected primarily on the basis 

of cost or practicality rather than their ecological importance and with factors such as the effects
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of different combinations of chemicals or different environmental conditions being largely 

ignored (Chapman 2003). Such concerns led to the development of a new form of toxicology 

termed 'ecotoxicology' (Butler 1978, Moriarty 1983, Walker et al. 1996). Ecotoxicologists sought 

to overcome the limitations of existing toxicological testing in assessing ecological risk by 

incorporating ideas and analytical methods from ecology. This included emerging ideas of 

community theory, life-history theory and population genetics (Van Straalen 2003). The 

development of ecotoxicology also led to a greater consideration of the 'functional end-points' of 

contaminants upon ecosystem performance (Van Straalen 2003).

One major problem in developing the field of ecotoxicology has however been in attempting to 

successfully determine the effects of contaminants upon ecosystem functioning. This is 

complicated by several factors both relating to knowledge of the contaminants and the ecosystem 

under investigation. Firstly the bioavailability of contaminants to a given ecosystem can change in 

accordance with several different factors such as the presence of other contaminants (Chapman 

et al. 2003), abiotic environmental factors such as pH (Peijnenburg et al. 1999, Lanno et al. 2004) 

and differences in the ability of organisms to bioaccumulate contaminants from the surrounding 

environment (Beeby 1991). Secondly assessments of ecosystem functioning can be complicated 

given the multitude of different ecological interactions that they may feature, many of which are 

often poorly understood or unknown to researchers (Anderson et al. 1994). Given these 

complexities it is clear that traditional toxicological testing methods with their reliance upon test- 

species unrepresentative of those in natural ecosystems may be poor monitors of ecological 

effects.

Sentinel species

One way by which ecotoxicologists have sought to monitor the effects of contaminants upon 

ecosystems has been by focusing upon one or more 'sentinel' species rather than undertaking a 

whole-ecosystem survey of contamination effects (LeBlanc and Bain 1997, Mhatre and Pankhurst 

1997, Hilty and Merenlander 2000, Tabor and Aguirre 2004, Franzle 2006). Although this 

approach has been criticized as an oversimplification (Power and McCarty 1997), the application 

of sentinel or indicator species to study the effects of habitat change has found favour as a 

cheaper and more efficient means of assessing ecosystem health than larger scale monitoring 

studies (Pearson 1995, Caro and Doherty 1998). Sentinel species can be applied both for 

precautionary laboratory-based simulation studies that aim to determine the possible effects of 

contaminant exposure upon the functioning of exposed ecosystems and also in field studies of 

actual contamination events (Francioni et al. 2007, Quiros et al. 2007).
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In order for a sentinel species to yield results that are meaningful and relevant to the ecosystem 

and contamination event under investigation there are several important criteria that need to be 

fulfilled in the selection of a suitable species. First and foremost the species under investigation 

must be ecologically important within the ecosystem to which it belongs such that any detrimental 

effects of the contaminants upon the species either in terms of its functioning or demography 

could have repercussions at different trophic levels (Chapman 2002). Ecologically important 

species which may be assigned as sentinels include species that play a role in the decomposition 

of organic matter (Zaitsev and van Straalen 2001), prey species of various different trophic levels 

(Hamers et al. 2006) and 'ecological engineer' species which through their activities change the 

physical characteristics of their environment (Jouquet et al. 2005).

It is also vitally important that the sentinel species displays some degree of sensitivity towards the 

contaminant under investigation. However, given that a species that displays high mortality at low 

levels of contamination would be of little use for assessing the long-term chronic effects of 

contaminants, it is important that the species displays some degree of tolerance towards the 

contaminant.

If a species displays well-characterized stress responses towards contaminants, diagnostic 

'biomarkers' can be developed for ecotoxicological studies (LeBlanc and Bain 1997, Eason and 

O'Halloran 2002, Vasseur and Cossu-Leguille 2003). Biomarkers can be broadly defined as 'any 

biological response to an environmental chemical at the individual level or below demonstrating a 

departure from normal status' (Eason and O'Halloran 2002). The ultimate aim of biomarker 

studies is to detect any negative effects of a contaminant upon individuals before damage is able 

to occur at the population-level (Forbes et al. 2006). The majority of biomarkers result from the 

biological change or damage of an organism following exposure to contaminants and are 

detectable by behavioural, biochemical, cellular, immunological, genetic or morphological analysis 

(Depledge et al. 1995; LeBlanc and Bain 1997).

An ideal biomarker would display several characteristics, namely a high specificity and sensitivity 

to the toxicant under investigation and the ability to rapidly indicate stress (Van Straalen and 

Roelofs 2008). Many biomarkers that fulfill such criteria have been uncovered following the 

development of ecotoxicogenomic analysis techniques, which include such 'omic' technologies as 

transcriptomics, proteomics and metabolomics (Van Straalen and Roelofs 2008, Poynton and 

Vulpe 2009, Fedorenkova et al. 2010). By identifying the genes and proteins that are expressed 

following exposure to a contaminant, ecotoxicogenomic studies are able to resolve the pathways 

underlying the stress-responses of an organism (Spurgeon et al. 2008, Van Straalen and Roelofs 

2008, Poynton and Vulpe 2009). This can enable the development of biomarkers indicating cellular

12



damage or the activation of detoxification mechanisms (Bundy et al. 2008, Van Straalen and 

Roelofs 2008, Brulle et al. 2010).

Sentinel species may also be selected on the basis of the ease with which they can be collected 

from within an environment. Some of the criteria proposed for selection of sentinels are therefore 

that the species is abundant within the study area and easily identifiable (Caro and O'Doherty 

1998). Given that even closely related species can differ markedly in their sensitivity to 

contaminants (e.g. Bach et al. 2005), the correct identification of a sentinel should also be viewed 

with importance.

Other factors that may be important in the selection of a sentinel include the home range and 

ecological niche of a species (Hilty and Merenlender 2000). Regarding home range, many field 

studies have sought to apply sentinel species of low mobility or in some cases sessile life histories. 

This is advantageous both in ensuring that the study species in unable to avoid exposure to the 

contaminant under investigation (Hilty and Merenlender 2000) and in enabling high resolution 

studies of the effects of contaminants within a given environment (Franzle 2006). Studies applying 

species of low mobility may however be restricted by the natural field distribution of these 

organisms (Ji et al. 2006). In a similar manner to home range, the ecological niche of a species 

might also be important in determining the accuracy with which it indicates environmental stress. 

Species inhabiting a specialized ecological niche may be expected to face greater exposure to 

contaminants through their diet than species of a more generalist niche which may be able to 

adapt their diet to avoid the contaminants (Hilty and Merenlander 2000).

Earthworms as sentinel species

Within the field of soil ecotoxicology earthworm species have been found to represent important 

sentinel species (Spurgeon et al. 2004a, Spurgeon et al. 2004b Bundy et al. 2007, Owen et al. 

2008, LaCourse et al. 2009). Many earthworm species display characteristics that make them ideal 

sentinels of soil ecosystems. Firstly the relatively large size of earthworm species in comparison 

with other soil invertebrates such as oribatid mites makes earthworm species convenient for field 

identification and collection without the requirement of magnification (Mhatre and Pankhurst 

1997, Paoletti 1999). Earthworms may also be highly abundant within their respective 

environment with some areas featuring earthworm densities of several hundred individuals per 

square metre of ground (Edwards and Bohlen 1996, Paoletti 1999). Many earthworm species have 

also been well-studied in terms of their ecology (Bouche 1992, Sims and Gerard 1999), and can be 

broadly defined as epigeic (leaf-litter dwelling), endogeic (laterally burrow through mineral soil) 

and anecic (vertically burrow through mineral soil).
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The functional importance of earthworm species within their respective ecosystems has also been 

well documented by many studies. Many earthworm species have been found to be significant 

prey species for generalist predators (Symondson et al. 2000) and as such form an integral part of 

their respective food webs. Earthworms also play a prominent role within their ecosystem as 

'engineers' of the soil environment (Lavelle et al. 1997, Jouquet et al. 2006, Turbe et al. 2010). 

Given that through their activities earthworms convert organic matter into inorganic compounds 

and move large quantities of soil to the surface, earthworms are directly involved in the cycling of 

soil nutrients. They may also play a more indirect role in nutrient cycling by enabling the dispersal 

of important decomposing fungi and bacteria (Brown and Doube 2004). The burrows of anceic 

and endogeic earthworm species can also be important in increasing the infiltration of water into 

soil with obvious implications for plant growth (Edwards and Bohlen 1996, Cannavacciuolo et al. 

1998). Earthworm activity may also stimulate plant growth by increasing the expression of stress- 

responsive genes, increasing the tolerance of plants towards environmental stressors (Blouin et 

al. 2005).

A second major characteristic of earthworms that qualifies them as ideal sentinel species is their 

sensitivity towards a wide range of different soil contaminants (Owen et al. 2008, Brulle et al. 

2010). This sensitivity is indicated by ecological surveys which have uncovered significant 

reductions in earthworm abundance and species diversity at contaminated sites (Nahmani et al. 

2003, Lukkari et al. 2004). The physiology and behavioral aspects of earthworm life-cycles pre 

disposes them towards contaminant exposure. Earthworms may become exposed to 

contaminants through pore water uptake or the ingestion of contaminated soil (Oste et al. 2001, 

Vijver et al. 2003, Morgan et al. 2004). There has been some debate as to which of these uptake 

routes may play the most significant role in the absorption of contaminants. The study of Vijver et 

al. (2003) applied oral sealing to contaminant-exposed earthworms revealing little change in 

contaminant uptake. This suggested that the uptake of contaminants through pore water could 

be more significant than that occurring from ingested soil. However the study of Oste et al. (2001) 

modified the availability of contaminants through pore water, revealing little difference in their 

accumulation by earthworms. This contrastingly suggested that gut uptake could be the major 

uptake route. It is possible that the availability of contaminants by different uptake routes may 

however depend on the predominant chemical form of the contaminants within the soil (Nanonni 

etal. 2011).

Comparison of earthworm body burdens of contaminants together with environmental 

concentrations often reveals a linear rate of accumulation (Ireland 1983, Morgan and Morgan 

1988). This occurs chiefly for the body concentration of unregulated non-essential elements 

(Nanonni et al. 2011). Some earthworm species may also display the ability to bioaccumulate
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certain contaminants within their body tissues to concentrations far exceeding those of the 

surrounding environment. This is particularly true of the bioaccumulation of heavy metals by 

some earthworm species that are able to sequester large quantities of metals into 

chloragogoneous tissue surrounding their gut wall (Morgan and Morgan 1998, Carpene et al. 

2006). It has been proposed that the bioaccumulation of heavy metals in these particular species 

may result from a physiological requirement for certain essential trace metals, with the heavy 

metals in question being chemically similar to a required metal (Beeby 1991).

Laboratory-based exposure trials have revealed that many earthworm species also display well- 

characterized stress responses upon exposure to even small quantities of contaminants. This has 

enabled the development of a suite of different biomarkers for ecotoxicological studies (for a 

review of these see: Kammenga et al. 2000; Scott-Fordsmand and Weeks 2000; Spurgeon et al. 

2003). These biomarkers encompass a range of distinct stress responses that can be grouped 

more broadly into several distinct categories, namely cellular based assays (e.g. Booth and 

O'Halloran 2001; Sorour and Larink 2001; Jensen et al. 2007), detoxifying enzymes and proteins 

(e.g. Booth and O'Halloran 2001; taszczyca et al. 2004; Morgan et al. 2004), exposure related 

molecular changes not connected to detoxification (e.g. Nadeau et al. 2001) and 

metabolomic/proteomic profiles (e.g. Bundy et al. 2007, Bundy et al. 2008). Research has also 

focused upon the development of genetic biomarkers that indicate the changes in gene 

expression underlying physiological stress-responses (Galay-Burgos et al. 2003, Spurgeon et al. 

2004, Asensio et al. 2007). This has led to the development of the internet-based database of 

earthworm expressed sequence tags (ESTs), LumbriBASE (www.earthworms.org, Sturzenbaum et 

a I. 2003).

Some biomarker studies of earthworm species reflect stress-responses that could have direct 

demographic effects upon earthworm populations. These include a reduction in cocoon 

production (Booth and O'Halloran 2001) and cellular damage to spermatozoa (Reinecke and 

Reinecke 1997, Sorour and Larink 2001). Other biomarkers including cellular integrity and 

metallothionein gene expression have been correlated with changes in levels of organic matter 

removal by earthworm communities (Spurgeon et al. 2005). Biomarkers may also indicate the 

existence of environmental stress within earthworm populations before demographic effects are 

able to occur (Spurgeon et al. 2005).

Genetic homogeneity and sentinel species

An important characteristic for an effective sentinel species is that it displays genetic homogeneity 

between populations (Hilty and Merenlender 2000). This allows inferences of pollution tolerance 

that have been determined using only a small number of populations to be applied to other

populations of that species. Unfortunately many studies have revealed that an assumption of
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genetic homogeneity may be false for many sentinel species. A lack of homogeneity may occur for 

two different reasons, namely the adaptation of some exposed populations to contaminants 

(Posthuma and Van Straalen 1993) and the occurrence of cryptic genetic lineages within a 

'species' (Bickford et al. 2006). Such genetic heterogeneity is of concern to ecotoxicologists as the 

existence of unrecognised genetic variation within sentinel species could compromise their ability 

to produce reliable indications of environmental stress. The susceptibility to contaminants of some 

natural populations of a genetically heterogeneous species could differ from that established by 

laboratory testing, undermining any attempts to establish 'safe' levels of contaminants (Evenden 

and Depledge 1997).

However some researchers have proposed that the incorporation of genetically variable species 

into environmental risk assessment trials may increase the accuracy of results (Forbes et al. 1998, 

Coe et al. 2009). Genetically diverse sentinels could produce results that are more applicable to 

wild populations (Coe et al. 2009).

Studies indicate that the populations of many earthworm species may exhibit genetic 

heterogeneity that could complicate their appplication as ecotoxicological sentinels. One such 

source of heterogeneity is the genetic adaptation of earthworm populations to soil 

contamination. Many studies have demonstrated that earthworms collected from such 

populations demonstrate a greater degree of tolerance towards contaminants than do non- 

exposed individuals (Rozen 2006, Arnold et al. 2008, Langdon et al. 2009, Fisker et al. 2011). 

Laboratory breeding studies have indicated the inheritance of tolerance within some of these 

populations (Rozen 2006, Langdon et al. 2009, Fisker et al. 2011). This suggests that some 

earthworm populations may become resistant through a process of genetic adaptation.

The application of molecular markers to earthworm taxonomy has also uncovered a second major 

source of genetic heterogeneity within earthworm species namely cryptic genetic variation. 

Genetic analysis has uncovered evidence of genetically distinct lineages within many earthworm 

species (King et al. 2008, Perez-Losada et al. 2009, Andre et al. 2010, James et al. 2010, Novo et al. 

2010b). A further analysis of some of these 'species' has indicated the presence of reproductive 

isolation between lineages, which may suggest that they represent cryptic species (Lowe and Butt 

2008, Dupont et al. 2011). Such distinct lineages could confound ecotoxicological studies given 

that cryptic lineages within some annelid species have been found to differ widely in their 

tolerance of contaminants (Sturmbauer et al. 1999, Linke-Gamenick et al. 2000).

Genetic adaptation

Studies of organisms inhabiting contaminated sites have repeatedly demonstrated the existence 

of tolerant populations. The individuals of these populations display comparatively higher levels of
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growth and fitness, and lower mortality rates upon exposure to contaminants than do the 

individuals from non-exposed populations (Posthuma and Van Straalen 1993, Langdon et al. 2003, 

Era'nen et al. 2009). Individuals of exposed populations have been demonstrated to display 

evidence of tolerance resulting from a reduced uptake of contaminants (Xie and Klerks 2004), an 

increased capacity for the detoxification of harmful compounds (Babczyriska et al. 2006, Gonzalez- 

Rey 2007, Goto and Wallace 2010) or increased excretion ability (Posthuma et al. 1992, Postma 

and Groenendijk 1999). Evidence of an increased tolerance towards contaminants has been 

uncovered across a diverse range of different organisms including plants (Jimenez-Ambriz et al. 

2007, Era'nen et al. 2009), and many different animal phyla (reviewed in: Posthuma and Van 

Straalen 1993) including annelids (Klerks 2002, Langdon 2003), arthropods (Diogo et al. 2007, 

Khan et al. 2011) and vertebrates (Klerks and Moreau 2001, Xie and Klerks 2004). Breeding trials 

have indicated that the tolerance observed within many of these species may have a heritable 

basis. The fact that one of the previously mentioned criteria for the selection of sentinel species is 

a limited home-range, may actually predispose some of these sentinels towards the development 

of genetic adaptation. The isolation of populations undergoing selection has been proposed as an 

important factor in enabling the development of adaptation, with high levels of gene flow into 

stressed populations possibly constraining divergence by introducing a high proportion of non- 

adapted genotypes (Hendry et al. 2002). Artificial laboratory based experiments of selection 

featuring individuals collected from 'clean' locations have also indicated that resistance may 

evolve rapidly within some species following only a few generations of exposure (Klerks and 

Levinton 1989).

It has also been demonstrated that different populations of a single species may differ in their 

ability to develop genetic resistance towards contaminants (AI-Hiyaly et al. 1988, AI-Hiyaly 1993). 

Such studies have indicated that an important prerequisite for the development of genetic 

adaptation is a high level of local genetic diversity, as such populations would be expected to 

include a higher proportion of resistant genotypes. The studies of AI-Hiyaly (1988) and AI-Hiyaly 

(1993) were able to demonstrate this by correlating the presence of zinc-resistant plant 

populations around pylons with the existence of resistant genotypes in nearby uncontaminated 

meadows. Alternatively it has also been proposed that populations may differ in their ability to 

adapt to stress if there is a high metabolic cost of maintaining genetic tolerance or negative 

pleitropic effects (Posthuma and Van Straalen 1993, Van Straalen and Timmermans 2002). In such 

situations exposed populations may fail to develop genetically based tolerance, instead displaying 

resistance through physiological acclimation (i.e. phenotypic plasticity) (Meyers and Bull 2002, 

Schlichting and Smith 2002, Roelofs et al. 2010, Whitman and Agrawal 2011). The existence of 

such variation in the capacity of populations to adapt to contamination could create mistaken 

impressions of the overall susceptibility of a species towards a given contaminant. If the sensitivity
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of a species towards a given contaminant is established by sampling non-resistant populations, 

this may lead to an underestimation of the ability of other populations to tolerate the 

contaminant (Evenden and Depledge 1997). More worryingly though, the unsuspected sampling 

of genetically adapted populations could create a false indication of the adaptability of a species 

to tolerate contaminants.

It has been proposed that adapted populations may be identifiable on the basis of several 

demographic characteristics that may differentiate them from non-adapted populations 

(Posthuma and Van Straalen 1993, Belfiore and Anderson 2001, Van Straalen and Timmermans 

2002). By analysis of the population genetics of exposed and non-exposed populations it may 

therefore be possible to infer the presence of genetically adapted populations at contaminated 

sites. Some advantages of this approach to the inference of genetic adaptation are that it can 

enable the identification of past historical demographic events (e.g. genetic bottlenecks) and also 

that it offers a greater degree of resolution in its inferences by focusing upon an entire population 

rather than the reactions of several individuals (Belfiore and Anderson 2001).

One way by which population genetic analysis may imply the presence of an adapted population 

is by indicating a low level of gene flow between populations within stressful environments and 

adjacent non-exposed populations. Levels of gene flow into a contaminated site may be reduced 

if strong selection increases the rate of mortality or reduces the fitness of the non-adapted 

migrant individuals (Slatkin 1987). Laboratory based studies comparing the survival and fitness of 

individuals from adapted and non-adapted populations upon exposure to strong physiological 

stress often indicate a comparatively higher mortality rate or lower fitness of non-adapted 

individuals (e.g. Langdon et al. 2003, Lopes et al. 2006). This can result in a low rate of successful 

immigration into adapted populations. It has also been suggested that in certain situations the 

successful migration of adapted individuals out of their environment may be reduced by 'costs of 

tolerance' (McNeilly 1968, Posthuma and Van Straalen 1993). Studies have demonstrated that 

adapted individuals may display a lower level of fitness than non-adapted individuals in low-stress 

environments due to factors such as the energetic cost of maintaining adaptation mechanisms 

(McNeilly 1968, Xie and Klerks 2004). Reduced levels of migration from non-adapted populations 

are believed to aid in the fixation of adapted genotypes within stressed populations by preventing 

'gene-swamping' which can occur in situations of high gene flow and reduce the frequency of 

adaptive genes within the stressed populations (Lenormand 2002).

However, in some situations selection may have less of an effect upon gene flow particularly if the 

strength of selection is moderate or weak (Morgan et al. 2007). This has been reflected by studies 

demonstrating the existence of mixtures of adapted and non-adapted genotypes within stressed 

and nearby reference populations (Lopes et al. 2004). It has been proposed that in some

18



situations gene flow may actually assist in adaptation by introducing new adaptive alleles into 

stressed populations and by reducing the detrimental effects of inbreeding (Lenormand 2002, 

Alleaume-Benharira et al. 2006).

If strong selection upon a population has resulted in adaptation though, a reduction of gene flow 

may be identifiable between populations due to the development of neutral genetic changes 

within adapted populations. The genetic drift of allele frequencies within an adapted population 

can cause it to display genetic differentiation from nearby populations. By observing allele 

frequencies and comparing them between populations it is therefore possible to identify the 

effects of genetic drift within populations allowing an inference of reduced levels of gene flow 

between them. Studies may also apply an analysis of isolation of distance or observe the effects of 

geographical barriers upon such patterns of differentiation in order to distinguish genetic 

structuring through adaptation from that arising due to geographical isolation. One of the most 

widely applied statistical methods for identifying population differentiation is hierarchical F- 

statistics (Weir and Cockerham 1984).

It has also been proposed that populations experiencing strong selection may undergo 'genetic 

erosion', resulting in a significant loss of overall genetic diversity (Hebert and Luiker 1996, 

Bickham et al. 2000, Van Straalen and Timmermans 2002, Nowak et al. 2009). Such a loss of 

genetic diversity may occur within an exposed population without adaptation due to a significant 

reduction in population size, as has been recorded during the field studies of some exposed 

populations (e.g. Wilson et al. 2005). However the adaptation of a population could also cause a 

loss of genetic diversity for two different reasons. Firstly the selection of adapted individuals over 

non-adapted individuals either due to the increased mortality of non-adapted individuals or the 

greater reproductive success of adapted individuals could lead to an overall loss of genetic 

diversity (Bickham et al. 2000, Van Straalen and Timmermans 2002). This can occur due to a 

genetic bottleneck if a small number of adapted individuals are able to display a disproportionally 

high degree of reproductive success resulting in a population expansion (Bickham et al. 2000, Van 

Straalen and Timmermans 2002). Another alternative process by which adaptation can lead to a 

reduction in levels of genetic diversity is by the process of genetic hitch-hiking (Hebert and Luiker 

1996, Schlotterer and Wiehe 1999, Belfiore and Anderson 2001). Genetic hitchhiking can occur 

when genes enabling adaptation to a particular environmental stress become fixed within a 

population. This can lead to a reduction in the levels of genetic polymorphism within the areas 

flanking the selected genes. The size of the area affected and therefore the degree of genetic 

hitch-hiking that may occur is dependent on both the strength of selection upon the allele and the 

recombination rate within its chromosomal region (Schlotterer and Wiehe 1999). Genes with a
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high selection coefficient within areas of low recombination would be expected to result in the 

highest degree of genetic hitch-hiking.

However, there are two alternative explanations to adaptation for the existence of populations 

within stressful environments (Fig. 1.1), namely phenotypic plasticity or source-sink patterns of 

migration. Nevertheless it is possible to differentiate occurrences of both of these processes from 

genetic adaptation due to the different impacts upon population genetics that both would 

present.

Firstly, phenotypic plasticity refers to situations in which individuals of a single genotype are able 

to adapt to a range of environmental stresses by several different processes. These processes 

include physiological plasticity where individuals change their physiology or behavior to increase 

their tolerance towards an environmental stress, and developmental plasticity where juvenile 

individuals exposed to an environmental stress undergo developmental changes that make them 

more tolerant as adults (Meyers and Bull 2002, Schlichting and Smith 2002, Roelofs et al. 2010, 

Whitman and Agrawal 2011). Such phenotypic adaptations can occur due to changes in 

transcription following exposure to stress (Schlichting and Smith 2002). The emerging field of 

epigenetics has also indicated several mechanisms by which phenotypic changes could occur in 

response to stress. These include DNA methylation, histone modification and gene silencing by 

non-coding RNA (Vandegehuchte and Janssen 2011). It has been proposed that plasticity may 

occur within organisms inhabiting a naturally heterogenous environment (Crispo 2008) or as a 

precursor to the development of genetic adaptation (Schlichting and Smith 2002). If the 

individuals within a stressful environment are able to tolerate stress by exhibiting a phenotypically 

plastic genome, this would not be expected to impede the migration of individuals between 

stressed and non-affected populations as the effects of selection would be dampened (Fig. 1.1) 

(Crispo 2008). Consequently many studies of phenotypically plastic species have uncovered 

evidence of low levels of genetic differentiation between otherwise phenotypically distinct 

populations (Jordan et al. 2005, Whiteley et al. 2009). It may therefore be possible to 

differentiate between incidences of phenotypic adaptation (i.e. by physiological or developmental 

acclimation) and genetic adaptation by observing whether the populations of a stressed 

environment appear to be genetically homogenous or differentiated from one another, with 

several studies having uncovered possible incidences of phenotypic plasticity in this manner. Such 

studies include that of Jordan et al. (2005) that demonstrated the existence of gene flow between 

populations of a lizard from two different island habitats. This was in spite of the existence of 

habitat-specific differences in predator avoidance behavior between populations. Another study 

that was able to infer the existence of phenotypic plasticity was that of Whitelely et al. (2009)
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who found no evidence of genetic differentiation between the separate populations of a fish 

species displaying substrate-specific body colouration.

The other possible explanation for the existence of populations within stressful environments is 

that they represent the 'sink' population within a 'source-sink' system. Such a population would 

be comprised of physiologically 'stressed' individuals that displayed a low degree of fitness and a 

high mortality rate. This 'sink' population would be maintained by a migration of individuals from 

other 'source' populations. Some studies have demonstrated evidence of source-sink systems by 

inferring high levels of gene flow between 'sink' populations and their possible 'source' 

populations. The separate source populations may also be significantly genetically differentiated 

from one another reflecting the asymmetrical nature of gene flow out of these populations. Sink 

populations may also be identifiable through a high degree of genetic diversity as a result of them 

being sustained by migrants from separate populations. Studies that have inferred the existence 

of possible source-sink dynamics include that of Waits et al. (2008) that indicated that fish 

populations within a degraded urban waterway may be sustained by migration from upstream 

populations. The study of Dias et al. (1996) was also able to infer the existence of a source-sink 

dynamic between populations of birds inhabiting deciduous and evergreen forest habitats. In this 

later study, evidence of a far lower degree of genetic differentiation was found between 

suspected source and sink populations than between source populations and between sink 

populations.

Cryptic variation

A second way by which the genetic homogeneity of sentinel species may be compromised is 

through the existence of unrecognised cryptic genetic diversity. Molecular analysis has already 

uncovered significant levels of hitherto unrecognised cryptic diversity and genetic lineages within 

many invertebrate species including annelids (Sturmbauer et al. 1999, Erseus and Gustafsson 

2009), molluscs (Baker et al., 2003), crustaceans (Adamowicz et al. 2007, Wares et al. 2007) and 

insect species (Chenon et al. 2000, Schlick-Steiner et al. 2006). Some of these species have been 

applied as sentinels within ecotoxicological studies; e.g. Tubifex tubifex within freshwater 

ecosystems (Sturmbauer et al. 1999), Folsomia Candida within soil ecosystems (Chenon et al. 

2000; Diogo et al. 2007) and Idotea balthica within intertidal ecosystems (Wares et al. 2007).

Several studies of sentinel species that are known to contain differentiated genetic lineages have 

uncovered evidence for variation in the levels of resistance to contaminants between these 

lineages. Distinct genetic variation was found between laboratory populations of the springtail, 

Folsomia Candida, a species that has been widely applied in ecotoxicological studies of soil 

ecosystems (Diogo et al. 2007). Experimental analysis uncovered a distinct difference in the ability
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of individuals from two genetic lineages of the species to tolerate pesticide contamination. In a 

behavioural trial individuals of one lineage were found to show a strong avoidance of soil 

contaminated with low levels of pesticide. However, individuals of the second lineage were found 

to show no avoidance behaviour when presented with the same soil. Differences in contaminant 

tolerance were also found between cryptic lineages of the freshwater oligochaete Tubifex tubifex, 

which is widely used as a sentinel species in freshwater ecosystems (Sturmbauer et al., 1999). 

Molecular analysis of Tubifex tubifex uncovered evidence of five distinct genetic lineages within 

European river populations. Toxicity experiments revealed variation in the levels of cadmium- 

resistance displayed by different genetic lineages. Geographical variation in cadmium tolerance 

between T. tubifex populations was found to be largely linked to different frequencies of 

genotypes within the populations. Finally, the marine polychaete species Capitella capitata has 

been demonstrated to actually represent a cryptic species complex, with genetic studies and 

analysis of reproductive traits confirming the existence of several reproductively isolated lineages 

(Grassle and Grassle 1976). Exposure trials featuring polyaromatic hydrocarbons revealed 

differences in sensitivity to toxicants to exist between these lineages (Linke-Gamenick et al. 2000). 

Further analysis indicated the more tolerant lineages to display a greater capacity for 

biotransformation of contaminants than the more sensitive lineages (Bach et al. 2005). The 

existence of unrecognised genetic heterogeneity within a 'species' could therefore confound its 

application in ecotoxicology.

Molecular markers

This study will apply two different types of molecular marker to ascertain the degree of genetic 

heterogeneity within L. rubellus, namely mitochondria! DMA and microsatellite regions. The first 

of these molecular markers, mtDNA is a particularly useful molecular marker for the definition of 

recently diverged taxa as it displays an evolutionary rate that is far higher than most nuclear 

genes (Avise 2000). This also results in high levels of intraspecific genetic polymorphism that 

enables the discovery of intraspecific genetic lineages. The tracing of genetic lineages is also 

helped by the asexual, maternal mode of inheritance 1 displayed by mtDNA that assists in the 

definition of genetic lineages by removing the confounding effects of recombination.

Genetic variation between mitochondrial genes largely occurs in the form of nucleotide 

substitutions or minor variations in length, rather than by changes in gene order (Avise 2000). The 

occurrence of insertion or deletion (indel) mutations can however create problems during 

taxonomic analysis by complicating sequence alignments between different haplotypes. This has 

led to the protein-coding genes of mitochondrial DNA being favoured for broad taxonomic studies

1 As Lumbricus rubellus is an out-crossing simultaneous hermaphrodite, the terms maternal and 
paternal here refer to the lineages represented by gametes rather than individual earthworms.
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over genes that display a high incidence of indel mutations such as the rDNA genes, 12S and 16S 

(Hebert et al. 2003). Selection against frame-shift mutations results in a low incidence of indel 

mutations within protein-coding genes.

The development of robust primers has allowed mtDNA analysis to be applied over a wide variety 

of different animal phyla. The mitochondrial cytochrome oxidase I (COI) primers (Folmer et al. 

1994) are a general invertebrate tool that has been widely applied in many phylogenetic studies 

(Bely and Wray 2004, Williams et al. 2006, Adamowicz et al. 2007). The primers were designed 

using mtDNA sequences drawn from species ranging across several invertebrate phyla. The COI 

primer pair amplify a 710b.p. fragment of the cytochrome c oxidase subunit I gene. This gene 

encodes a part of the enzyme that is important in cellular respiration. Consequently the COI 

sequence is highly conserved across phyla, accounting for the wide applicability of the COI primer 

pair. The conserved nature of the sequence also means that its rate of evolution is lower than that 

of non-coding mtDNA. This lower rate of evolution has made the COI gene a favoured molecular 

marker for the construction of species phytogenies (Damgaard et al. 2008; Guan et al. 2008; 

Mengual et al. 2008).

The wide-ranging applicability of the COI primer pair led to proposals that the COI sequence could 

be used as a genetic 'barcode' for the diagnosis of species (Hebert et al. 2003; Hebert et al. 2004). 

This was partly based upon the finding that levels of COI sequence variation within taxonomic 

species are generally far lower that those found between taxonomic species (Hebert et al. 2004). 

Species phylogenies based upon mtDNA sequence variation had already been found to be widely 

convergent with traditional taxonomies (Avise and Walker 1999). This agreement between the 

findings of mtDNA analysis and taxonomy work has led to COI analysis being widely applied as a 

means of uncovering potential cryptic species sometimes as a precursor to more detailed studies 

of taxonomic or ecological differences (Schlick-Steiner 2006; Adamowicz et al. 2007; Wares et al. 

2007). The mtDNA COI sequence will therefore be applied within this study to observe cryptic 

variation within L. rubellus.

The second molecular markers that will be applied within this study, microsatellite loci are found 

throughout the nuclear genome and have been proposed by some researchers to represent 

evolutionary neutral markers (Schlotterer and Wiehe 1999, Chistiakov et al. 2005). Such 

characteristics mean that they are not constrained by some of the limitations associated with 

mtDNA markers such as maternal inheritance and genetic linkage (Ballard and Whitlock 2004). 

Microsatellites consist of repetitive segments of DNA and display a high degree of size variation 

caused by differences in the number of these repeats (Hancock 1999). Such size differences are 

believed to develop through the process of replication slippage (Eisen 1999, Calabrese and 

Sainudiin 2004). Replication slippage occurs when the template and copied strands of DNA
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become misaligned during replication and can lead to the loss or gain of repeat units. The 

accumulation of microsatellite mutations through replication slippage can occur far more quickly 

than for other processes such as point mutation (Hancock 1999) and consequently reproductively 

isolated populations can diverge in allele frequencies over a relatively short time period. This has 

made microsatellite loci popular molecular markers for the resolution of fine-scale demographic 

structuring (e.g. Van der Wurff et al. 2003, Plath et al. 2007, Tobler et al. 2008, Plath et al. 2010). 

Given the sensitivity of microsatellite markers to demographic changes, they will be applied 

within this study to observe whether populations of L. rubellus display adaptation to soil 

contamination. Several microsatellite markers have already been developed for use with L. 

rubellus (Harper et al. 2006) and the congeneric species L. terrestris (Velavan et al. 2007).

Given that microsatellite allele frequencies can diverge between the isolated populations of a 

single species, some studies have sought to apply allele frequency data to infer the existence of 

reproductive isolation between the populations of separate species (Feulner et al. 2006, Wares et 

al. 2007) or to uncover evidence of interspecific hybridization (Luo et al. 2010, Va'li et al. 2010). 

Many of the interspecific studies that have applied microsatellite frequency data to their analyses 

have employed the same statistical approaches as population genetic studies. This includes the 

determination of population differentiation through inbreeding-coefficients such as F-statistics to 

infer the degree of gene flow between populations. This approach has successfully demonstrated 

the existence of reproductive isolation between species of bats (Racey et al. 2007), fish (Feulner 

et al. 2006) and arthropods (Li et al. 2009). Interspecific studies have also applied exploratory data 

analysis such as Bayesian clustering methods to observe the degree of reproductive isolation that 

exists between sympatric populations of different species. This approach has been particularly 

useful for studies aiming to uncover evidence of hybridization uncovering evidence of 

introgression between species of plants (Zeng et al. 2010), molluscs (Luo et al. 2010) and birds 

(Vali et al. 2010).

However, it has been proposed that microsatellites may display some complexities in their 

process of mutation that could complicate such studies of interspecific genetic differentiation. 

Initially it was assumed that microsatellites develop through a stepwise mutational model with 

new microsatellite alleles arising through slippage mutations that either add or subtract single 

repeat units (Calabrese and Sainudiin 2004). However, it has since been proposed that 

microsatellites may sometimes lose or gain multiple repeat units within a single mutation, leading 

to suggestions that a 'two-phase' model may more accurately reflect the actual mutation of 

microsatellites (Calabrese and Sainudiin 2004). The adoption of a linear model of mutation may 

also be regarded as an over-simplification as patterns of mutation are believed to change with 

differences in allele length. Larger microsatellite repeats are believed to undergo slippage
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mutations more frequently and consequently display a higher mutation rate than shorter 

microsatellites (Calabrese and Sainudiin 2004). It has also been proposed that large 

microsatellites may face size constraints preventing further expansion and consequently display a 

higher rate of deletion mutations (Nauta and Weissing 1996). The interspecific comparison of 

some conserved primate microsatellite loci revealed a far lower than expected degree of size 

variation to exist between the alleles of some human and chimpanzee microsatellites which 

suggested the existence of size constraint upon these loci (Garza et al. 1995).

The sequencing of microsatellite flanking and repeat regions has revealed many alleles of the 

same size to be representative of different evolutionary lineages that have converged in repeat 

number (Dettman and Taylor 2004, Domingo-Roura et al. 2005). An extreme example of this was 

uncovered by the study of Domingo-Roura et al. (2005) who uncovered 28 species-specific 

microsatellite alleles across 23 different species of carnivore after sequencing nine different size 

alleles from across these species. Such homoplasy is a consequence of the fact that microsatellites 

can mutate by both expansion and deletion of repeat units. As has already been stated, larger 

microsatellite alleles are believed to face constraints upon expansion and display an increased 

rate of deletion. Over large evolutionary time-scales therefore the microsatellite alleles within 

divergent species may be expected to converge in allele size, obscuring patterns of phylogenetic 

descent.

Nevertheless, despite the existence of these possibly confounding problems, several studies have 

managed to successfully apply microsatellite allele data to identify species and in some cases to 

establish a phytogeny of descent. At the most basic level, some studies have identified species on 

the basis of disjunctive microsatellite size-ranges (Molbo et al. 2003, Elmer et al. 2007). Many 

more studies have established the existence of reproductive isolation between populations of 

species by applying analysis methods common to population genetics including population 

inbreeding coefficients and clustering analysis. One such study that was able to successfully apply 

this methodology was that of Petren et al. (1999), who utilised microsatellites to resolve the 

phytogeny of the Galapagos finch island radiation. The study was able to resolve many species 

that had previously been defined on the basis of morphological or allozymic differences. However, 

the study was also able to identify the existence of reproductive isolation between several 

morphologically indistinct island populations of the 'species' Certhidea olivacea, indicating the 

existence of several hitherto overlooked cryptic species.

An alternative approach for interspecific studies of microsatellites has been uncovered by the 

sequencing of some cross-amplifying microsatellite loci. As has already been mentioned some 

cross-taxa studies of microsatellites have applied sequencing of the microsatellite flanking region 

(MFR) to determine the extent of size homoplasy at these loci (Dettman and Taylor 2004,
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Domingo-Roura et al. 2005). These studies have uncovered evidence of species-specific 

differences in point mutations and insertion/deletion mutations within the flanking region of 

microsatellites. Estimates of the mutation rate of MFRs have been determined by comparing 

sequences from closely related species (Brohede and Ellegren 1999). Such studies have uncovered 

mutation rates that are close to the values stated for known introns. This indicates that MFRs can 

be considered evolutionary neutral, and that the high degree of sequence conservation in the 

primer binding region is not a result of selection. Several studies have successfully applied 

sequence data derived from the MFRs of highly conserved microsatellite loci to infer phytogenies 

across a variety of different evolutionary scales. These studies range from the phylogenetic 

resolution of closely-related congeneric species groupings (Dettman et al. 2003, Feulner et al. 

2006) to the inference of phytogenies for more evolutionary distant taxa such as families 

(Domingo-Roura et al. 2005).

One of the first studies to directly analyse the interspecific sequence variation of microsatellite 

loci was that of Schlotterer et al. (1991), who observed sequence differences between whale 

species. In this study several microsatellite primer pairs originally developed for studies of the 

long-finned pilot whale Globicephala melas, were found to successfully cross- amplify eleven 

other whale species from across two sub-orders that are believed to have diverged 35-40 Mya. 

Interspecific comparisons of these microsatellite sequences revealed the presence of single 

nucleotide polymorphisms (SNPs), both within the repeat regions and to a lesser extent, within 

the flanking regions. A relatively constrained rate of sequence mutation within these regions was 

indicated by the observation that many SNPs appeared to have deep evolutionary origins, with 

some mutations being shared across several species and therefore appearing to have their origins 

in mutational events predating the divergence of these species. As would be expected for 

microsatellites, between species there was a great deal of evidence for the occurrence of 

insertion and deletion mutations within the repeat region. Such mutations were largely the result 

of the loss or gain of one or a few repeat units and were therefore most likely to have resulted 

from slippage mutations rather than to be the result of isolated mutational events. However, 

evidence of substitutional mutations was found within the repeat regions of all of the 

microsatellites that were investigated. As with the mutations within the MFR, some of the 

substitutions were found to be conserved across several closely related species suggesting a 

relatively deep evolutionary origin.

The studies of Zardoya et al. (1996) and Rico et al. (1996), both applied sequence analysis to study 

interspecific differences in microsatellites conserved over an evolutionary time period even 

greater than that of the cetacean microsatellite studied by Schlotterer. Both studies were able to 

apply sequencing analysis to uncover differences in conserved microsatellites between fish
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species that diverged from one another >80 Mya. In the study of Rico et al. (1996) this included 

fish species from three separate classes. Both of the studies uncovered evidence supporting the 

occurrence of large insertion/deletion mutations at deeper taxonomic levels. In the study of Rico 

et al. (1996) such mutations were found predominantly between fish species of different classes. 

However, in their microsatellite analysis of perciform fish, Zardoya et al. (1996) uncovered 

insertion/deletion mutations in the microsatellite flanking regions that were found to be unique 

to particular families of Labroid fishes. Indel mutations were also discovered within the Cichlidae 

family that could be applied to differentiate Neotropical species from those of Africa and Asia. 

Interspecific differences in the microsatellite flanking region due to base substitutions were found 

across all of the taxonomic levels featured in both studies.

The studies of Blanquer-Maumont and Crouau-Roy (1995) and Domingo-Roura et al. (2005) both 

applied microsatellite sequence analysis for the resolution of complex phylogenies that had 

previously been investigated using conventional nuclear and mitochondrial coding sequences. The 

study of Domingo-Roura et al. (2005), applied sequence analysis of a highly conserved 

microsatellite region to study carnivore species from five different families. Many of the base 

substitutions and deletion mutations that were uncovered within the microsatellite flanking 

region appeared to persist across evolutionary time-scales, being shared by two or more species. 

The MFR mutations were applied to produce a phylogenetic tree which was found to be highly 

congruent with existing phylogenetic studies in its designation of the carnivore families.

A suitability of microsatellite flanking region sequences for the resolution of species has also been 

indicated by comparisons of levels of sequence variation between different congeneric species 

with the levels of variation between different populations of a single species. The study of 

Makova et al. (2000) uncovered a small degree of intraspecific sequence variation within the MFR 

of a mouse species. The different haplotypes of this MFR were found to correspond to two 

distinct groups of size alleles within the repeat region. A comparison of MFR alleles from different 

populations of the mice revealed no evidence for the population sorting of these alleles, with 

many shared between geographically distant populations. A comparison of MFR sequences across 

genera did however show them to form monophyletic clusters corresponding to existing species 

groupings. These phylogenetic inferences were found to be supported by an independent analysis 

of mtDIMA sequence data. This indicates that the MFRs display a rate of sequence mutation that is 

comparable to the mitochondrial sequences that are often applied to resolve species in phylogeny 

studies.

Within this study the two lineages of L rubellus will be analysed using microsatellite markers 

through both an analysis of allele frequencies and a sequence analysis of the microsatellites and 

their flanking regions.
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Aims of the project

In this thesis the extent of genetic heterogeneity within L. rubellus will be analysed in three 

different studies that will apply molecular markers to uncover evidence of cryptic lineages and 

genetically adapted populations within the species.

The first of these studies will be a mitochondrial analysis using barcoding primers which will aim 

to further investigate the extent of lineage diversification within L. rubellus. Several populations 

will be analysed from sites located throughout Great Britain and individuals from three other 

Lumbricus species will also be investigated in the study. A morphological analysis will also be 

conducted to uncover any lineage-specific traits that could possibly be used to differentiate 

individuals of the two lineages of L. rubellus.

In the second study microsatellite analysis will be applied to analyse differences between the two 

lineages of L. rubellus. This analysis will include an investigation of allele frequencies that will 

apply population differentiation approaches to assess the degree of genetic isolation between the 

two lineages. Secondly, microsatellite regions will also be sequenced to observe possible 

sequence differences in the flanking and repeat regions. Past studies have indicated that such 

sequence differences are often found between divergent species. This study will aim to test the 

following hypotheses:

1. The two lineages of L. rubellus are reproductively isolated and more genetically 

differentiated than are allopatric populations of both lineages.

2. The lineages display evidence of genetic introgression with the existence of hybrid 

individuals

3. Microsatellite sequences display a greater degree of divergence between lineages than 

within lineages due to their independent evolution in isolation.

Finally, the third study will apply microsatellite analysis to observe patterns of genetic 

differentiation between L. rubellus populations located along a gradient of nickel contamination. 

This study will aim to observe whether populations at the most heavily contaminated sites display 

any characteristics that could indicate that they have undergone selection for metal tolerance. 

Genetic adaptation will be inferred by observing the degree of genetic differentiation between 

populations at highly contaminated sites and less contaminated sites. If populations at 

contaminated sites are genetically adapted, then they may be highly differentiated from the 

populations at less contaminated sites. The individuals of such populations could be analysed in 

future exposure-trials to determine if they are more nickel tolerant than individuals from non-
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exposed populations. This study will therefore aim to address the following two hypotheses that 

could account for the presence of L. rubellus at nickel-contaminated sites:

1. The populations are sustained by the local recruitment of genetically adapted nickel- 

tolerant individuals.

2. The populations represent 'demographic sinks' and are sustained by immigration from 

less contaminated areas. Individuals within these populations may be able to tolerate the 

high levels of contamination through a process of phenotypic plasticity.
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a)

b)

c)

Costs of tolerance limit gene flow 

out of exposed population

Exposed 

population

Non-exposed 

population

Non-exposed 

population

High mortality of non-adapted 

migrants in exposed population

Exposed 

population

Non-exposed 

population

Non-exposed 

population

Gene flow between exposed 

and non-exposed populations 

is unaffected

Exposed 

population

Non-exposed 

population

Non-exposed 

population

Unidirectional gene flow into 

exposed population

Figure 1.1 Models of expected patterns of gene flow following a) the genetic adaptation of 

populations at exposed sites, b) the adaptation of populations through phenotypic plasticity, c) the 

existence of a 'source-sink' dynamic between the populations of non-exposed and exposed sites 

(arrows indicate both direction and scale of gene flow)
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Chapter 2. Intraspecific variation in rntDNA and morphology within the genus Lumbricus

The increasing application of molecular techniques to taxonomy has revealed that many species 

may actually consist of highly divergent 'cryptic' lineages (Bickford et al. 2007). One explanation 

for this may be that many current species are actually poorly defined and require re-evaluation 

(Sites and Crandall 1997). In order to increase the accuracy with which species are defined, 

various concepts have been advanced which typically define species as representing 

evolutionarily distinct or re productively isolated lineages (Mallet 2006). Despite the existence of 

these concepts however, many species remain largely defined on the basis of morphological 

traits.

The delimitation of species and identification of genetically distinct lineages has however been 

made easier by the development of DNA barcoding techniques (Hebert et al. 2003, Savolainen et 

al. 2005, Hajibabaei et al. 2007). DNA barcoding utilises highly conserved DNA sequences such as 

the mitochondrial cytochrome oxidase I gene (Folmer et al. 1994) that display low levels of 

intraspecific variation but sufficiently high interspecific variation to allow the resolution of 

individual species (Hebert et al. 2003). Barcoding genes can also be quickly and reliably sequenced 

(Hajibabaei et al. 2007), and amplified using general primers that amplify across a wide-range of 

different taxa (e.g. Folmer et al. 1994). Species can then potentially be identified by alignment of 

the DNA sequence produced with recognised sequences within a barcode database (Savolainen et 

al. 2005). Cryptic species can also be potentially identified in barcoding studies if the genetic 

divergence between them exceeds standard levels of intra-specific variation (Hebert et al. 2003). 

A further analysis of species resolved by barcoding analysis using behavioural or breeding trials 

often supports the existence of behavioural or reproductive isolation between them (e.g. Feulner 

et al. 2006).

The application of DNA barcoding techniques has revealed cryptic variation within many soil- 

dwelling species (Frati et al. 2004, Heethoff et al. 2006, King et al. 2008, James et al. 2010, Novo et 

al. 2010b). Such cryptic variation could be a consequence of morphological adaptations to the soil 

environment, as it has been observed that stressful environments can impose a high degree of 

stabilising selection (Bickford et al. 2007). Further, many species that are adapted to subterranean 

environments appear to display a reduction or simplification of external morphological traits 

(Nevo 1979). The use of morphology to define such species may therefore lead to an 

underestimation of true species diversity if stabilising selection has imposed constraints upon 

morphological divergence.

The suitability of DNA barcoding for resolving earthworm taxonomy has been confirmed by 

several recent studies that have applied the mitochondrial cytochrome oxidase I gene to identify
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species, for the construction of phylogenies (Pop et al., 2003; Huang et al., 2007; Pop et al., 2007) 

or the identification of cryptic species (Chang et al., 2007, James et al. 2010, Novo et al. 2010b). 

For example, Huang et al. (2007) underlined the accuracy of COI sequence derived taxonomies, 

showing levels of sequence divergence to be far higher between different earthworm species 

than between conspecific individuals, confirming the genetic basis of these species groupings. 

Individual species were also found to successfully group with the other species of their known 

taxonomic order. The phylogenetic analysis of several European Lumbricid earthworm species 

using COI primers has recently uncovered evidence of genetically divergent lineages within four 

different species (Allolobophora chlorotica, Aporrectodea longa, Aporrectodea rosea and 

Lumbricus rubellus) (King et al., 2008). Two distinct genetic lineages have been uncovered within 

L rubellus, displaying a mean sequence divergence of 8.28%. These lineages have been 

reconfirmed in a recent study analysing amplified fragment length polymorphisms and the 

mitochondria! cytochrome oxidase II gene (Andre et al., 2010).

The high levels of genetic divergence within L. rubeltus may therefore be indicative a substantial 

degree of cryptic genetic heterogeneity within this species. This could have major implications for 

the role of L. rubellus as an effective sentinel species for soil contamination studies. It has been 

suggested that an important requirement for the selection of effective sentinel species should be 

that they exhibit genetic homogeneity (Bouche 1992, Hilty and Merenlander 2000). The 

importance of this requirement has been underlined by studies of cryptic lineages within sentinel 

species that have revealed differences in their ability to tolerate certain contaminants 

(Sturmbauer et al., 1999, Linke-Gamenick et al. 2000).

It may however be possible to discriminate between individuals of the two lineages of L rubellus 

on the basis of morphological differences - this would make practical field work and pollution 

assessment both reliable and affordable. Several studies of 'cryptic' species have uncovered 

evidence of previously unrecognised subtle morphological differences upon further analysis 

(Rocha-Olivares et al. 2001, Wares et al. 2007). In past taxonomic studies of European populations 

of L. rubellus, several putative sub-species have been defined on the basis of minor differences in 

external morphological traits (Bouche 1972).

In this study the genetic lineages within L. rubellus described by King et al. (2008) were further 

analysed by applying mtDNA to a far larger number of L. rubellus individuals. The 'universal' COI 

primers (Folmer et al., 1994) were applied to investigate the genetic diversity within the two 

lineages and also to determine whether L. rubellus includes further cryptic diversity. 

Mitochondrial analysis was also applied to individuals of three other Lumbricid species in order to 

determine whether the lineage diversification within L. rubellus is a common feature within this
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genus. This is especially relevant, since studies have recently indicated the presence of cryptic 

genetic variation within the congeneric species, Lumbricus terrestris (James et al. 2010).

A morphological study was also conducted to investigate the degree of phenotypic variation 

within L. rubellus and three other Lumbricus species. In this study variation in the anterior 

segment number of the four Lumbricid species was determined, as this particular trait is believed 

to be evolutionary conserved and is applied for the taxonomic identification of earthworm 

species (Sims and Gerard, 1999). Analysis of this trait will also allow identification of possible 

differences between the two lineages of L rubellus.

A candidate morphological marker, an anteriorally-located glandular tumescence, was also 

investigated within both lineages of L rubellus. Preliminary observations suggested that this trait 

may display significant phenotypic divergence between the two lineages and was investigated 

further in a blind trial to determine if it could be successfully applied to differentiate between the 

lineages. A lineage-specific mitochondrial Restriction Fragment-Length Polymorphism test was 

subsequently applied to determine if each inference was correct. Analysis of these traits was 

carried out to determine whether the lineages within the Lumbricid species may display lineage- 

specific differences in morphology as has been discovered within some other cryptic species 

complexes.
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Materials and Methods

Sample collection

Specimens of four Lumbricus species were collected from a field site located at Pontcanna fields, 

Cardiff during May 2007 (Table 2.1). Further collections were conducted at two sites at Clydach, 

Swansea during August 2008. Finally, in order to widen the geographical scope of the study, 

earthworms were collected from two sites located in Mid-Wales and two sites located in South- 

West England during August 2010 (See Appendix A for geographical locations). The sample sites 

represented a range of different habitats including forests, pastureland and park land (See 

Appendix B for site details). Some of these sites were also contaminated with heavy metals.

Following their collection, all earthworms were washed with distilled water and depurated over 

48 hours. During this time the earthworms were kept inside petri-dishes containing two sheets of 

filter paper dampened with distilled water to prevent desiccation. The filter paper was changed 

after one day to allow the removal of excreted soil. Following depuration each individual was 

weighed and then separated into anterior and posterior sections that were then preserved in 

ethanol. Posterior sections were preserved in 100% ethanol for DNA extraction whilst anterior 

sections were preserved in 70% ethanol for morphological analysis.

DNA extraction, amplification and sequencing2

Approximately 25mg of earthworm tissue was used for each DNA extraction. This tissue was 

removed from the ethanol-preserved posterior sections using a sterile scalpel blade. DNA was 

extracted using a QIAGEN DNeasy tissue extraction kit following the protocol for DNA extraction 

from animal tissue (QIAGEN, UK). A 580bp sub-unit of the mitochondrial cytochrome oxidase I 

gene (COI) was then PCR-amplified using the general invertebrate primers LC01490 (5 1 - 

GGTCAACAAATCATAAAGATATTGG-3') and HC02198 (5'-TAAACTTCAGGGTGACCAAAAAATCA-3') 

(Folmer et al., 1994). PCR reactions were established in 24uJ reaction volumes using 2uJ of 

extracted DNA and O.luJvl of each primer added to a PCR mixture containing Ix PCR Buffer 

(Invitrogen, UK), 3mM Mg2+ (Invitrogen, UK), 0.2mM dNTP mix (dATP, dCTP, dGTP, dTTP) 

(Invitrogen, UK), 2.5u,g bovine serum albumin (New England Biolabs, UK), PCR grade water (Fisher 

Scientific, UK) and 0.625u Taq polymerase (Invitrogen, UK). All reactions were performed using a 

GeneAmp PCR System 9700 (Applied Biosystems, UK). All samples were initially denatured for 2.5 

minutes at 94?C and then proceeded through 35 cycles containing a denaturation step at 949C for 

30s, an annealing step at 47?C for 30s and an extension step at 72?C for 45s. After 35 cycles the 

samples underwent a final extension period of 729 C for 10 min.

2 See Fig 2.1 for workflow diagram of mtDNA sequencing
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The general COI primers were found to successfully amplify only two of the L rubellus lineage B 

individuals. A primer pair was therefore developed based upon the COI sequences from these two 

individuals, which successfully amplified a smaller 356bp fragment of the COI region of the lineage 

B individuals (LRB COIF S'-TCTTCTTTCTTGTCATGCCTGT-S', LRB COIR 5'- 

TGAAGTATTTAGATTTCGGTCAGTT-3 1 ).

Reaction mixtures were established as before for the lineage B individuals with 0.1u.M of each of 

the new primers. All reactions were performed using a GeneAmp PCR System 9700 (Applied 

Biosystems, UK). All samples were initially denatured for 2.5 minutes at 94^C and then proceeded 

through 35 cycles containing a denaturation step at 949 C for 30s, an annealing step at 459 C for 

30s and an extension step at 729 C for 45s. After 35 cycles the samples underwent a final 

extension period of 729Cfor 10 min.

After PCR amplification, 10u,l of each PCR product was purified using 0.75ul ExoSAP (7.5u 

Exonuclease I (New England Biolabs, UK) and 0.75u Shrimp Alkaline Phosphotase (Promega, UK)) 

by incubation at 379C for 60 min. Following the reaction, the ExoSAP was inactivated by 

incubation at 8Q2C for 15 min. Amplicons were then sequenced in both forward and reverse 

orientation. Each reaction contained 2u,l of cleaned PCR product, 0.8u.M primer, 2uJ PCR grade 

water (Fisher Scientific, UK), 2.5u.l Better Buffer (Web Scientific, UK) and O.Su.1 Big Dye Terminator 

v3.1 (Applied Biosystems, UK). All sequencing reactions were carried out following the 

manufacturers' recommendations (Applied Biosystems, UK). Sequences were visualised using an 

Applied Biosystems 3130 Genetic Analyzer.

Data analysis

Sequencher 3.1.2. (Gene Codes Corporation, USA) and CodonCode Aligner 3.0.1 (CodonCode 

Corporation, USA) were used to align and edit all sequences and to determine COI haplotypes for 

each species. The program MEGA 4.0 (Tamura et al., 2007) was used to determine pairwise 

genetic distances between all haplotypes. Pairwise distances were calculated both as uncorrected 

p-distances and also using the Tamura-Nei model of substitution (gamma shape distribution 

parameter=0.28), selected on the basis of hierarchical likelihood ratio tests performed using the 

program jModelTest (Posada, 2008). A maximum-likelihood phytogeny was produced using the 

program PHYML (Guindon & Gascuel, 2003). This was based upon the Tamura-Nei corrected 

distances between haplotypes with a bootstrap replication of 1000. A Bayesian phylogenetic 

analysis of haplotypes was also conducted using MrBayes 3.1.2 (Ronquist & Huelsenbeck, 2003). 

As the Tamura-Nei model of sequence evolution specified by jModelTest is not implemented by 

MrBayes the general time reversible model was selected with gamma and invariable sites. 

Bayesian analysis was run using two independent runs consisting of four chains. These analyses
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were run for 400, 000 generations with trees saved every 100 generations. Following the analysis, 

1000 trees were removed as burn-in. Consensus trees were viewed using TreeView (Page, 1996).

Morphological analysis

Morphological analysis was conducted by counting the anterior segment number between the 

mouth and clitellum of each specimen under lOx magnification using a light microscope. These 

segment numbers were then compared with the recognised values for each species (Sims and 

Gerard, 1999).

The location and size of an anterior genital tumescence was also recorded for all Lumbricus 

rubellus individuals. The genital tumescence was identified under lOx magnification using a light 

microscope and largely recognised by a conspicuous lack of setae on the segments that it covered.

Images of the genital tumescence were produced using a Jeol LV5200 scanning electron 

microscope at Cardiff University.

Blind trial

Seventy-five L rubellus individuals were collected from four field sites located throughout South 

Wales during October 2009. The sites were selected by the collectors so as to include populations 

of both mitochondrial lineages of L. rubellus based upon the findings of previous studies. All 

earthworms were placed into polythene bags labelled with an identifying code. The code was 

identifiable only to the collector, allowing a blind trial to be conducted by the experimenter with 

the collection site of each individual revealed only at the end of the trial.

Following collection all earthworms were processed as described previously. After processing the 

location and size of the anterior glandular tumescence was recorded for all L. rubellus individuals 

and the possible lineage of the individual recorded based upon the degree of the glandular 

swelling. The genital tumescence was identified under lOx magnification using a light microscope 

and largely recognised by a conspicuous lack of setae on the segments that it covered (Figs 2.2 

and 2.3).

Sequence analysis of the mtDNA 16s region of lineage A and B L rubellus yields two restriction 

sites that are present within lineage B but absent from lineage A (A. King, pers. comm.). By 

applying restriction fragment analysis to PCR amplified fragments, it was therefore possible to 

quickly and efficiently determine the lineage of L. rubellus individuals.

DNA was extracted from the posterior section of each sample using a OJAGEN DNeasy tissue 

extraction kit (QIAGEN, UK). A 500-650 bp fragment of the mtDNA 16s RNA coding region was 

then PCR amplified in a 25u,l reaction using the general invertebrate primer pair 16sar (5'-
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CGCCTGTTTATCAAAAACAT-3') and 16sbr (5'-CCGGTCTGAACTCAGATCACGT-3') (Palumbi et al., 

1991). The PCR reactions were set up using lu.1 of the extracted DNA and 0.5u.M of each primer 

added to a PCR mixture containing Ix PCR Buffer (Invitrogen, UK), 4mM Mg2+ (Invitrogen, UK), 

0.4mM dNTP mix (dATP, daP, dGTP, dTTP) (Invitrogen, UK), PCR grade water (Fisher Scientific, 

UK) and 0.625u Taq polymerase (Invitrogen, UK). All reactions were performed using a GeneAmp 

PCR System 9700 (Applied Biosystems, UK). All samples were initially denatured for 2.5 minutes at 

942C and then proceeded through 35 cycles containing a denaturation step at 949 C for 30s, an 

annealing step at 479 C for 30s and an extension step at 729C for 45s. After 35 cycles the samples 

underwent a final extension period of 725 C for 10 min. Restriction digestion of the 16s fragments 

was then performed using the restriction enzymes Oral and Hpyl in 10u,l reaction volumes 

containing 7.8u.l of the PCR product, Ix enzyme buffer (NE Biolabs Ltd., UK), distilled water and 4 

units of restriction enzyme (NE Biolabs Ltd., UK). All samples were then incubated at 379C for 3h 

using a GeneAmp PCR System 9700 (Applied Biosystems, UK). Following incubation all fragments 

were then run on a 1.5% agarose gel.
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Table 2.1 Numbers of sampled individuals at each site

Col lection site

Pontcanna fields, Cardiff

Clydach (site 1), Swansea

Clydach (site 2), Swansea

Gloversfield, Somerset

Hallen Hill, Bristol

Ystwth Source, Powys

East Cottage, Ceredigion

Wemyss, Ceredigion

Site code

PT

CL1

CL2

GF

HH

YS

EC

WM

L castaneus

17

0

0

0

0

0

0

0

L festivus

25

0

11

0

0

0

0

0

L rubellus

25

22

22

19

9

10

16

14

L terrestris

22

0

9

0

0

0

0

0

Total 17 36 137 31
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Figure 2.1 Work-flow diagram of mtDNA sequence analysis methodology
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Results

Molecular analysis

A 356 bp sub-unit of the mitochondrial COI gene between base positions 238 and 593 was 

successfully sequenced for 221 earthworms in total. These sequences were found to align 

unambiguously and displayed no evidence of insertion/deletions.

Twenty-two COI haplotypes were found within L rubellus. The haplotypes were found to group 

into two distinct clades corresponding to the previously described lineage A and B of L rubellus 

(King et al., 2008). Nine haplotypes were uncovered among the 'lineage A' L. rubellus (Table 2.1). 

Thirteen haplotypes were uncovered among the 'lineage B' L. rubellus.

Of the lineage A haplotypes, four were found only in South Wales (rubellus 3, 4, 5 and 6) (Table 

2.3). Of the remaining haplotypes, rubellus 1 was found in South Wales and South-West England, 

rubellus 7 was found in North Wales and South Wales, and rubellus 8 and 9 were found in North 

Wales and South-West England. Rubellus 1 was the only haplotype to be found in all regions.

Within lineage B, five haplotypes were found only in North Wales (rubellus 13,14,15,16 and 22), 

two haplotypes were found only in South Wales (rubellus 10 and 12) and five haplotypes were 

found only in South-West England (rubellus 17,18,19, 20 and 21). Rubellus 11 was found in both 

South Wales and South-West England.

Within both lineages no clear correlation could be discerned between either the habitat type or 

contamination status of a site and its constituent haplotypes. In lineage A, four of the haplotypes 

found at the non-contaminated site of Pontcanna were not found at any of the other sample 

sites. However this may be a result of the greater sample size of this site compared with the other 

sites.

Within the other three species, eight COI haplotypes were found within Lumbricus castaneus, 

seven haplotypes were found within Lumbricus festivus and seven haplotypes were found within 

Lumbricus terrestris. Of the seven L. terrestris haplotypes, three were found only at the 

Pontcanna site (Terrestris2, 3 and 4) and another three were found only at the Clydach site 

(TerrestrisS, 6 and 7). The remaining haplotype, Terrestrisl, was found at both sites and was 

particularly abundant at Pontcanna where it was expressed by 82% of the sampled individuals. Of 

the seven L. festivus haplotypes, two were found only at the Pontcanna site. The other five 

haplotypes were found at both sites.

The mean uncorrected p-distance of 0.14 between the lineage A and B L. rubellus was found to 

slightly higher than that previously described for L rubellus by King et al. (2008) and is almost

comparable to the distances observed between L rubellus and the other Lumbricus species
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featured in this study (Table 2.2). Genetic distances between haplotypes within L rubellus lineage 

B were much lower than between those within lineage A with a mean uncorrected p-distance of 

0.01. The haplotypes of lineage A showed a mean uncorrected p-distance of 0.02 which was 

comparable to genetic distances between the haplotypes of L. festivus (Table 2.2) but lower than 

the intraspecific genetic distances observed between haplotypes of L. castaneus and L. terrestris.

Both the ML and Bayesian phylogenies displayed strong support for the monophyly of all of the 

Lumbricus species analysed (Figs 2.4 and 2.5). The phylogenies also both showed strong support 

for the monophyly of both lineage "a" L. rubellus and lineage "b" L. rubellus. The bootstrap and 

posterior probabilities of the two phylogeneies also supported the existence of haplogroups 

within L. rubellus lineage "a", L. castaneus, L. festivus and L. terrestris.

Morphological analysis

Morphological analysis of anterior segment number revealed this particular morphological 

character to be highly conserved in all four species. Within L. rubellus all lineage B individuals 

were found to display the described segment number of 26 and only a single lineage A individual 

was found to display a segment number which differed from this value. Within L. terrestris, only 

one individual was found to differ from the described segment number of 31, by displaying 29 

segments and in L. festivus, two individuals were found to differ from the described segment 

number of 33, by displaying 32 segments. L. castaneus displayed the highest level of 

morphological variation with three individuals differing in anterior segment number from the 

described segment number of 27 by displaying 26 segments.

Morphological analysis of L. rubellus also uncovered a polymorphic trait within both lineage A and 

B individuals. A genital tumescence was discovered in all adult individuals associated with a lack of 

ventral setae (Figs 2.2 and 2.3). The location of this swelling was found between segments 8 and 

12 in lineage A and segments 9 and 12 in lineage B. The tumescence was only found on a single 

segment for all lineage B individuals whereas the large majority of lineage A individuals displayed 

the swelling over two segments. It was also noted that the genital tumescence appeared more 

easily identifiable within lineage B individuals and was often observable without magnification.

Blind trial

The blind trial experiment to identify L. rubellus lineage A and B individuals on the basis of 

differences in the expression of a genital tumescence led to the successful identification of 80% of 

the individuals. This was found to be statistically significant (chi 2 test, p=<0.05). Observation of 

the observed and expected values indicate that 89% of lineage B individuals were correctly 

identified which was higher than the expected value of 79%. The correct identification of lineage
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A individuals was largely unsuccessful though with 71% of individuals successfully identified which 

was lower than the expected value of 79%.
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Table 2.2 Mean pairwise differences between Lumbricus species and lineages (Tamura-Nei 
distance above diagonal, non-corrected p distance below diagonal), with mean intraspecific 
values along the diagonal (non-corrected p distance/Tamura-Nei distance)

1. L. rubellus (lineage a)

2. L. rubellus (lineage b)

3. L. castaneus

4. L. festivus

5. L. terrestris

1

0.02/0.03

0.14

0.21

0.17

0.39

2

0.30

0.01/0.01

0.50

0.38

0.30

3

0.56

0.20

0.05/0.06

0.60

0.49

4

0.37

0.18

0.22

0.02/0.03

0.46

5

0.17

0.15

0.20

0.19

0.05/0.06
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Table 2.3. Haplotype frequency at different sites

CR1 CR2 EC

L castaneus 1

L. castaneus 2
L. castaneus 3
L. castaneus 4
L. castaneus 5
L. castaneus 6
L. castaneus 7
L. castaneus 8
L. festivus 1 4
L. festivus 2
L. festivus 3 1
L festivus 4 2
L festivus 5 1
L festivus 6
L. festivus 7 3
L ru6e//us 19 3
L rubellus 2 8
L rubellus 3
L. rubellus 4
L rubellus 5
L rubellus 6
L. rubellus 75 1
L rubellus 8 1
L rubellus 9 1
L rufae//us 10 8
L. rubellus 11 12
L. rubellus 12 2
L rubellus 13 6
/.. rubellus 14
L rubellus 15
L rubellus 16
L rubellus 17
L rubellus 18
L. rubellus 19
L rubellus 20
L. rubellus 21

L rube//us 22 1
L terrestris 1 3
L terrestris 2

L. terrestris 3
/.. terrestris 4

L terrestris 5 2
L terrestris 6 3
L terrestris 7 1

GF HH PT

4

4

2

1

3

1

1

1

15

1

2

3

2

1

1

1 6 15

1 3

1

1

1

2

2

1

1

7

1

1

1

1

2

18

1

2

1

WM YST

6 2

3

7

1

2

1
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Figure 2.2 lOx magnification of anterior sections of A) L. rubellus lineage A and B) L. rubellus 
lineage B (Glandular tumescence is circled)
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Figure 2.3 Scanning electron microscope images of glandular tumescences of A) L. rubellus 
lineage A (segments i-ii) B) L rubellus lineage B (segment i). Note the absence of ventral setae 
on these segments.
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Discussion

Analysis of genetic variation in the mtDNA COI gene of L. rubellus confirmed the existence of the 

two cryptic mitochondrial lineages uncovered by King et al. (2008). The mean divergence between 

the haplotypes of lineage A and B was relatively high (uncorrected p-distance = 0.14) and was 

comparable to the level of divergence found between L. rubellus and the three congeneric species 

featured in the study (uncorrected p-distances = 0.17-0.39).

Although none of the other three species analysed were found to contain haplogroups 

comparably divergent to those found within L. rubellus, the average levels of genetic variation 

were still found to be relatively high compared with general values from COI barcoding studies of 

earthworms, which show levels of intraspecific variation to be largely below 1% (Huang et al., 

2007). Several well-supported lineages were found within L castaneus and L. terrestris, and the L. 

rubellus lineage A haplotype, rubellus 7 was found to diverge from the other haplotypes by p- 

distances of between 0.01 and 0.05.

The fact that both lineages of Lumbricus rubellus were found at nickel contaminated sites 

(Clydach) indicates that they could pose a problem for ecotoxicological studies applying L. rubellus 

as a sentinel species. In order for ecotoxicological studies to yield accurate results about the 

effects of contaminants, it has been suggested that the earthworm species used within them 

should be selected on the basis of being genetically homogeneous (Bouche, 1992). The 

importance of this assertion is underlined by a study of the aquatic oligochaete species Tubifex 

tubifex, which showed the individuals of different lineages diverging in 16S rDNA by up to 13%, to 

display differences in their susceptibility to cadmium contamination (Sturmbauer et al., 1999). It 

is therefore possible that the two lineages of L. rubellus could display differences in their levels of 

metal tolerance at a contaminated site.

One way in which the possible confounding effects of the two L rubellus lineages could be 

overcome in ecotoxicological studies may be through the application of lineage specific 

morphological traits during sample collection. The degree of variation in two morphological traits; 

anterior segment number and an anterior glandular tumescence, was therefore analysed to 

determine whether any differences could be observed between the two lineages. Morphological 

analysis revealed anterior segment number to be a largely well conserved trait both within the 

two L. rubellus lineages and the three other Lumbricus species, with only a very small proportion 

of individuals showing any variation from the anterior segment numbers described by Sims and 

Gerard (1999). All variations were small and did not vary from the described values by more than 

three segments. All individuals displaying variation were also found to display a segment number 

that was lower than the described values. The largely highly conserved nature of anterior

segment number within Lumbricus species may be due to several different factors. Firstly it has
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been proposed that organisms surviving in highly stressful conditions such as those that are found 

in subterranean environments may face strong stabilising selection upon their morphology that 

constrains any major changes in body structure (Lefebure et al., 2006, Bickford et al., 2007). 

Previous morphological studies have also indicated that anterior segment number may be closely 

correlated to the ecological niche of earthworm species enabling differences in locomotory 

behaviour between burrowing anecic species and litter-dwelling epigeic species (Piearce, 1983). 

Secondly, as the mechanism of copulation in Lumbricus involves individuals joining up 'head-to- 

tail' (Edwards and Bohlen, 1996), any major differences in anterior segment number might result 

in a loss of fitness as reproductive structures could fail to align correctly during mating. This could 

therefore also impose stabilising selection upon anterior segment number.

Contrastingly, morphological analysis of the anteriorally located glandular tumescence revealed a 

wide degree of variation in both its location and within lineage A, in its size indicating it to be a 

morphologically plastic trait. The swelling appeared to be far more pronounced and stable within 

individuals of lineage B which suggested its possible utility in allowing the two lineages to be 

successfully sorted during field collection. The findings of the blind trial indicated that >80% of the 

L. rubellus individuals were correctly identified on the basis of morphological differences in this 

trait - and nearly 90% of lineage B individuals. Statistical analysis revealed this to be significantly 

different to the expected success rate for lineage B. It is therefore possible that the application of 

more detailed methods of morphological identification during field collection such as the use of 

portable digital microscopes, could lead to an effective assay in using this trait to differentiate the 

two lineages. An accurate means of correctly identifying lineage A individuals was also suggested 

by the fact that swellings spanning two segments or more were found to be unique to this 

particular lineage. The collection of L rubellus individuals displaying this characteristic could 

therefore be used to ensure that all individuals are of the same lineage

The glandular tumescence observed within both lineages of L. rubellus is relatively poorly 

described compared to other morphological traits such as the clitellum (Sims and Gerard, 1999). 

Differences in the size, segment number and extent of this trait have however been used to 

characterise two possible taxonomic sub-species of L. rubellus (Bouche, 1972).

Given that the two distinct lineages were uncovered using maternally-inherited mitochondrial 

markers, there does however remain a possibility that male-mediated introgression could be 

occurring between the two lineages. The AFLP genotyping of some L. rubellus populations has 

indicated the possible existence of hybrid individuals (Andre et al., 2010). A further nuclear-gene 

based phylogenetic analysis of the two lineages is therefore required to determine whether these 

two lineages are reproductively isolated.
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It has been proposed that the genetic heterogeneity uncovered within this study may be a 

common feature of earthworm species (Stiirzenbaum, 2009). The application of mitochondrial 

analysis techniques to studies of earthworm phylogenetics has already uncovered evidence of 

substantial cryptic variation within many earthworm species (Heethoff et al., 2004, Huang et al., 

2007, King et al., 2008, Chang et al., 2009; Perez-losada et al., 2009; Andre et al., 2010). One 

possible explanation for the existence of a high degree of genetic divergence between the cryptic 

lineages of some British earthworm species, is that they represent divergent lineages which 

inhabited different glacial refugia during the late Pleistocene (King et al., 2008). Many animal and 

plant species within Northern Europe display evidence of genetic lineages which are believed to 

represent populations drawn from different South European refugia (Taberlet et al., 1998). 

However, the majority of these lineages occur allopatrically, unlike the two sympatric lineages of 

L. rubellus.

An explanation for the existence of sympatric lineages could be that some earthworm lineages 

may have developed from populations that survived the late Pleistocene within periglacial cryptic 

refugia close to their present day distributions (Stewart and Lister, 2001). These lineages could 

have merged with populations from the southern refugia during the period of post-glacial re- 

colonisation. The survival of small isolated populations might have resulted in population 

bottlenecks explaining the low levels of genetic diversity that have been observed within some 

cryptic lineages of earthworms (King et al., 2008). The survival of earthworms in periglacial refugia 

is supported by the discovery of contemporary troglophilic populations of several lumbricid 

earthworm species including L. rubellus (Reeves, 1999). Periglacial survival has been proposed as 

accounting for the existence of populations of the cold-tolerant earthworm Dendrobaena 

octaedra in Greenland (Hansen et al., 2006).

However an alternative hypothesis may be that L. rubellus diversified following its re-colonisation 

of Britain. The glaciations of the Pleistocene are believed to have largely eradicated the 

earthworm fauna of Britain (King et al. 2008). Although species such as L. rubellus were able to 

successfully recolonise Britain, the formation of the English Channel prevented the arrival of many 

other earthworm species (King et al. 2008). This resulted in Britain displaying a lower overall 

species diversity than the Northern European mainland (Sims and Gerard 1999). This could have 

left many ecological niches open for the diversification of re-colonising earthworm species such as 

L. rubellus. Such a process of diversification has been proposed in other studies where species are 

believed to have colonised environments with vacant ecological niches (Dimitrov et al. 2008, 

Burbrink and Pyron 2009).

In conclusion molecular analysis confirmed the existence of two distinct lineages within L. 

rubellus at several sites throughout Great Britain and uncovered evidence of slightly high levels of
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genetic heterogeneity within L rubellus lineage A and some of the other Lumbricus species (L 

castaneus and L terrestris). The two lineages of L rubellus could pose a problem for 

ecotoxicologists applying the species as a ecological sentinel, as they could theoretically respond 

differently to contaminants (Bouche, 1992) as has been found for other oligochaete species 

displaying cryptic variation (Sturmbauer, 1999). Morphological analysis of the two lineages 

uncovered a trait that could possibly be used to differentiate between them. A blind 

morphological trial indicated lineage-sorting on the basis of this trait to be significantly effective in 

differentiating the lineages.
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Chapter 3. A comparison of microsatellite variation in cryptic lineages of Lumbricus rubellus

In recent years mtDNA sequence analysis has uncovered evidence of substantial cryptic variation 

within a range of earthworm species (King et al. 2008, Andre et al. 2010, James et al. 2010, Novo 

et al. 2010b). Such cryptic variation could pose a problem for the use of earthworm species within 

studies of soil ecotoxicology as one of the key requirements for ecotoxicological sentinel species is 

that they display genetic homogeneity (Bouche 1992, Hilty and Merenlander 2000). Exposure 

trials of various contaminants have revealed that cryptic lineages within some sentinel species 

may differ in tolerance, resulting in different frequencies of these lineages in contaminated and 

reference populations (Sturmbauer et al. 1999, Rocha-Olivares et al. 2004). Given these potential 

differences in tolerance, it is important that cryptic lineages are studied in species utilised in 

ecotoxicology, as inferences of ecosystem health based upon cryptic species could be misleading 

given that one of the key requirements of an ecotoxicological sentinel species is that it displays 

genetic homogeneity (Bouche 1992, Hilty and Merenlander 2000).

The cosmopolitan epigeic earthworm species, Lumbricus rubellus which is widely applied as a 

sentinel species within the field of soil ecotoxicology, has been found to comprise two distinct 

mtDNA lineages (King et al. 2008, Andre et al. 2010). A multi-locus nuclear DNA based analysis 

using AFLP markers was also able to differentiate individuals of the two lineages, although 

principal component analysis indicated the possibility of some hybridisation between them 

(Andre et al. 2010). Differences in heavy metal tolerance between the lineages of L rubellus may 

be possible when it is considered that many earthworm species appear to differ in their tolerance 

of contaminants, indicated by differences in the earthworm species compositions of 

contaminated and reference sites (Lukkari et al. 2004). Such differences may be a consequence of 

species-specific variation in metal accumulation, which have been found to exist between 

earthworm species (Morgan and Morgan 1991, Dai et al. 2004, Kamitani and Kaneko 2007) 

including species operating within a similar ecological niche (Morgan and Morgan 1991).

Sympatric populations of the two lineages of L. rubellus may also differ in tolerance due to 

differences in their capacity to adapt to environmental stress. It has been suggested that the 

populations of even a single species could vary in this respect due to differences in genetic 

variation (Morgan et al. 2007). The study of Andre et al. (2010) also provides circumstantial 

evidence for differences in metal tolerance between the two lineages of L rubellus. The study 

uncovered differences in the distribution of the two lineages across a site heterogeneously 

contaminated with lead. One lineage was found to be abundant at a heavily contaminated site, 

whereas the other lineage was found to be abundant at a nearby calcareous site with lower levels 

of lead contamination.
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In this study, microsatellite markers were applied to analyse genetic diversity within and 

differentiation between the two lineages within L. rubellus. To observe whether there is any 

evidence of introgression between the two lineages, microsatellite allele frequencies were 

analysed in sympatric populations of the two lineages at sites in South Wales, UK. Many studies 

have successfully applied microsatellite frequency data to demonstrate the existence of 

reproductive isolation, often applying the same statistical approaches as in population genetics. 

This includes the determination of population differentiation through the calculation of 

coefficients such as F-statistics to infer the degree of gene-flow between populations. This 

approach has successfully demonstrated the existence of reproductive isolation within several 

cryptic species complexes (Feulner et al. 2006, Racey et al. 2007, Li et al. 2009). Interspecific 

studies have also applied exploratory data analysis such as Bayesian clustering to observe the 

degree of demographic isolation between sympatric populations of different species. This 

approach has been particularly useful for studies aiming to uncover evidence of introgression 

between cryptic lineages (Luo et al. 2010, Va'li et al. 2010, Zeng et al. 2010).

Several studies of terrestrial invertebrates have applied microsatellite allele frequencies to 

determine the degree of genetic differentiation between species or cryptic lineages. Streiff et al. 

(2005) applied microsatellite analysis to determine the extent of hybridisation between two 

sympatric species of carabid beetle. An understanding of the degree of introgression between 

these species was necessary due to their widespread use in biomonitoring studies. Microsatellite 

analysis of a number of populations indicated a high degree of differentiation between the two 

species. Bayesian techniques did however indicate the existence of possible back-cross hybrids at 

three sites. It was therefore proposed that hybridisation between the two species may be 

occurring at a low level. Secondly, the study of Roy et al (2006) applied microsatellite analysis in 

combination with nuclear and mtDNA sequence analysis to determine the degree of 

differentiation between populations of a soil-feeding termite. The population under analysis was 

suspected to actually comprise several cryptic species, with a lack of morphological variation 

resulting in the taxa being poorly described by taxonomists. The results of the microsatellite 

analysis were in agreement with the sequence data, revealing a high degree of genetic 

differentiation between colonies believed to represent different cryptic species. Finally, a recent 

microsatellite analysis of the earthworm species Allolobophora chlorotica applied factorial 

correspondent analysis to investigate several cryptic mitochondrial lineages that have been 

discovered within the species (Dupont et al. 2011). The FCA analysis displayed separate clusters 

for several of the lineages. However, the location of some individuals within clusters of a different 

lineage was however seen as indicating the possible existence of hybrid individuals. 

Microsatellite loci have also been sequenced in this study to enable the identification of lineages- 

specific motifs within microsatellite flanking (MFR) and repeat regions. Several studies have
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demonstrated that the sequencing of microsatellite loci represents an effective alternative to 

allele frequency analysis for studies of interspecific differentiation (Fisher et al. 2000, Makova et 

al. 2000, Feulner et al. 2006). One advantage of this approach is that problems resulting from size 

homoplasy that can confound other microsatellite-based phylogenetic approaches can be 

overcome. MFR sequences have already been successfully applied to derive phytogenies for 

cryptic species complexes (Fisher et al. 2000, Feulner et al. 2006). Interspecific comparisons of 

microsatellite flanking sequences have also indicated the existence of sequence differences 

between closely related species (Makova et al. 2000). Levels of variation within these species 

were found to be comparatively low. Microsatellite flanking regions therefore offer a similar 

capacity for the resolution of individual species to the nuclear and mtDNA sequences that are 

currently applied in genetic barcoding.

In this study two alternative methods of microsatellite analysis were therefore applied to 

investigate the degree of nuclear genetic differentiation that exists between the two cryptic 

lineages of L rubellus. This would enable the identification of possible male-mediated 

introgression between the lineages3 . Such male-mediated intogression can often be overlooked 

by molecular studies given the widespread application of mitochondrial markers for genetic bar- 

coding (Moritz and Cicero 2004). This can lead to the existence of some incongruence between 

the findings of mtDNA studies and other nuclear-DNA based studies. In order to gain a greater 

understanding of the cryptic lineages within L. rubellus it is therefore important that nuclear 

genetic differentiation is assessed.

The following hypotheses will be tested in this study-

1. Lineage A and B are reproductively isolated with a clear differentiation between 

individuals of the two lineages. Genetic differentiation between sympatric 

populations of the two lineages is higher than that between allopatric populations of 

a single lineage

2. Lineage A and B are capable of genetic hybridisation with some individuals displaying 

hybrid genotypes

3 It has been suggested that the paternal inheritance of mitochondria could occur within some 

hermaphroditic animals that are able to produce male and female gametes in a single organ 

(Davison 2006). However this should not occur within L. rubellus as although the species is a 

simultaneous hermaphrodite, the male and female gametes are produced within separate organs 
(Edwards and Bohlen 1996).
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3. Microsatellites display a greater degree of divergence in both sequences and repeat 

units between the lineages than within lineages. This results from their independent 

evolution following the development of reproductive isolation.
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Materials and methods

Microsatellite sequencing4

PCR amplification, purification and cloning

Eight microsatellites were PCR amplified in L. rubellus individuals of both cryptic mtDNA lineages 

(Table 3.4). For each microsatellite, PCR amplification was conducted using ten 'lineage A' 

individuals and ten 'lineage B' individuals from chapter 1. All lineage A individuals were selected 

from the Pontcanna and Clydach 1 populations (see Appendix B for site details). All lineage B 

individuals were selected from the Clydach 8 population.

PCR reactions were set up in 20uJ reaction volumes using lul of extracted DNA and 0.2u,M of each 

primer added to a PCR mixture containing Ix PCR Buffer (Invitrogen, UK), 3mM Mg2+ (Invitrogen, 

UK), 0.2mM dNTP mix (dATP, dCTP, dGTP, dTTP) (Invitrogen, UK), PCR grade water (Fisher 

Scientific, UK) and lu Taq polymerase (Invitrogen, UK). All reactions were performed using a 

GeneAmp PCR System 9700 (Applied Biosystems, UK). All samples were initially denatured for 5 

minutes at 949C and then 35 cycles containing a denaturation step at 949C for 1 minute, an 

annealing step at a primer-specific temperature (see Table 3.4) for 1 minute and an extension 

step at 72$C for 1 minute was carried out. After 35 cycles the samples underwent a final extension 

period of 729 C for 5 min.

Microsatellite DNA was purified by the gel electrophoresis of 20ul of each PCR reaction on a 3% 

agarose gel stained with ethidium bromide. DNA was visualised by illumination with a U.V. light 

box and microsatellite DNA identified by reference to a lOOb.p. ladder. Microsatellite DNA was 

removed from the gel by cutting out the illuminated band using a sterile razor blade. The excised 

gel was then placed into a 1.5ml eppendorf tube containing lOul PCR grade water (Fisher 

Scientific, UK). Using a pair of tweezers the gel was positioned so that only a small part of it was in 

contact with the water. Each sample was then left for a period of approximately 12h to allow the 

DNA to diffuse into the water. The gel fragment was then removed and each DNA sample stored 

at -20"C.

Four libraries were produced by TA cloning (Table 3.2). Each library was constructed using five 

different DNA fragments for each of the microsatellite loci in that particular library. Microsatellite 

cloning reactions were performed using an AccepTor Vector TA cloning kit (Novagen).

The pooled gel-purified microsatellite fragments were ligated into linearised pSTBIue-1 cloning 

vectors in 10uJ reactions that featured 50ng of acceptor vector, O.Sul of ~10ng/uJ purified DNA

4 See Fig 3.1 for workflow diagram of microsatellite sequencing
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fragments, IX Clonables Ligation Premix and nuclease-free water. The reaction was left to ligate 

at room temperature for twenty minutes.

Following ligation, lu,l of the reaction was used to transfect an aliquot of NovaBlue Singles 

Competent Cells. Each aliquot tube was placed on ice for 5 min and then placed into a water bath 

set at 42°C for 30 sec to allow heat shock transformation of the cells. Transformation was 

terminated by placing each tube back onto ice for two minutes. Prior to plating, an outgrowth 

step was performed to increase cell quantity with 250uJ of room temperature SOC medium added 

to each tube. The tubes were placed on an orbital shaker (125 rpm) inside an incubator at 37°C 

fora period of 1 hour.

The transformed cells were then spread onto four petri-dishes of LB agar (Sigma-Aldrich), each 

containing 15ul of 50mg/ml kanamycin to remove the non-transformed cells. One of these plates 

was spread with lOOu.1 of cells combined with 15uJ SOC medium. The other three plates were 

spread with 50u,l of cells combined with 20u.l SOC medium. Each petri-dish was pre-prepared with 

87.5u,l of 20mg/ml X-gal and 20uJ of lOOmM IPTG to allow blue-white screening. Plates were 

incubated at 37°C for 12h.

Following incubation, bacterial colonies containing fragments were uncovered by blue-white 

screening. Each successfully transformed colony was picked with a sterile pipette tip and used to 

inoculate a single well on a 96-well microplate (Corning) containing 200u,l LB broth with 0.12u.l 

50mg/ml kanamycin to allow further growth of the colony. All plates were placed on an orbital 

shaker (70 rpm) inside an incubator at 37°C for a period of 12 hours.

PCR amplification and sequencing of insert DNA

Insert fragments were PCR amplified directly from transformed clone colonies using the insert 

primers T7 (5'-TAATACGACTCACTATAGGG-3') and SP6 (5'-ATTTAGGTGACACTATAGA-3'). All PCR 

reactions were set up in 10u.l reaction volumes using O.SuJ of the clone colony and 0.1u.M of each 

primer added to a PCR mixture containing Ix PCR Buffer (Invitrogen, UK), 3mM Mg2+ (Invitrogen, 

UK), 0.2mM dIMTP mix (dATP, dCTP, dGTP, dTTP) (Invitrogen, UK), PCR grade water (Fisher 

Scientific, UK) and lu Taq polymerase (Invitrogen, UK). All reactions were performed using a 

GeneAmp PCR System 9700 (Applied Biosystems, UK). All samples were initially denatured for 5 

minutes at 942C and then proceeded through 35 cycles containing a denaturation step at 94^C for 

1 minute, an annealing step at SO^C for 1 minute and an extension step at 72^C for 1 minute. 

After 35 cycles the samples underwent a final extension period of 72^C for 5 min.

After PCR amplification, 10u.l of each PCR product was purified using 0.75u.l ExoSAP (7.5u 

Exonuclease I (New England Biolabs, UK) and 0.75u Shrimp Alkaline Phosphotase (Promega, UK))
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by incubation at 37^C for 60 min. Following the reaction, the ExoSAP was inactivated by 

incubation at 80eC for 15 min. Amplicons were then sequenced in both forward and reverse 

orientation. Each sequencing reaction contained 2ul of cleaned PCR product, O.SuM primer, 2ul 

PCR grade water (Fisher Scientific, UK), 2.5uJ Better Buffer (Web Scientific, UK) and O.SuJ Big Dye 

Terminator v3.1 (Applied Biosystems, UK). All sequencing reactions were carried out following the 

manufacturers' recommendations (Applied Biosystems, UK). Sequences were visualised using an 

Applied Biosystems 3130 Genetic Analyzer.

The programs Sequencher 3.1.2. (Gene Codes Corporation, USA) and Bioedit (Hall 1999) were 

used to align and edit all sequences and to determine microsatellite haplotypes for each lineage.

Microsatellite fragment analysis5

L rubellus individuals were collected from the Clydach study site, CL3 and Rudry study site, RU3 

(Table 4.1) over the course of 2006-2007. These sites were located 77km apart and therefore 

could be considered allopatric populations. CL3 represented a rough pastureland site and RU3, an 

area of common land consisting of rough grassland. Earthworms were collected by digging and 

hand-sorting, and each individual was placed into a labelled polythene bag containing native soil.

Following collection, all earthworms were washed with distilled water and depurated over a 

period of two days. During this time the earthworms were kept inside petri-dishes containing two 

sheets of filter paper dampened with distilled water to prevent desiccation. The filter paper was 

changed after one day to allow the removal of excreted soil. After two days, earthworms were 

removed from the petri-dishes and rapidly frozen by immersion in a 277ml polystyrene beaker of 

liquid nitrogen. Once frozen, individual worms were placed into labelled plastic zip-loc bags and 

stored in a -80°C freezer. In order to prepare the worms for down stream processing, the frozen 

tissue was homogenised and ground into a fine powder using a mortar and pestle and liquid 

nitrogen to keep the tissue frozen. To prevent cross-contamination, all mortar and pestles were 

washed and sterilised using an auto-clave between samples. Again, the homogenised samples 

were stored in a -80°C freezer.

DNA was extracted from the frozen homogenised tissue samples using a DNeasy tissue extraction 

kit (OJAGEN, UK), following the manufacturers protocol for animal tissue extractions. Each 

extraction was assessed by gel electrophoresis, running 5uJ of each sample and l\i\ of loading 

buffer, using a 0.8% agarose gel stained with ethidium bromide. A 100 base pair DNA ladder was 

run as a control. All gels were visualised using a Gel-Doc-lt Imaging System (UVP, UK) and the 

software, VisionWorks LS (UVP, UK). Any samples that failed to yield an observable band of DNA 

were re-extracted.

5 See Fig 3.2 for workflow diagram of microsatellite fragment analysis
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Mitochondrial sequence analysis of the cytochrome oxidase I region was performed to determine 

the mtDNA lineage of each individual (G. Juma pers. comm.).

The microsatellite primers applied in the study were derived from three different sources, namely 

the L rubellus markers developed by Harper et al. (2006), primers developed for Lumbricus 

terrestris (Velavan et al. 2007) and microsatellite repeat regions identified within EST sequences 

(www.earthworms.org, Stiirzenbaum et al. 2003). For the EST sequences, primers were designed 

using the program PRIMER 3 (Rozen and Skaletsky 2000).

In order to observe the amplification efficiency of all primer pairs, initial PCR reactions were 

performed in lOuJ reaction volumes using O.SuJ of extracted L. rubellus lineage A or B DNA and 

0.1u,M of each primer added to a PCR mixture containing Ix PCR Buffer (Invitrogen, UK), 3mM 

Mg2+ (Invitrogen, UK), 0.2mM dNTP mix (dATP, dCTP, dGTP, dTTP) (Invitrogen, UK), PCR grade 

water (Fisher Scientific, UK) and lu Taq polymerase (Invitrogen, UK). For the initial PCR reactions 

all samples were initially denatured for 5 minutes at 949 C and then proceeded through 35 cycles 

containing a denaturation step at 949C for 1 minute, an annealing step at 509 C for 1 minute and 

an extension step at 729C for 1 minute. After 35 cycles the samples underwent a final extension 

period of 729C for 5 min. All reactions were performed using a TC-412 thermal cycler (Techne). 

The success of the amplifications was determined through gel electrophoresis using lOuJ of each 

sample and lu.1 of loading buffer, and a 0.8% agarose gel stained with ethidium bromide. A 100 

base pair DNA ladder was run as a control. All gels were visualised using a Gel-Doc-It Imaging 

System (UVP, UK) and the software, VisionWorks LS (UVP, UK).

Primer pairs that yielded a high degree of non-target amplification products were optimised by 

running further reactions at higher annealing temperatures. The annealing temperatures were 

increased in increments of two degrees for each subsequent optimising reaction until the non- 

target amplification was minimised. If non-target amplification could not be minimised the primer 

pair was discarded. Primer pairs that failed to successfully amplify were optimised by running 

further reactions with the temperature of the extension steps reduced. Extension temperatures 

were reduced by increments of two degrees for each subsequent optimising reaction until 

microsatellite loci were successfully amplified. If microsatellite loci could not be amplified the 

primer pair was discarded. If primer pairs from the EST microsatellite loci failed to amplify 

successfully, further primer pairs were developed from the flanking sequence and trialled again.

Eleven microsatellite loci were amplified in four multiplex reactions (Table 3.4). The results for 

three of the microsatellite loci (LTM026, 08286 and C2-1) were excluded from the final analysis 

due to a lack of successful amplifications. In preparation for each multiplex reaction, a lOx primer 

mix was prepared containing 2uJ of each multiplexed primer. Multiplex PCR amplifications were
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then performed using 0.5u,l of extracted L. rubellus DIMA in 10u,l reaction volumes containing Ix 

Multiplex PCR Mastermix (QIAGEN), Ix primer mix and RNAse free water. All samples were 

initially denatured for 5 minutes at 949 C and then proceeded through 35 cycles containing a 

denaturation step at 94?C for 1 minute, an annealing step at a primer-specific temperature (see 

Table 3.4) for 1 minute and an extension step at a primer-specific temperature for 1 minute. After 

35 cycles the samples underwent a final extension period at a primer-specific temperature for 5 

min. All reactions were performed using a TC-412 thermal cycler (Techne).

Following amplification, all samples were diluted 1/10 with RNAse free water and prepared for 

fragment analysis with 0.5u,l of each diluted sample placed into a lOul loading cocktail including 

9.25u.l Hi-Di Formamide and 0.25uJ ROX 500 Size Standard (Applied Biosystems). Fragment runs 

were then performed using an ABI 3130 Genetic Analyser. All fragment analysis results were 

visualised and scored using Genemapper 4.0 (ABI). Multiplex reactions that failed to produce 

scorable results across all loci, were reamplified and fragment analysed for a second time. 

Markers that failed to produce scorable results were reamplified as singleplex reactions. These 

reactions were performed in the same manner as the initial PCR reactions but using fluorescently 

labelled forward primers and GoTaq Hot Start Polymerase (Promega). Following amplification, 

0.2uJ of each reaction was multiplexed together with two other reactions featuring different 

fluorescent labels and placed into a lO.lul loading cocktail including 9.25uJ Hi-Di Formamide and 

0.25u,l ROX 500 Size Standard (Applied Biosystems). Fragment runs were again performed using 

an ABI 3130 Genetic Analyser.

Statistical analysis

Tests to identify incidences of gametic linkage disequilibrium and deviations from Hardy- 

Weinberg equilibrium frequencies were performed by Markov chain methods using Genepop-on- 

the-Web (http://genepop.curtin.edu.au/index.html, Raymond and Rousset, 1995) applying 

default settings. Three different statistics of genetic diversity were determined for each 

population, namely allelic richness and observed and expected heterozygosities. Population 

values of allelic richness were determined using FSTAT and observed and expected 

heterozygosities using Genepop-on-the-Web. The inbreeding coefficient, Fis was also determined 

for each population using FSTAT. Pairwise Fst values and probability values were calculated using 

GenAIEx. Benjamini-Hochberg correction was subsequently performed on the probability values 

to control for false discovery rate (Thissen et al. 2002). Mean interlineage and intralineage 

pairwise Fst values were calculated for each microsatellite locus and compared in a paired t-test 

using Minitab 16 (Minitab Inc).
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An analysis of molecular variance (AMOVA) was conducted to determine whether the largest 

proportion of molecular variance was distributed between the different lineages, populations or 

individuals.

Multivariate factorial coordinate analysis (FCA) was performed using GENETIX 4.05.2 (Belkhir et al. 

2004). This analysis enabled the visualisation of differences in allele frequencies between the 

individuals of different lineages and sites.

Bayesian clustering analysis was performed using the program STRUCTURE 2.3.3 (Pritchard et al. 

2000). To ascertain the most likely number of clusters (K) within each data-set, initial runs were 

performed over K-values of 1-10 using three independent repeats. These initial runs were 

performed using an admixture model with a burn-in period of 10,000 repetitions followed by 

100,000 MCMC repetitions. The most suitable value of K was then determined using the method 

proposed by Evanno et al. (2005) which assesses the change in likelihood value among values 

(delta K) as opposed to the maximum value of k as originally proposed. Following the 

determination of K, full runs were performed with a burn-in period of 100,000 repetitions 

followed by 1,000,000 MCMC repetitions.

Bayesian clustering analysis was also performed using the program NEWHYBRIDS. This program 

enables the identification of hybrid and back-cross individuals. No prior identification of the 

populations included in the study was required for the analysis. The analysis was run with a burn- 

in period of 5000 repetitions followed by 45,000 MCMC repetitions.
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Table 3.1 Microsatellite multiplex reactions with repeat motifs, primer sequences, annealing 

temperatures and fluorescent dyes of individual microsatellites

Multiplex

1

1

1

2

2

2

3

3

4

4

4

Locus

LTM163

9572

11297

C3-2

G3-4

G2-1

8286

8133

A3-2

C2-1

LTM026

Repeat

motif

TGC

GAAT

TA

CA

GA

GA

GATT

GT

CA

CA

GT

Table 3.

Primer sequence (5'-3')

F:GCCGGAGCGTTAGGAGCGATAG

R:TTAGTGGTGAGTCGGGCGTATCC

F:ATGAAAATCAGGCGAATTGC

R:GGGAAACGATTATGAGTCAAA

F:TATTCCGTTCATGAGTTTGAA

R:CTCGTGTGTTGGCTrACGG

F:TCGAGCGCAGTTAGTTACGA

RrGATCATGTGACTAACCAGATTA

F:ATTGGCG6ACTTCAACAAAC

R:CGGGTGTGCATTGTTTACAG

FiTCGAACTTCGAGTCTCTTCAA

RrCGGTGTCGCTGATAGGTTTAG

F:TGAACCTGCTAATGCAACACA

R:CACTGCCCTCACTTGGTACA

F:ATTGAAGCGCAGGATATTCG

R:GGCGCTTTAGAAATGTGGAG

F:AAACTGTCGAAATGCACTCC

R:CGGTTTGTCATCCCAATC

F:ATGATGAGTTTCGCCTGTTG

R:AAGCrGGGGGTGATTCTTCT

Annealing

temperature

52

52

52

55

55

55

53

53

50

50

FrGTGCCTCTGTCTAATGTCTGCTCGTGTGTA 50

R:GCCGCTCTTTATACGCTCGTCGC

2 Microsatellite libraries created for cloning

Label

FAM

HEX

TAM

FAM

HEX

NED

FAM

HEX

FAM

HEX

TAM

Library Lineage Locus

LTM163, 08138,11297

LTM163, 08138,11297

B 09572, C3-2, G3-4, G2-1

B 09572, C3-2, G3-4, G2-1
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PCR amplification of 
eight microsatellite loci 

using ten lineage A and 
ten lineage B 

individuals (from 

chapter 1)

PCR product purified 

using Exonuclease I and 
Shrimp Alkaline 

Phosphatase (ExoSAP)

BigDye sequencing in 

both forward and 

reverse orientations

Purification of PCR 

amplified

microsatellites by gel 
extraction from 3% 

agarose gel

PCR amplification of 
microsatellites from 
transformed clone 

colonies using insert 
primers

Visualisation of 

sequences using ABI 
3130 genetic analyser

Four microsatellite 

libraries created for 

cloning

TA cloning of 

microsatellite 

fragments using 

AccepTor Vector TA 

cloning kit

Alignment of forward and 

reverse sequences using 
Sequencher and 

CodonCode aligner

Identification of 

sequence differences 
both within and 

between lineages

Figure 3.1 Work-flow diagram of microsatellite sequencing methodology
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DNA extraction from 

frozen tissue using 

QIAGEN DNeasy kit

Estimation of nullallele 

frequency within each 

population using 

Microchecker

Determination of 

possible genetic 

linkage between loci 

using Genepop-on-the- 

web

AMOVA performed 

using Arlequin to 

determine if regions, 

populations or 

individuals represent the 

largest source of 

molecular variance

Factorial 

correspondence 

analysis of data using 

Genetix to graphically 

display allelic 

frequency differences 

between populations

Amplification of 

microsatellite loci in 

optimised multilocus 

PCR reactions

Visualisation of 

microsatellite 

fragments and scoring 

of allele sizes using 

Genemapper

Measures of genetic 

diversity calculated for 

each locus using Fstat 

and Genepop-on-the- 

web

Mean values of intra- 

lineage and inter- 

lineage population 

differentiation 

compared at each 

locus in a paired t-test 

using Minitab 16

Bayesian clustering 

analysis of data using 

Structure to determine 

whether sampled 

'populations' 

represent genetically 

distinct clusters

Addition of ROX size 

standard to enable 

determination of 

microsatellite fragment 

size

Fragment runs 

performed using an 

ABI 3130 genetic 

analyser

F,s values calculated 

using Fstat to determine 

the degree of inbreeding 

within populations

Pairwise FST values and 

significance values 

calculated using Fstat 

to determine genetic 

differentiation 

between populations

Bayesian clustering 

analysis of data using 

NEWHYBRIDSto 

uncover possible 

hybrid individuals

Figure 3.2 Work-flow diagram of microsatellite fragment analysis methodology
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Results

Microsatellite fragment analysis

The microsatellite fragment analysis of 51 lineage 'a' and 'b' L rubellus individuals from two 

different populations for eight loci revealed 48 alleles for lineage 'A' and 38 alleles for lineage 'B',. 

Within lineage 'A', the Clydach population displayed 39 alleles and the Rudry population displayed 

27 alleles. Within lineage 'B', the Clydach population displayed 21 alleles and the Rudry 

population displayed 28 alleles. Several of the loci displayed monomorphism (only a single allele 

present) although this was largely confined to single populations. However, within lineage 'B' the 

locus G2-1 was found to be monomorphicfor both populations. The allele size-ranges of three of 

the microsatellite loci were also found to be mutually exclusive between the two lineages (Table 

3.3). The mean allelic richness value of 5.78 uncovered for lineage 'A' individuals was higher than 

the mean value for lineage 'B' (4.29). Within 'A', the higher value was found at Clydach (r=4.43. 

Rudry: r=3.33). Conversely, within 'B' the higher value was found at Rudry (r=3.32: Clydach: 

r=2.09).

Linkage analysis and Hardy-Weinberg equilibrium

Linkage analysis revealed only one significant association between loci (P=<0.05). This was within 

the Clydach lineage 'B' samples and was between the loci C3-2 and 08138. Within lineage 'A' 

some loci were found to display heterozygote deficiencies (Table 3.3). This was most pronounced 

at Clydach where six loci displayed lower heterozygosity than expected under Hardy-Weinberg 

equilibrium. The observed heterozygote frequencies for lineage 'B' differed less from expected 

values than lineage 'A'. However, with the exception of Clydach lineage 'A', all site Fis values 

were non-significant (Table 3.4).

Population differentiation

Pairwise Fst values indicated significant differentiation among all four populations analysed (Table 

3.5). Importantly, the pairwise Fst values between the lineages were found to substantially 

exceed pairwise values between populations of the same lineage. An analysis of molecular 

variance based upon these Fst values ascribed the greatest proportion of variance to that existing 

between the two species (Table 3.6). However this was not statistically supported.

The mean pairwise Fst values of individual microsatellite loci ranged between 0.03 and 0.46 

within the lineages and between 0.21 and 0.64 across the lineages. A paired t-test of the mean 

pairwise Fst values within and across the lineages for each microsatellite locus indicated a 

significant degree of differentiation between these values (P=0.03).
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FCA analysis clearly differentiated lineage A and B individuals with no evidence of intermediary, 

hybrid genotypes (Fig 3.3). The two populations of lineage A were also more clearly differentiated 

than those of lineage B.

A determination of suitable K-values using the approach detailed by Evanno et al. (2005), 

supported a K-value of 2 for the total data-set (Fig 3.4). These two clusters were found to clearly 

differentiate individuals of the two L rubellus mitochondrial lineages across both the Clydach and 

Rudry populations. No individuals were assigned to a different lineage to that indicated by their 

mtDNA genotype. This indicates that although the two lineages occur sympatrically at these sites 

they are strongly differentiated from one another with no evidence of male-mediated 

introgression.

Within lineage A, the individuals of Clydach and Rudry grouped into separate clusters at K=3. 

However a small degree of admixture was observed within the Clydach individuals with one 

individual found to display a higher level of assignment to the lineage A Rudry cluster (0.75). 

Within lineage 'B' the individuals of Clydach and Rudry were grouped into separate clusters at K=5 

(Fig 3.5).

A Bayesian analysis using NewHybrids uncovered two clusters corresponding to lineages A and B. 

All individuals were designated as purebred genotypes of these two lineages (Fig 3.6). No 

evidence of hybrid or back-cross genotypes were uncovered during the analysis.

These results contrast with the findings of Andre et al. (2010) who uncovered several possible 

hybrid individuals. These individuals clustered with neither lineage during FCA analysis and 

instead were positioned in an intermediary position. No such individuals were uncovered in the 

present study.

Microsatellite flanking sequence variation

In total, 19 unique sequence haplotypes were found for the microsatellite flanking regions (MFRs) 

(Tables 3.8 and 3.9). Of these sequences, eight were obtained for lineage A and eleven for lineage 

B. Haplotypes from both lineage A and lineage B were obtained for all loci. Within lineage A, 

multiple MFR haplotypes were obtained for one of the microsatellite loci (C3-2) and for lineage B, 

multiple MFR haplotypes were obtained for three loci (08138, 09572,11297). As expected, a high 

degree of sequence conservation was observed within primer-binding areas with the 

identification of only two substitutions across all loci. Both of these comprised single base-pair 

deletions and were observed within lineage B haplotypes of the markers 11297 and 09572.

Evidence of transitional, transversional and indel mutations were all found when comparing 

lineage A and B MFR haplotypes. The number of mutations between haplotypes of different
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lineages was found to exceed those between haplotypes of the same lineage at all loci were such 

comparisons were possible, i.e. multiple haplotypes within lineages. The highest number of 

mutations found within a lineage was two, whereas the highest number of mutations between 

lineages was nine (Table 3.7). Five of the loci displayed indel mutations between lineages. These 

ranged in size from Ibp to regions of over 30bp. The immediate proximity of some of these 

mutations to the repeat regions may indicate that some of them may actually represent heavily 

corrupted repeat regions. These sections were therefore included as part of the repeat region 

sequences. Other mutations appear to represent nascent repeat regions as they have resulted in 

the loss/gain of small numbers of mononucleotide sequences. Two such examples of this are the 

indel mutations uncovered between lineages A and B for the locus 08138. Only two indel 

mutations were identified from intraspecific comparisons of MFR haplotypes for the loci 09572 

and 11297. Both of these mutations represented sequence differences of Ibp.

Microsatellite repeat region variation

Observation of the microsatellite repeat regions revealed much evidence of imperfections within 

these sequences (Table 3.9). A large number of these imperfections appeared to result from 

substitutional mutations within repeat units. However it was not possible to determine whether 

some imperfections within dinucleotide regions resulted from substitutional mutations or 

alternatively were the result of multiple indel mutations that had corrupted the repeat motif. 

More clear evidence of insertion mutations were observed in some loci that featured large 

sections of non-repetitive DNA located within the repeat region. Some other loci displayed 

evidence of dinucleotide and mononucleotide compound repeats within the repeat regions.

Comparisons between the repeat units of the two lineages revealed that the majority of sequence 

imperfections were not shared between the lineages. This was particularly true of the larger 

insertional mutations. Large insertional mutations were observed within the repeat-regions of 

both lineages at the locus 11297, but differed markedly in their sequences suggesting that they 

represented independent mutational events. Mutations that were found to exist in both lineages 

were largely representative of single base-pair substitutions and therefore may have arisen 

independently.
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Table 3.3 Microsatellite loci statistics (a= number of alleles, size range, r= allelic richness, He= 
expected heterozygosity, Ho= observed heterozygosity, Fis and HW= Hardy-Weinberg deviation 
P)

L rubellus "A 1
8138
9572
11297
A3-2

C3-2
G2-1
G3-4

LTM163

a

1

7
4
4
4

6
14
3
6

size 
range 
(bp)

82-127
131-250
205-244
150-217
158-259
156-250
98-105
190-224

r

7.00
3.68
3.82
4.00

5.66
13.19
2.96
5.94

He

0.70
0.32
0.58
0.44

0.59
0.90
0.25
0.75

Ho

0.38
0.32
0.21
0.06
0.33
0.72
0.27
0.29

Fis

0.47
0.03
0.64
0.87
0.45
0.20
0.08
0.62

HW(P)

<0.01
0.29
<0.01

<0.001
<0.01
<0.01
0.36

<0.001

Average 6 5.78 0.57 0.32 0.42 <0.01

L. rubellus "B"
8138
9572
11297
A3-2
C3-2
G2-1
G3-4

LTM163

Average

10
5
4
4
4
1
6
4

4.75

143-257
126-260
224-243
172-189
176-189
174
186-208
127-188

8.75
4.60
3.85
3.66
3.62
1.00
5.49
3.34

4.29

0.81
0.55
0.42
0.54
0.61
0.00
0.63
0.22

0.47

0.82
0.28
0.15
0.46
0.54
0.00
0.66
0.23

0.39

-0.01
0.51
0.64
0.15
0.12

-0.04
-0.07

0.19

0.69
<0.001
<0.001
0.33
<0.01

-

0.92
1.00

<0.01

Table 3.4 Population microsatellite statistics (N= number of individuals, r=mean allelic richness, 
He= mean expected heterozygosity, Ho= mean observed heterozygosity, Fis, Hardy Weinberg 
deviation P)

HW
Population N____r He Ho Fis (P) 

CL3"A" 10 3.33 0.35 0.31 0.37 <0.001 

RU3"A" 10 4.19 0.56 0.41 0.06 0.54 

CL3"B" 13 2.59 0.45 0.43 0.00 0.87 

RU3"B" 18 3.32 0.37 0.37 -0.02 0.56
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Table 3.5. Pairwise Fst values between populations

_______CL3A RU3A CL3B RU3B

CL3A

RU3A 0.28** 

CL3B 0.41** 0.54** 

RU3B 0.41** 0.51** 0.23** 
**P<0.01

Table 3.6. Analysis of molecular variance (AMOVA)

Source of variation d.f. Sum of Variance % P 

__________________squares components___________ 

Among 1 26.24 0.51 57.45 0.33 

lineages

Among populations 2 2.54 0.04 4.12 >0.001 

within lineages

Among individuals 98 33.68 0.34 38.43 0 

within populations

Total 101 62.45 0.89

Table 3.7. Number of mutations observed at individual microsatellite loci (subst: substitutional 

mutations, indel: insertion/deletion mutations)

Locus

11297

8138

9572
C3-2

G2-1

G3-4

LTM163

within lineage 
A 
subst indel

-

-

-

2 0
-

-

-

within 
B 

Total subst

0

1

1

2
-

-

-

lineage 

indel

1

0

1
-

-

-

-

total

1

1

0
-

-

-

-

between 
lineages 

subst

5

3

1

3

4

1

4

indel

4

2

2

0

3

0

3

total

9

5

3

3

7

1

7
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Table 3.8 Microsatellite flanking regions {substitutional mutations are highlighted in red, indel 
mutations are highlighted in blue, location of repeat regions are highlighted in grey, boxed 
regions indicate primer binding site)

Locus Flanking sequence

11297a
11297bl
11297b2

TTCAAACTCATG 
TTCAAACTCATG 
TTCAAACTCATGAACGG

AACGGAATAATTTT 
AACGGAATAATTTTAATT 

AATAATTTTAATT

AATTTTTGTCATGTTTTGTGTTTATBCAA 
TTTGTCATGTTTTGTGTTTATHCAA 
TTTGTCATGTTTTGTGTTTA JMC A A

ii297a ACACTTTGTGA!
ii297bi ACACTTTGTGA!
ii297b2 ACACTTTGTGA! IATACGGT-CATGTTTATAAATTGTGATTTA/ 

ATACGGT-CATGTTTATAAATTGTGATTTA/ 
ATACGGT-CATGTTTATAAATTGTGATTTA/

11297a CT ATG A ACGG A AT T T A|T AT
11297bl CTATGAACGGAATTTAHTAT

11297b2 CTATGAACGGAATTTABTAT

11297a GCCGTAAGl
11297bl
11297b2

GCCGTAAG

GCCGTAAG

CAACACACGAG 
JCAACACACGAG 
'CAACACACGAG

CCGAGTAAATAGGTCT 

CCGAGTAAATAGGTCT 

CCGAGTAAATAGGTCT

iCTGAAACBTA 

iCTGAAAcBTA 

ICTG AAACBT A

5GBTTTTG 
JcBTTTTG 
5GBTTTTG

08138a
08138bl
08138b2

CAGGATATTCGAG 

CAGGATATTCGAG 

ATTGAAGCGCAGGATATTCGAG TTTT

ICCATATCAATGCC 
IcCATATCAATGCC
ICCATATCAATGCC

 TAAAGTAATBl

 TAAAGT AAT|I 
:(T AAAGT AAT|I

osi38a BTTCCAACACAAAGTGTGCTCTCGACATTGTCGAATGTGCI 
osissbi BTTCCAACACAAAGTGTGCTCTCGACATTGTCGAATGTGC|
08138b2 «T TCCAACACAAAGTGTGCTCTCGACATTGTCGAATGTGC

I 
I|G

TTGATTTGTC-CG 

TTGATTTGTC-CG 

TTGATTTGTC-CG

08138a TAATCGTAAT

08138bl TAATCGTAAT

08138b2 TAATCGTAAT

CTCCACATTTCTAAAGCGCC 
CTCCACATTTCTAAAGCGCC 

CTCCACATTTCTAAAGCGCC

09572a 
09572bl 
09572b2 
09572b3

GGGAAACGATTATG AGTH 
GGGAAACGATTATG AGT|AAAG 
GGG AAACG ATTATG AGT|AAAG 
GGGAAACGATTATG AGTBAAAG

AAAGCGATCTTCTAATGTTAGTAGTAGTCCCACTATG 
CGATCTTCTAATGTTAGTAGTAGTCCCACTATG 
CGATCTTCTAATGTTAGTAGTAGTCCCACTATG 
CGATCTTCTAATGTTAGTAGTAGTCCCACTATG

09572a CTT-AGGC
09572bl CTT - AGGCl

09572b2 CTT-AGGC
09572b3 CTT-AGGQ

09572a 
09572bl 
09572b2 
09572b3

CAAGTAAATTAGTCTGGCGAAGATTCACACGHTACTTAATGTTC 
iGCAAGTAAATTAGTCTGGCGAAGATTCACACcHTACTTAATGTTC 
CAAGTAAATTAGTCTGGCGAAGAT TC AC ACG>T ACTTAATGTT 
CAAGTAAATTAGTCTGGCGAAGATTCAC ACG^T ACTTAATGTT

09572a

09572bl

09572b2

09572b3

AAAT

AAAT

AAAT

AAAT

CAGGCG

CAGGCG

CAGGCG

CAGGCG

AATTGC

AATTGC

AATTGC

AATTGC
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Table 3.8 (continued) Microsatellite flanking regions (substitutional mutations are highlighted in 
red, indel mutations are highlighted in blue, location of repeat regions are highlighted in grey, 
boxed regions indicate primer binding site)

Locus Flanking sequence

C3-2al 
C3-2a2 
C3-2b

C3-2al 
C3-2a2 
C3-2b

AGACTGGCACAAACCTGAAA/ 
AGACTGGCACAAACCTGAAA/ 
IAGACTGGCACAAACCTGAAA/

AACT
AACT 
AACTI

ACAA|TCGTAACTAACTGCGCTCA

CGCTCA 
CTCA

ACAA|TCGTAACTAACTG< 
ACAA|TCGTAACTAACTGCGI

ICTATTACAGTCAAACTT AAHT A 
CTATTACAGTCAAACTT AA|TA 
CTATTACAGTCAAACTT AA(T A

G2-la 
G2-lb

G2-la 
G2-lb

G2-la 
G2-lb

TCGAACTTCGAGTCTCTTCAAl 
TCGAACTTCGAGTCTCTTCAA|

JGTCTTTGAGTCGCTGAA-GTJ 
GTCTTTGAGTCGCTGAA-GTII|AG|

AGGTCAGGAG 
AGGTCAGGAG

1 G| I
JATGTATACGATGACAAATCAA 
UTGTATACGATGACAACTCAA1

CACCCTCTGACCTCCl 
CACCCTCTGACCTCcI

TTTGACC 
TTTGACCI

CTTTGACCCCCGTTGT 
CTTTGACCCCCGTTG

CCTAAACCTATCAGCGACACCG 
TCCTAAACCTATCAGCGACACCG

G3-4a 
G3-4b

G3-4a 
G3-4b

AT GGCGG ACTTCAACAAACGACGCGCAAGT- TAGGACTTATCTCTTTTCAACCG 
CGG ACTTCAACAAACGACGCGCAAGT- TAGGACTTATCTCTTTTCAACCG

AGATT 
AGATT

CCTGTAAACAATGCACACCCG 
CCTGTAAACAATGCACACCCG

LTM163a 

LTM163b

LTM163a 

LTM163b

IGCCGGAGCGTTAGGAGCGATAG 
IGCCGGAGCGTTAGGAGCGATAG

CTGCCGCCATCAGATGCCCTC-TGTTGCCTAGC 
CTGCCGCCATCAGATGCCCTC-TGTTGCCTAGC

AACGAAGATGGTGCAAAGC 
AACGAAGATGGTGCAAAGCI

TTACGTTTACAATCCATAT 
TTACGTTTACAATCCATAT

AAGTCTTC TG
TG

LTM163a GATGCAAT, 
LTM163b GATGCAAT/

ICTTAGTGGTGAGTCGGGCGTATCC 
ICTTAGTGGTGAGTCGGGCGTATCci
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Table 3.9 Microsatellite repeat regions

Locus Repeat sequence

C3-2a I/a 2 (CA)10 AACAGA (CA)5 GACTGG (CA)2 AAGA (CA)5 GA (CA)6 GACAGG (CA)4 TG (CA}2 TA (CA)4 CG
C3-2b (CA)2TA(CA)4

08138a (GT)12TT(GT)4TT(GT)9

08138bl GTGA(GT)16

08138b2 (GT)18

09572a AATAAT(GAAT)5

11297a 1 TAGGCC (TA)3 A (TA)3 TTTTAAATGTATGGGCTAAT (TA)2 CA (TA)2 ACATATCTTACA
11297a2 TAGGCC (TA)3 A (TA)3 TTTTAAATG (TA)2 GGCTAAT (TA)2 CA (TA)2 ACATATCTTACA
11297bl (TA)6 (CA)3 (TA)4 ATGTTCTTT (TA)3 G

11297b2 (TA)7 (CA)3 (TA)4 ATGTTCCTT (TA)3 G

11297b3 (TA)7 (CA)3 (TA)4 ATGTTCTTT (TA)3 G

11297b4 (TA)7 (CA)3 (TA)4 ATGTTCTTT (TA)3 G

G2-la (GA)4AA(GA)4 Check end
G2-lbl (GA)2AA(GA)6

G2-lb2 (GA)2AA(GA)6

G3-4a 1 (GA)3 GC (GA)6 GC (GA)3

G3-4a2 (GA)3 GC (GA)5 GC (GA)3
G3-4bl (GA)4 GC (GA)5 CAGC (GA)4 GC (GA)5 GC (GA)9 GC (GA)12 GC (GA)4 GGGC (GA)5 GC (GA)3
G3-4b2 (GA)4 GT (GA)5 CAGC (GA)4 GC (GA)5 GC {GA)9 GC (GA)12 GC (GA)4 GGGC (GA)5 GC (GA)3

LTM163a 

LTM163b

(TGC)3 TGT (TGC)8 

TCC (TGC)5

08138a (GT)12TT(GT)4TT(GT)9

08138bl GTGA(GT)16

08138b2 (GT)18____________
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AB-GENETIX.gtx

3(16.32%)

Figure 3.3 Three-dimensional FCA plot of Clydach and Rudry populations of lineage A and B L. 

rubellus. This plot graphically demonstrates the allelic differences between individuals in a 

multidimensional space
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Figure 3.4 Determination of the most likely value of K (number of genetically distinct clusters) 

for the present data-set following the method of Evanno et al. (2005). In this method the 

optimal value of K displays the highest second order rate of change in log-probability value 

(designated Change in K on the graph).
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K=2

Figure 3.5 Results of Bayesian clustering analysis using STRUCTURE. This analysis determines 

whether sampled 'populations' correspond to distinct genetic clusters (K=number of clusters in 

the analysis)

CL3A RU3A CL3B RU3B

Figure 3.6 Results of Bayesian clustering analysis using NewHybrids (This analysis identifies 

pure-bred, hybrid and back-cross individuals)
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Discussion

The application of microsatellite analysis to investigate the two cryptic lineages of L rubellus 

indicated high genetic differentiation exists between sympatric populations of the two lineages. 

Firstly an observation of the allele sizes of loci revealed that three of the loci displayed non- 

overlapping size ranges. Such differences may be indicative of a general divergence in overall allele 

sizes following the reproductive isolation of the two lineages (Molbo et al. 2003, Elmer et al. 

2007). Also given that many interspecific comparisons of microsatellite loci have uncovered 

evidence of size homoplasy (Estoup et al. 1995, Fisher et al. 2000), it is possible that the five loci 

that overlap in their size ranges may result from a genetic convergence in allele size. This is 

supported by the observation that many of the alleles that were common within one lineage were 

absent within the other. A genetic convergence in allele size between the different lineages would 

be expected under models of microsatellite evolution such as the stepwise mutation model. 

Under such a model, microsatellites can either gain or lose repeat units. After a period of 

divergence in allele size therefore, microsatellite loci may eventually converge to an allele size that 

was present prior to the divergence occurring.

A pairwise analysis of allele frequencies indicated that differentiation between sympatric 

populations of the two lineages as indicated by Fst values, far exceeded that between 

geographically separate populations of a single lineage. This difference between inter-lineage and 

intra-lineage population differentiation was found to be statistically supported by a paired t-test. 

This finding is similar to that of other studies that have uncovered far higher levels of 

differentiation between sympatric populations of closely related species than between 

geographically isolated populations of a single species (Li et al. 2009). An analysis of molecular 

variance also ascribed the greatest proportion of variance within the results to that existing 

among the lineages. However this was not statistically supported which could be due to the low 

number of demes featured in the study.

Bayesian clustering analysis of the allele frequencies also revealed a strong differentiation of the 

two lineages. Cluster analysis using the program STRUCTURE strongly supported the division of 

the sampled individuals into two clusters corresponding to the two lineages. A further analysis 

using the program NEWHYBRIDS also strongly supported a division of the data into two clusters. 

Furthermore the program was unable to detect any evidence for the existence of hybrid or back- 

cross individuals between the two lineages. This contrasts with the study of Andre et al. (2010), 

who also applied nuclear genetic markers to study the two lineages of L rubellus. In the study, a 

multi-locus amplified fragment length analysis uncovered a small number of possibly hybrid 

individuals within two sites where both lineages were found to exist sympatrically and two other

sites which were found to be composed predominately of a single lineage. However the relatively
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small number of possible hybrids uncovered in the study, did however suggest that the 

hybridisation of the two lineages may be a relatively rare event, or one forced by extreme 

demographic or environmental perturbation.

Sequencing of microsatellite alleles from the two lineages uncovered many substitutions between 

lineages within the flanking regions. For the loci where comparisons of intra- and inter-lineage 

sequences substitutions were possible, a higher level of sequence divergence was identifiable 

between the alleles of different lineages than for those of the same lineage. The identification of 

mutations within the microsatellite flanking regions of the two lineages of L. rubellus supports the 

view that the lineages are deeply divergent and may have separated over a long evolutionary time 

period. Past studies that have applied microsatellite flanking sequences to assist in the resolution 

of phylogenies have discovered that mutations within the MFRs of conserved microsatellites are 

relatively rare, resulting in a rate of evolution which is comparable to that observed between 

some mitochondrial DNA sequences. Mutations within MFRs are therefore more likely to be 

identified during comparisons of sequences from different taxa than they are during comparisons 

of sequences from conspecific individuals. A high degree of genetic divergence between the two 

lineages of L. rubellus is also indicated by the discovery of a greater proportion of 

insertion/deletion mutations between lineages than within lineages. This again is in agreement 

with other studies of microsatellite flanking regions that have found insertion and deletion 

mutations to be less frequent than substitution mutations, with the largest indel mutations often 

found during comparisons over deep taxonomic levels (Rico et al. 1996, Zardoya et al. 1996).

The inter-lineage comparison of sequence differences within the repeat regions of some of the 

microsatellite loci also indicated the existence of a substantial degree of divergence between the 

lineages. Many of the microsatellite repeats were found to include imperfections including the 

non-repeat sequences and compound repeats. As in the flanking regions, some of these mutations 

were shared between haplotypes within a single lineage suggesting an origin subsequent to the 

divergence of these two lineages.

Overall, the discovery of a clear genetic differentiation between populations of the two L. rubellus 

lineages and the identification of microsatellite sequence differences between them indicates 

reproductive isolation between the two lineages. Given the highly conserved nature of 

microsatellite flanking sequences that has been indicated by existing studies, the discovery of 

mutations within these sequences between lineages indicates that they may have been separated 

for a long evolutionary time-period. These findings support the inferences of a high degree of 

genetic differentiation between the lineages obtained by mtDNA analysis (King et al. 2008, Andre 

et al. 2010).
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There are several ways in which reproductive isolation may currently exist between the two 

lineages. Firstly mating studies of some congeneric earthworm species have demonstrated the 

existence of post-zygotic isolation between species in the form of hybrid inviability, with cross- 

species matings resulting in the formation of inviable cocoons (Dominguez et al. 2005). Hybrid 

inviability has also been demonstrated in breeding experiments featuring Allolobophora chlorotica 

(Lowe and Butt 2008), a species that that has been found to contain highly divergent cryptic 

genetic lineages (King et al. 2008). Breeding experiments between some of the lineages was found 

to result in the formation of a high degree of inviable cocoons. The study of Lowe and Butt (2008) 

also indicated that some lineages may be reproductively isolated due to differences in their 

optimal environmental conditions for growth, with the individuals of one lineage found to 

demonstrate a higher degree of fitness within wet soils.

As King et al. (2008) remark, genetically distinct cryptic lineages within a species are more usually 

found to exist in allopatry. Several studies of cryptic variation within earthworm species have 

found evidence for the existence of genetically differentiated allopatric populations (Chang et al. 

2008, Novo et al. 2010b). It is therefore possible that the two lineages within L rubellus may have 

originated in allopatry and have subsequently become sympatric in their distributions. One 

possibility is that the two lineages originated from two different glacial refugia and mixed during 

recolonisation following the end of the Pleistocene (King et al. 2008). This theory has been 

considered unlikely given that most of the genetic lineages that are known to have developed 

from peri-glacial refugia now occur in allopatry (Taberlet et al. 1998). Another possible 

explanation is that one of the lineages may have survived the last glaciations within a cryptic 

refugium close to its present geographical location (Stewart and Lister 2001). Mixing of the two 

lineages may have then occurred following the end of the Pleistocene.

Another possibility is that the two lineages may have diverged in sympatry. This may have 

occurred due to a divergence in the ecological niche of the two lineages. Gut content analysis and 

feeding trials have indicated that earthworm species of the same broad ecological niche (e.g. 

epigeic, endogeic) can often display further differences in their feeding ecology (Curry and 

Schmidt 2007). This includes a preference for different types of leaf litter (Satchell 1967), different 

particle sizes of soil (Piearce 1978) and possibly different species of fungus or bacteria (Curry and 

Schmidt 2007). It is therefore possible that the two lineages may display differences in their 

feeding ecology. Alternatively the lineages may display differences in their preference for certain 

soil conditions such as moisture like the differences observed between lineages of Allolobophora 

chlorotica (Lowe and Butt 2008).

It has been proposed that many sympatric species that display differences in their ecological niche

may have evolved sympatrically through a process of divergent selection (Bolnick 2004, Elmer et

78



al. 2010). Studies indicate that reproductive isolation may subsequently act to prevent the 

formation of sub-optimally adapted hybrid individuals (Nosil et al. 2003). It is therefore possible 

that the two lineages of L rubellus may have diverged from one another by such a process 

resulting in their reproductive isolation.
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Chapter 4. Population genetics analysis of Lumbricus rubellus populations along a gradient of 
nickel contamination using microsatellite markers

Although many earthworm species have been found to represent ideal sentinel species for 

assessing the effects of soil contamination, some studies have indicated that earthworm 

populations at contaminated sites may be more resistant towards certain contaminants than 

individuals from clean sites. Earthworms collected from sites contaminated with arsenic (Langdon 

et al. 1999, Langdon et al. 2001), cadmium (Voua Otomo and Reinecke 2010) and copper (Arnold 

et al. 2007) have all demonstrated a higher degree of tolerance towards their respective 

contaminants than have worms from non-contaminated control sites during laboratory exposure 

trials. Such resistance is indicated by the exposed earthworms displaying a lower degree of 

mortality (Langdon et al. 1999, Reinecke et al. 1999, Langdon et al. 2001), better overall condition 

(Langdon et al. 1999, Langdon et al. 2001) and less evidence of cytotoxic and genotoxic effects at 

low concentrations of contaminants (Voua Otomo and Reinecke 2010). Indications that such 

resistance may have a genetic basis rather than, or in addition to, being a physiological adaptation 

or maternal effect (see Posthuma and Van Straalen 1993) have been suggested by studies that 

have demonstrated resistance in laboratory-bred Fl and F2 offspring of earthworms from 

contaminated sites (Langdon et al. 2009). Laboratory-based studies featuring earthworms 

collected from non-contaminated sites have also demonstrated that an increased resistance may 

develop following only a few generations of breeding within contaminated soil (Spurgeon et al. 

2000). It is not apparent however whether the increased resistance that has been observed is a 

consequence of being genetically adapted or alternatively because they are more phenotypically 

plastic than non-resistant individuals (Langdon et al. 2009).

It has been proposed that the process of adaptation to environmental stress could result in the 

development of major demographic changes within populations (Posthuma and Van Straalen 

1993, Belfiore and Anderson 2001, Van Straalen and Timmermans 2002). By analysis of the 

population genetics of exposed and non-exposed populations it may therefore be possible to infer 

the presence of genetically adapted populations at contaminated sites. Some advantages of this 

approach to the inference of genetic adaptation are that it can incorporate the signal of past 

demographic events (e.g. genetic bottlenecks) and that it offers a greater degree of resolution by 

focusing upon an entire population rather than the reactions of several individuals (Belfiore and 

Anderson 2001). However, population genetic diversity and structure may also be affected by 

factors other than adaptation to contaminants. For example, several studies that have observed 

patterns of neutral genetic differentiation between contaminated and reference sites have found 

evidence of genetic structuring that is more likely the result of geographical factors than 

contamination related stress (Whitehead et al. 2003, McMiiian et al. 2006). It is therefore 

important that any studies of the genetics of exposed populations are designed in such a way as to
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allow the effects of adaptation to be disentangled from other possible demographic effects. There 

are two possible ways by which geographical differences can be accounted for in studies of 

contamination, namely the study of multiple contaminated sites or of sites located along a 

gradient of contamination (Posthuma and Van Straalen 1993). Such an approach makes it easier to 

correlate demographic effects with the presence of specific contaminants within a site.

In this study we aimed to infer whether populations of Lumbricus rubellus inhabiting a nickel 

contaminated environment are genetically resistant. In order to enable the inference of genetically 

adapted populations, individuals were sampled along a gradient of nickel contamination. Patterns 

of genetic diversity and differentiation were determined for the populations along the gradient, by 

genotyping microsatellite loci. Microsatellites are regions of repetitive DNA that are believed to be 

largely selectively neutral (although see- Li et al. 2002) and which are widely applied in the field of 

population genetics to enable inferences of genetic diversity and population differentiation 

(Beaumont and Bruford 1999, Chistiakov et al. 2006). Microsatellite markers have already been 

applied within studies aiming to uncover the population effects of anthropogenic contaminants 

upon plants (Muller et al. 2007), fish (Silbiger et al. 2001, Whitehead et al. 2003, Bourret et al. 

2008, Knapen et al. 2009) and mammals (Berckmoes et al. 2005). Microsatellite markers have also 

been successfully applied within a small number of general phylogenetic studies of earthworm 

species (although these do not feature populations from contaminated sites) (Velavan et al. 2009, 

Novo et al. 2010a, Somers et al. 2011).

Several studies have demonstrated that microsatellite analysis can uncover evidence of population 

differentiation resulting from selection. The differentiation discovered by such studies has often 

been found to be in agreement with data from other molecular markers or studies of phenotypic 

differentiation. Some of the most compelling evidence for adaptation to environmental stress 

obtained using microsatellite data has been uncovered within several studies of the freshwater 

fish Poedlia mexicana (Plath et al. 2007, Tobler et al. 2008, Plath et al. 2010). These studies 

analysed genetic differentiation between populations of fish from drainage systems featuring 

populations exposed to both subterranean and sulfidic environments. This has revealed a high 

degree of differentiation between populations of different environments and has also identified 

these separate populations as discrete groupings during cluster analysis. The findings of such 

microsatellite analyses are concordant with the findings of phenotypic studies in suggesting that 

populations from different types of environment are adapted to their respective habitats, 

resulting in a low degree of gene flow between these populations. An incidence of flooding within 

the cave-system also supported the presence of selection within different environments (Plath et 

al. 2010). Following the flooding an increased level of gene flow was inferred between populations 

within the same environment. However no changes in gene flow were observed between
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populations from different environments, indicating the presence of strong selection for adapted 

phenotypes. Another microsatellite study which has indicated the presence of selection is that of 

Hendry et al. (2002) which focused upon several populations of the freshwater fish, Gasterosteus 

aculeatus from different environments within a lake system. This revealed a high degree of genetic 

differentiation to exist between populations from the inlet and the lake itself. These populations 

were also found to display a high degree of morphological differentiation indicating the possible 

selection of these populations to their respective habitats.

The sensitivity of microsatellite data therefore makes it suitable for analyzing the demographic 

effects of a contamination gradient of nickel upon populations of the earthworm Lumbricus 

rubellus. The environment under investigation has been contaminated by the emissions from a 

nickel smelting works for over a century (Grimsrud and Peto 2006). Prevailing winds have forced 

emissions in a north-easterly direction resulting in the formation of a contamination gradient of 

nickel along the Swansea valley (Morgan, pers. Comm.).

This project therefore assessed the patterns of genetic variation within and among populations of 

the earthworm, L rubellus and whether selective pressures resulting from the pollution have 

driven the adaptation of earthworms resulting in the development of nickel-tolerant populations. 

Demographic change among populations was inferred using microsatellites to enable the 

identification of genetic diversity and differentiation between individual earthworms and sampling 

sites. Analysis of these differences enabled patterns of gene flow between sites and populations 

to be inferred and any alteration in dispersal patterns, potentially due to soil contamination, to be 

identified. In order to enable the disentanglement of demographic effects resulting from 

contamination and geographical factors, L. rubellus populations were also sampled at two non- 

contaminated control sites, an approach that has been recommended for population studies of 

contamination (Posthuma and Van Straalen 1993). At the reference site of Rudry, earthworms 

were sampled within a series of horizontally stratified soils that differ in pH. Studies of earthworm 

abundance have indicated that soil pH may have a major impact upon the demographics of 

earthworm populations (Chan and Mead 2003, Hirth et al. 2009).

Two general scenarios and predictions were tested during the investigation, although it is 

recognised that these are not mutually exclusive:

Hypotheses

1 Samples of L rubellus on nickel-contaminated land are sustained by the local recruitment 

of genetically adapted individuals. These individuals display an increased degree of nickel- 

tolerance and are therefore able to successfully survive and reproduce in their (contaminated)

environment.
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2. Samples of L, rubellus on contaminated land represent 'demographic sinks', comprising 

recent immigrants, that have dispersed from less contaminated land. These individuals may have a 

reduced level of fitness through living in contaminated conditions but may also be able to survive 

in their contaminated surroundings through a process of phenotypic plasticity.

Predictions

A. Following from 1) above, samples taken closest to the contaminated site should be the most 

genetically differentiated and possess the lowest within-sample genetic diversity, either as a result 

of local adaptation, founder effect or demographic bottlenecks (Van Straalen and Timmermans 

2002).

B. Following from 2} above, samples taken closest to the contamination source should be the most 

admixed and therefore possess the highest within-population genetic diversity and the lowest 

average genetic differentiation.

A related prediction to B), but unrelated to 2) is that nickel pollution increases genetic diversity via 

mutation. It has been proposed that some genotoxic compounds may raise gene diversity by 

inducing heritable genetic mutations (Bickham et al. 2000). In this case we would predict that 

genetic diversity within samples living in contaminated land should be high but that private alleles 

(unsampled elsewhere) would also be expected to be most frequent in these samples.
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Materials and Methods 

Sample collection

L. rubellus individuals were largely collected from all three of the study sites, namely Clydach, 

Rudry and Dinas Powys over the course of 2006-2007 (Figs 4.1-4.4, See Appendix A for 

geographical locations). At the nickel contaminated site of Clydach earthworms were collected 

along a pollution gradient located downwind of the pollution point source (INCO Nickel Smelter, 

Clydach) with distances ranging between approximately 200m to 5.8km away (Fig 4.5). The 

geographic locations of the sampling stations were also selected to allow possible barriers to gene 

flow along the gradient to be taken into account during the analysis. These included the River 

Tawe and the main roads. A further round of sampling was also conducted during April 2008, 

during which an extra thirty earthworms were collected from a twelfth sampling station located 

at Clydach. The inclusion of an extra sampling station at Clydach was deemed necessary because 

only nine L rubellus individuals were found at Clydach station 5 due to a low overall abundance of 

earthworms at that particular sampling station. The sites at Clydach represented a range of 

different habitat types that included urban sites, woodland and agricultural land (see Appendix B 

for site details). In addition to Clydach, earthworms were also collected from ten sampling 

stations at the horizontally-stratified control site of Rudry (Fig 4.6) and nine sampling stations at 

the second control site of Dinas Powys (Fig 4.7). At Rudry, the sample stations were selected so as 

to represent communities from a range of different soil types (Table 4.1). Most of the sample sites 

of Rudry and Dinas Powys were located within areas of woodland, non-improved grassland or 

pastureland (see Appendix B for site details).

At each sampling station earthworms were collected by digging and hand-sorting, and each 

individual was placed into a labelled polythene bag containing native soil. The location of each site 

was recorded using an eTrex GPS receiver (Garmin, UK). The dry soil weight of nickel at each site 

was determined by acid extraction of metals from the soil samples (performed by Dr Gabriela 

Juma). This revealed the sites of CL01 and CL05 to be nickel contaminated in accordance with soil 

guideline values established by the Environment Agency (Environment Agency 2009). Both sites 

displayed nickel dry weight values of over 1000 mg/kg (See Appendix B). From here on in nickel 

contaminated sites will be indicated with a superscript 'N'.

DNA extraction

DNA was extracted from the frozen homogenised tissue samples using a DNeasy tissue extraction 

kit (QIAGEIM, UK), following the manufacturers protocol for animal tissue extractions. Each 

extraction was assessed by gel electrophoresis, running 5ul of each sample and lul of loading 

buffer, using a 0.8% agarose gel stained with ethidium bromide. A 100 base pair DNA ladder was
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run as a control. All gels were visualised using a Gel-Doc-It Imaging System (UVP, UK) and the 

software, VisionWorks LS (UVP, UK). Any samples that failed to yield an observable band of DNA 

were re-extracted.

Mitochondria! sequence analysis of the cytochrome oxidase I region was performed to determine 

the mtDNA lineage of each individual (G. Juma pers. comm.).

Microsatellite genotyping6

Eleven microsatellite loci were amplified in four multiplex reactions (Table 4.2). The development 

and optimisation of these microsatellite loci is described in chapter 3. The results for two of the 

microsatellite loci (LTM026 and C2-1) were excluded from the final analysis due to a lack of 

successful amplifications. In preparation for each multiplex reaction, a lOx primer mix was 

prepared containing 2u.l of each multiplexed primer. Multiplex PCR amplifications were then 

performed using 0.5u.l of extracted L. rubellus DNA in 10uJ reaction volumes containing Ix 

Multiplex PCR Mastermix (QJAGEN), Ix primer mix and RNAse free water. All samples were 

initially denatured for 5 minutes at 94?C and then proceeded through 35 cycles containing a 

denaturation step at 949C for 1 minute, an annealing step at a primer-specific temperature (see 

Table 3.4) for 1 minute and an extension step at a primer-specific temperature for 1 minute. After 

35 cycles the samples underwent a final extension period at a primer-specific temperature for 5 

min. All reactions were performed using a TC-412 thermal cycler (Techne).

Following amplification, all samples were diluted 1/10 with RNAse free water and prepared for 

fragment analysis with 0.5u,l of each diluted sample placed into a lOjil loading cocktail including 

9.25U.I Hi-Di Formamide and 0.25u.l ROX 500 Size Standard (Applied Biosystems). Fragment runs 

were then performed using an ABI 3130 Genetic Analyser. All fragment analysis results were 

visualised and scored using Genemapper 4.0 (ABI). Multiplex reactions that failed to produce 

scorable results across all loci, were reamplified and fragment analysed for a second time. 

Markers that failed to produce scorable results were reamplified as singleplex reactions. These 

reactions were performed in the same manner as the initial PCR reactions but using fluorescently 

labelled forward primers and GoTaq Hot Start Polymerase (Promega). Following amplification, 

0.2u.l of each reaction was multiplexed together with two other reactions featuring different 

fluorescent labels and placed into a 10.1u.l loading cocktail including 9.25u.l Hi-Di Formamide and 

0.25U.I ROX 500 Size Standard (Applied Biosystems). Fragment runs were again performed using 

an ABI 3130 Genetic Analyser.

5 See Fie 4 8 for work-flow diagram of microsatellite fragment analysis
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Statistical analysis

During data analysis, analyses were performed separately for two different data-sets. The first of 

these consisted of the allelic data from all nine microsatellite loci at all sample sites. The second 

data set consisted of allelic data from eight microsatellite loci at all sample sites to allow 

additional data from lineage A individuals sampled at sites CL03 and RU03 (see chapter 3).

Null allele frequencies at each loci were estimated using the program MICROCHECKER (Van 

Oosterhout et al. 2004). Tests to identify incidences of gametic linkage disequilibrium and 

deviations from Hardy-Weinberg equilibrium frequencies were performed by Markov chain 

methods using Genepop-on-the-Web (http://genepop.curtin.edu.au/index.html, Raymond and 

Rousset, 1995) applying default settings.

Three different statistics of genetic diversity were determined for each population, namely allelic 

richness and observed and expected heterozygosities. Population values of allelic richness were 

determined using FSTAT and observed and expected heterozygosities using Genepop-on-the- 

Web. Comparisons of allelic richness, observed and expected heterozygosity and Fis were also 

performed between all three of the regions in permutation tests using FSTAT (1000 

permutations). The number of private alleles within each population at Clydach was determined 

using CONVERT (Glaubitz 2004) in order to observe the effects of nickel contamination upon 

genetic diversity.

The inbreeding coefficient, Fis was also determined for each population using FSTAT. Pairwise Fst 

values and probability values were calculated using GenAlEx. A Benjamini-Hochberg correction for 

multiple-comparisons was performed on the probability values to control for false discovery rate 

(Thissen et al. 2002). This particular correction was applied as it is less conservative than other 

applicable methods such as Bonferroni correction.

An analysis of molecular variance (AMOVA) was conducted to determine whether the largest 

proportion of molecular variance was distributed between different regions, populations or 

individuals. To supplement this AMOVA analysis, pain/vise Fst values between sites from different 

regions were compared to those between sites from within single regions. An unpaired two-way 

t-test was conducted for the 9-loci data-set using Minitab with the pairwise Fst values arcsine 

square-root transformed to normalise the data sets. Results for the 8-loci data-set could not be 

normalised by transformation and so were analysed using a non-parametric Mann-Whitney test.

Pairwise Fst values were also tested for an isolation-by-distance effect within each of the three 

regions using the Isolde test implemented by Genepop-on-the-Web. The test was performed with 

Fst data converted to values of Fst/(l-Fst) and using the natural log of the geographical distances.
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The Isolde test utilised a one-tailed Spearman Rank correlation test followed by a Mantel test of 

1000 permutations. Pain/vise Fst values were also tested for correlation with the pairwise 

differences between sites for soil nickel concentration within Clydach (Table 4.10) and soil calcium 

(as a measurement of pH) within Rudry (Table 4.11). Again these tests were performed using the 

Isolde tests implemented by Genepop-on-the-web. The relationship between the genetic 

differentiation of the sites and their level of nickel contamination (for Clydach) and soil pH (for 

Rudry) were further investigated in a second analysis. In this analysis the mean pairwise Fst value 

between each site and every other site in the region was calculated for both the Clydach and the 

Rudry samples. Correlations between these mean pairwise values with soil nickel for Clydach and 

soil pH levels (measured as soil calcium concentration) for Rudry were then tested using a 

regression analysis in Minitab.

Multivariate factorial coordinate analyses (FCA) of both the entire data-set and the individual 

regions were performed using GENETIX 4.05.2 (Belkhir et al. 2004). These analyses enabled the 

visualisation of differences in allele frequencies between the individuals of different populations 

and regions.

Bayesian clustering was performed using the program STRUCTURE 2.3.3 (Pritchard et al. 2000). 

Analyses performed included a cluster analysis of the whole data-set, the three individual regions, 

individual soil types for the Rudry sites and proximity to the smelter for the Clydach sites. To 

ascertain the most likely number of clusters (K) within each data-set, initial runs were performed 

over K-values of 1-10 using three independent repeats. These initial runs were performed using 

an admixture model with a burn-in period of 10,000 repetitions followed by 100,000 MCMC 

repetitions. The most suitable value of K was then determined using the method proposed by 

Evanno et al. (2005). Following the determination of K, second runs were performed with a burn- 

in period of 100,000 repetitions followed by 1,000,000 MCMC repetitions.
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Table 4.1. Soil types of Rudry sites as indicated by reference to a geological map

Site

RU01

RU02

RU03

RU05

RU06

RU08

Soil type

Clay

Clay

Coal

Limestone

Limestone

Millstone grit

Table 4.2 Microsatellite multiplex reactions with repeat motifs, primer sequences, annealing 

temperatures and fluorescent dyes of individual microsatellites

Multiplex

1

1

1

2

2

2

3

3

4

4

4

Locus

LTM163

9572

11297

C3-2

G3-4

G2-1

8286

8138

A3-2

C2-1

LTM026

Repeat 

motif

TGC

GAAT

TA

CA

GA

GA

GATT

GT

CA

CA

GT

Primer sequence (5'-3')

F:GCCGGAGCGTTAGGAGCGATAG

R:TTAGTGGTGAGTCGGGCGTATCC

RATGAAAATCAGGCGAATTGC

R:GGGAAACGATTATGAGTCAAA

F:TATTCCGTTCATGAGTTTGAA

R:CTCGTGTGTTGGCTTACGG

RTCGAGCGCAGTTAGTTACGA

R:GATCATGTGACTAACCAGATTA

F:ATTGGCGGACTTCAACAAAC

R:CGGGTGTGCATTGTTTACAG

F:TCGAACTTCGAGTCTCTTCAA

R:CGGTGTCGCTGATAGGTTTAG

F;TGAACCTGCTAATGCAACACA

R:CACTGCCCTCACTTGGTACA

F:ATTGAAGCGCAGGATATTCG

RrGGCGCTTTAGAAATGTGGAG

F:AAACTGTCGAAATGCACTCC

R:CGGTTTGTCATCCCAATC

FrATGATGAGTTTCGCCTGTTG

R:AAGCTGGGGGTGATTCTTCT

F:GTGCCTCTGTCTAATGTCTGCTCGTGTGTA

R:GCCGCTCTTTATACGCTCGTCGC

Annealing 

temperature

52

52

52

55

55

55

53

53

50

50

50

Label

FAM

HEX

TAM

FAM

HEX

NED

FAM

HEX

FAM

HEX

TAM

88



1

Figure 4.1 INCO nickel smelter near sites CL1 N and CL5 N

Figure 4.2 Rudry Common viewed from site RU3
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Figure 4.3 Dinas Powys (site DP2)

Figure 4.4 Dinas Powys (site DP2)
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DNA extraction from 
frozen tissue using 
QIAGEN DNeasy kit

Determination of 
possible genetic linkage 
between loci using 
Genepop-on-the-web

Measures of genetic 
diversity calculated for 
each locus using Fstat 
and Genepop-on-the- 
web

Correlations between 
the Clydach pairwise F ST 
values and nickel 
concentrations tested 
using Genepop-on-the- 
web

Correlations between 
the Rudry pairwise FST 
values and calcium 
concentrations tested 
using Genepop-on-the- 
web

Amplification of 
microsatellite loci in 
optimised multilocus 
PCR reactions

Estimation of null 
allele frequency within 
each population using 
Microchecker

FIS values calculated 
using Fstat to 
determine the degree 
of inbreeding within 
populations

Correlation between 
pairwise FST values and 
geographical distances 
tested for an 'isolation 
by distance' effect 
using Genepop-on-the- 
web

Factorial 
correspondence 
analysis of data using 
Genetix to graphically 
display allelic 
frequency differences 
between populations

Fragment runs 
performed using an ABI 
3130 genetic analyser

Visualisation of 
microsatellite 
fragments and scoring 
of allele sizes using 
Genemapper

Pairwise FST values and 
significance values 
calculated using Fstat to 
determine genetic 
differentiation between 
populations

AMOVA performed 
using Arlequin to 
determine if regions, 
populations or 
individuals represent 
the largest source of 
molecular variance

Bayesian clustering 
analysis of data using 
Structure to determine 
whether sampled 
'populations' 
represent genetically 
distinct clusters

Figure 4.8 Work-flow diagram of microsatellite fragment analysis methodology
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Results 

Fragment analysis

Fragment analysis of L. rubellus populations from all three study regions over nine loci revealed 

147 alleles in total. Analysis of the Clydach populations revealed the highest number of alleles for 

the three different regions with 99 alleles identified across six sample sites (87 individuals). 

Analysis of the Dinas Powys populations identified 98 alleles across four sample sites (79 

individuals) and analysis of the Rudry populations identified 85 alleles across five samples sites 

(109 individuals). Levels of average allelic diversity ranged between 3.22 and 6.78, and allelic 

richness between 1.66 and 6.46 (Table 4.3). The lowest values of both average allelic diversity and 

richness were obtained for the site CL05 N which was represented by only five individuals. One- 

tailed comparisons of allelic richness between populations of the three different regions using 

permutation tests revealed that the populations of Rudry displayed a significantly lower degree of 

allelic richness than those of both Clydach (p=0.001) and Dinas Powys (p=0.002). No significant 

difference was found between the levels of allelic richness for Clydach and Dinas Powys.

The analysis of L. rubellus populations over eight microsatellite loci to enable the addition of extra 

study sites for Clydach and Rudry revealed 139 alleles in total. As before, the highest number of 

these alleles was uncovered within the Clydach populations with 100 alleles identified across 

seven sample sites (97 individuals). Analysis of the Dinas Powys populations identified 82 alleles 

across four sample sites (79 individuals) and analysis of the Rudry populations identified 78 alleles 

across six sample sites (119 individuals; Table 4.4). Average allelic diversity ranged between 3.22 

and 6.78, and allelic richness between 1.64 and 6.28 (Table 4.4). The lowest values of both 

average allelic diversity and richness were again obtained for the site CL05N . One-tailed 

comparisons of allelic richness between populations of the three different regions revealed that 

the populations of Rudry displayed a significantly lower degree of allelic richness than Clydach 

(p=0.001). No significant difference was found between the levels of allelic richness for Clydach 

and Dinas Powys or Rudry and Dinas Powys.

Of the nine microsatellite loci analysed, the most variable was found to be the locus G2-1 with 39 

different alleles. The least variable microsatellite locus was found to be the locus A3-2 which was 

monomorphic in two of the Rudry populations.

Within the Clydach sites the number of private alleles was found to range between 1 and 8. Two 

of the highest numbers of private alleles were found for sites close to the smelter (CL01N and 

CL12) (Table 4.5).
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Linkage analysis and Hardy-Weinberg equilibrium

Within the 9-loci analysis, linkage analysis revealed 13 significant associations (P=<0.05) between 

loci within 8 sample sites. Within the 8-loci analysis, 10 significant associations were uncovered 

within 8 sample sites. However, as no consistent pattern could be observed in either the 

distribution of these associations or the loci affected, it was considered unlikely that they 

reflected evidence of linkage disequilibrium between loci or population processes such as 

admixture.

Hardy-Weinberg analysis of individual microsatellite loci revealed evidence of significant 

heterozygote deficiencies for seven of the microsatellite loci in the study across several sites. 

Large Fis values were found across all sites, ranging between 0.14 and 0.47 for the 9-loci dataset 

and 0.14 and 0.49 for the reduced 8-loci dataset. All of the sample Fis values were found to differ 

significantly from zero in the 9-loci dataset. However in the 8-loci data set, Fis values for the 

populations of CL05 N and RU03 were not significant.

Analysis of heterozygote frequencies using MICROCHECKER indicated the possible existence of 

null alleles at loci found to exhibit high levels of homozygosity. However the adjustment of allele 

frequencies to include estimated null allele frequencies failed to prevent deviations from Hardy- 

Weinberg equilibrium. No further analysis was therefore performed using the transformed data- 

set.

Genetic differentiation

Pain/vise genetic differences between the three different regions ranged between 0.03 and 0.29 

for the 9-locus analysis (Table 4.6) and 0.03 and 0.35 for the 8-locus analysis (Table 4.7). Following 

Benjamini-Hochberg correction two pairwise values within the 8-locus data-set were found to be 

non-significant (P=>0.05) (DP01-RU02, DP01-RU06). Overall the pairwise genetic differentiation 

between sites from different regions appeared to exceed that between sites from the same 

region. Both an unpaired t-test of the 9-locus data-set and a Mann-Whitney test of the 8-locus 

data-set indicated these pairwise differences to be highly significant (P-<0.001). However some of 

the sites did appear to contradict this overall pattern of differentiation. Within Clydach the site of 

CL03 appeared more highly differentiated from some of the other sites within this region than it 

was from some of those of Dinas Powys. Similarly, within Dinas Powys, the site of DP03 was found 

to be more differentiated from the other sites within this region than it was from some of the 

Clydach sites.

AMOVA analysis indicated that the highest proportion of molecular variance existed at the 

individual level for both data-sets (9 locus: 73.3% P=<0.001, 8 locus: 73.5% P=<0.001) (Table 4.8).
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However the AMOVA also revealed that 21.2% (P=<0.001) of the variance in the 9-locus analysis 

and 19.8% (P=<0.001) of the variance in the 8-locus analysis was distributed among the three 

different regions. This was far higher than the variance among sites within these groups (9 locus= 

5.6% P=<0.001, 8 locus= 6.7% P=<0.001).

In Clydach pairwise Fst values ranged between 0.00 and 0.09 for the 9-locus analysis and between 

0.01 and 0.16 for the 8-locus analysis. For the 9-locus analysis four of the pairwise values within 

Clydach were found to be non-significant following Benjamini-Hochberg correction (p=>0.05) 

(CL02-CL04, CL02-CL05 N, CL11-CL02, CL12-CL05 N). For the 8-locus analysis only one of the pairwise 

values was found to be non-significant (CL04-CL05N). It is possible that these non-significant 

values may result from the low number of individuals genotyped for populations CL02 and CL05 N .

No clear patterns of genetic differentiation between the samples could be observed within either 

of the Clydach data-sets. Although the geographical distance between sampled sites at Clydach 

ranged between 60m and 5.6km, there was little evidence of a correlation between the pairwise 

genetic differentiation and geographical distance between samples (Fig 4.9). Pairwise distances 

between some of the most geographically proximate sites e.g. CL01N and CL05N, were found to be 

higher than those between some of the more geographically distant samples e.g. CL01N and CL11. 

A lack of correlation between genetic differentiation and geographical distance was underlined by 

the Mantel tests of isolation by distance which indicated the correlation to be non-significant in 

both data-sets (9 locus P=0.30, 8 locus P=0.39).

The pairwise genetic differentiation values did not correlate with pairwise differences in nickel 

concentration between sites (Fig 4.10). Analysis of the correlation using a Mantel test indicated 

the relationship to be non-significant for both data-sets (9 locus P=0.88, 8 locus P=0.45). A second 

analysis of this correlation which compared mean pairwise Fst values with soil nickel 

concentrations did indicate a slightly higher degree of mean differentiation within two of the 

most heavily contaminated sites in the 9-locus analysis (CL01 N and CL05 N ) compared with less 

contaminated sites. However the differentiation between these two sites and the less 

contaminated sites was not as pronounced within the 8-locus analysis, possibly due to the 

addition of data representing the highly differentiated CL03 site. The regression analysis of both 

data-sets did not reveal significance for either, although the p-value for the 9-locus data-set was 

not far from significance (9 locus P=0.06; 8 locus P=0.93).

Within Rudry pairwise Fst values ranged between 0.00 and 0.07 for the 9-locus analysis and 

between 0.00 and 0.06 for the 8-locus analysis. Following Benjamini-Hochberg correction only 

one pairwise value within the 9-locus data-set was found to be non-significant (p=>0.05) (RU01-

RU02).
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No clear patterns of genetic differentiation between sites could be observed within either of the 

Rudry data-sets. As at Clydach there was little evidence of a correlation between the pairwise 

genetic differentiation and geographical distance between sites (Fig 4.9) with Mantel tests of 

isolation by distance indicating the correlation to be non-significant in both data-sets (9 locus 

P=0.68, 8 locus P=0.77). It is worth mentioning however that the geographical scale of sampling 

across Rudry was smaller than across the other two regions, with pairwise geographical distances 

ranging between 140m and 1.6km.

The pairwise genetic differentiation of sites within Rudry also did not appear to be clearly 

correlated with differences in soil calcium content (Fig 4.11). A Mantel test indicated this 

correlation to be non-significant for both of the Rudry data-sets (9 locus P=0.57, 8 locus P=0.54). A 

second analysis of this correlation featuring the regression analysis of mean pairwise Fst values 

and soil calcium concentration was also non-significant for both data-sets (9 locus P=0.38, 8 locus 

P=0.35).

Within Dinas Powys Fst values ranged between 0.01 and 0.06 (using 9-locus). Following 

Benjamini-Hochberg correction only one pairwise value was found to be non-significant (P=>0.05) 

(DP01-DP02).

The pairwise genetic differentiation of sites within Dinas Powys did not correlate with 

geographical distance (Fig 4.9). As an indication of this the two most genetically differentiated 

sites of Dinas Powys were also the second closest in terms of their pairwise geographical distance 

(DP01-DP03). A Mantel test of isolation by distance was found to be non-significant (P-0.37).

Population structure

An FCA analysis of all sites clearly differentiated individuals from the three different regions (Fig 

4.12). This differentiation did however appear to be counter-intuitive when geographic distances 

between the three regions were considered. The individuals of Clydach and Dinas Powys appeared 

to be less differentiated from one another than they were from Rudry. This was surprising when it 

is considered that these two regions are both located closer to Rudry than each other.

A determination of suitable K-values using the approach detailed by Evanno et al. (2005) 

indicating the most highly supported number of distinct genetic clusters within the data-set 

supported a K-value of 2 (Fig 4.13). This resulted in the grouping of all individuals into two distinct 

clusters (Fig 4.14), one cluster consisting of the Rudry individuals and the other consisting of 

Clydach and Dinas Powys individuals. At K=3 individuals were further differentiated into three 

clusters representative of the three different sampling regions.
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Analysis of the Clydach sites revealed strong support for a K-value of 4 when analysing individuals 

from seven sites with nine microsatellite loci (Fig 4.13). However, no clusters were identified 

across any of the site, with a high degree of admixture within all sites (Fig 4.15). A separate 

analysis of the Clydach sites including CL03 was conducted based upon the allelic data from eight 

microsatellite loci. Here, strong support for a K-value of 5 (Fig 4.13) was found. At K=5, the 

individuals of CL03 formed a cluster that was differentiated from other sites (Fig 4.16). The 

clustering of CL03 individuals was also found to be discernable at K values as low as K=2. A 

separate analysis of the three sites in closest proximity to the Clydach smelter with nine 

microsatellite loci supported a K-value of 3 (Fig 4.13). This identified a cluster consisting of all 

individuals from the CL01N site (Fig 4.17). A separate analysis of sites further downwind of the 

smelter based upon eight microsatellite loci, was unable to produce a clearly defined value of K 

for the four sites analysed (Fig 4.13). However, the individuals of CL03 were found to form a 

distinct cluster at K=2 (Fig 4.18).

Analysis of the Rudry individuals revealed strong support for a K-value of 4 when analysing five 

sites with all nine microsatellite loci (Fig 4.13). At this particular K-value no clusters were clearly 

discernible (Fig 4.19). However, at lower values of K some evidence of clustering was apparent. At 

K=2 the individuals of RU08 appeared to form a distinct cluster that was differentiated from other 

Rudry sites. At K=3 both the individuals of RU05 and RU08 appeared to form distinct clusters. A 

separate analysis of the Rudry sites including RU03 was conducted based upon allelic data from 

eight microsatellite loci. No value of K was found to be strongly supported during initial analysis of 

the data (Fig 4.13). However runs at both K=2 and K=3 were both found to demonstrate the 

clustering of individuals at RU08 (Fig 4.20). Individual analyses grouping together sites of the four 

different soil types did not uncover any evidence of clustering (Figs 4.21-4.24).

Analysis of the Dinas Powys individuals was unable to uncover strong support for any of the K- 

values analysed (Fig 4.13). Observation of the results for K=2-10 revealed no evidence for 

clustering at any of the K-values that were considered (Fig 4.25).
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Table 4.3 Microsatellite statistics with 9 loci (N= number of individuals, r=mean allelic richness, 
He= mean expected heterozygosity, Ho= mean observed heterozygosity, Fis, Hardy Weinberg 
deviation P)

Site
CL05 N
CL01N
CL12
CL02
CL04
CL11
Clydach- all

RU01
RU02
RU05
RU06
RU08
Rudry- all

DP01
DP02
DP03
DP06
Dinas- all

All

N
5

20
22
10
12
18
87

19
22
24
21
23
109

22
22
19
16
79

550

r
1.66
4.36
6.08
4.16
4.26
6.13
4.44

3.45
4.32
4.32
4.32
4.58
4.20

5.42
6.09
6.46
5.76
5.93

4.78

He
0.62
0.59
0.68
0.64
0.64
0.68
0.64

0.42
0.61
0.61
0.61
0.61
0.57

0.64
0.63
0.69
0.68
0.66

0.62

Ho
0.53
0.47
0.47
0.43
0.49
0.44
0.47

0.30
0.45
0.45
0.45
0.44
0.42

0.39
0.41
0.53
0.42
0.44

0.44

Fis
0.14
0.20
0.32
0.32
0.24
0.36
0.26

0.40
0.28
0.28
0.28
0.29
0.31

0.47
0.34
0.30
0.41
0.36

0.31

HW (P value)
0.07

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
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Table 4.4 Microsatellite statistics with 8 loci (N= number of individuals, r=mean allelic richness, 
He= mean expected heterozygosity, Ho= mean observed heterozygosity, Fis, Hardy Weinberg 
deviation P)

Site
CL05N
CLOl"
CL12
CL02
CL04
CL03
CL11
Clydach-all

RU01
RU02
RU03
RU05
RU06
RU08
Rudry- all

DP01
DP02
DP03
DP06
Dinas- all

all

N
5

20
22
10
12
10
18
87

19
22
10
24
21
23
119

22
22
19
16
79

580

Table

r
1.64
4.41
5.96
3.93
4.08
3.33
6.28
4.23

3.14
3.99
4.14
4.33
4.46
5.48
4.26

5.24
5.59
6.02
5.74
5.65

4.59

He
0.59
0.57
0.66
0.62
0.62
0.35
0.67
0.58

0.38
0.41
0.52
0.41
0.47
0.57
0.46

0.62
0.60
0.67
0.67
0.64

0.55

Ho
0.49
0.46
0.45
0.43
0.47
0.31
0.43
0.43

0.26
0.31
0.38
0.29
0.32
0.36
0.32

0.37
0.40
0.52
0.41
0.43

0.39

4.5. Number of private

Site
CL05N
CL01 N
CL12
CL02
CL04
CL11

Fis HW(P value)
0.14
0.21
0.33
0.29
0.25
0.37
0.36
0.28

0.44
0.31
0.33
0.21
0.33
0.46
0.35

0.49
0.34
0.30
0.43
0.39

0.33

alleles within

0.05
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
0.19

<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

Clydach sites

Private alleles
3
5
8
1
1
4
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Table 4.8 Analysis of molecular variance without sites CL03 and RU03 (9 loci) and with sites CL03 
and RU03 (8 loci)

Source of d.f. Sum of Variance % P
________variation________squares components__________

9 loci among regions 2 44.95 0.12 21.16 >0.001

among sites 12 17.86 0.03 5.57 >0.001 
within regions

among individuals 535 213.11 0.4 73.27 >0.001 
within sites

8 loci among regions 2 44.15 0.1 19.81 >0.001

among sites 14 22.39 0.04 6.74 >0.001 
within regions

among individuals 573 222.71 0.39 73.45 >0.001 
within sites
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Figure 4.14 Results of Bayesian clustering analysis of all three regions using STRUCTURE. This 

analysis determines whether sampled 'populations' correspond to distinct genetic clusters 

(K=number of clusters in the analysis)
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Figure 4.15 Results of Bayesian clustering analysis of Clydach sites using STRUCTURE. This 
analysis determines whether sampled 'populations' correspond to distinct genetic clusters 
(K=number of clusters in the analysis)
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Figure 4.16 Results of Bayesian clustering analysis of Clydach sites (including CL3) using 
STRUCTURE. This analysis determines whether sampled 'populations' correspond to 
distinct genetic dusters (K=number of clusters in the analysis)
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Figure 4.17 Results of Bayesian clustering analysis of Clydach sites near smelter using 
STRUCTURE. This analysis determines whether sampled 'populations' correspond to distinct 
genetic clusters (K=number of clusters in the analysis)
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Figure 4.18 Results of Bayesian clustering analysis of Clydach sites away from smelter using 
STRUCTURE. This analysis determines whether sampled 'populations' correspond to distinct 
genetic clusters (K=number of clusters in the analysis)
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Figure 4.19 Results of Bayesian clustering analysis of Rudry sites using STRUCTURE. This analysis 
determines whether sampled 'populations' correspond to distinct genetic clusters (K=number 

of clusters in the analysis)



Figure 4.20 Results of Bayesian clustering analysis of Rudry sites (featuring RU3) using STRUCTURE. 
This analysis determines whether sampled 'populations' correspond to distinct genetic clusters 
(K=number of clusters in the analysis)
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Figure 4 21 Results of Bayesian clustering analysis of clay Rudry sites using STRUCTURE. This 
analysis determines whether sampled 'populations' correspond to distinct genetic clusters 

(K=number of clusters in the analysis)
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Figure 4.22 Results of Bayesian clustering analysis of coal Rudry sites using STRUCTURE. This 
analysis determines whether sampled 'populations' correspond to distinct genetic clusters 

(K=number of clusters in the analysis)
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Figure 4.23 Results of Bayesian clustering analysis of limestone Rudry sites using 
STRUCTURE. This analysis determines whether sampled 'populations' correspond to 
distinct genetic clusters (K=number of clusters in the analysis)
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Figure 4.24 Results of Bayesian clustering analysis of millstone grit Rudry sites using 
STRUCTURE. This analysis determines whether sampled 'populations' correspond to distinct 
genetic clusters (K=number of clusters in the analysis)
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Figure 4.25 Results of Bayesian clustering analysis ot Dinas Powys sites using STRUCTURE. This 
analysis determines whether sampled 'populations' correspond to distinct genetic clusters 
(K=number of clusters in the analysis)
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Figure 4.25 (continued) Results of Bayesian clustering analysis of Dinas Powys sites using 
STRUCTURE. This analysis determines whether sampled 'populations' correspond to distinct 
genetic clusters (K=number of clusters in the analysis)



Discussion

The ability of the earthworm species L. rubellus to yield meaningful results in ecotoxicological 

trials could be compromised if some populations are able to develop a genetically based tolerance 

towards the contaminant in question. If some populations are more resistant to a contaminant 

than others, uncertainties could arise in attempting to develop a general understanding of how 

sensitive L. rubellus is towards that particular contaminant. It is therefore important that any 

genetically adapted populations of L rubellus are identified. Several studies have demonstrated 

that it may be possible to apply population genetics to infer the presence of genetically adapted L 

rubellus populations at metal contaminated sites (Peles et al. 2003, Kille et al. 2010, Simonsen et 

al. 2010). These studies all indicated some degree of genetic differentiation between exposed 

populations and populations from less contaminated sites. However, one problem with this 

approach has been that some of the populations of contaminated sites have been exposed to a 

complex mixture of contaminants and environmental stresses (e.g. Peles et al. 2003, Simonsen et 

al. 2010). It can therefore sometimes be difficult to establish which contaminants or stressors are 

responsible for driving the genetic adaptation of the population. One way by which a correlation 

can be firmly established between the effects of selection and the concentration of individual 

metals is by studying population differentiation along a gradient of contamination (Posthuma and 

Van Straalen 1993).

To uncover possible evidence for the genetic adaptation of L. rubellus towards nickel 

contamination, populations were therefore sampled along a well-characterised nickel gradient 

enabling us to test the following hypotheses-

1. Populations are genetically adapted at the metal contaminated sites

2. Populations are phenotypically adapted at the metal contaminated sites

3. Populations at the metal contaminated sites are demographic 'sinks' sustained by 

gene flow from less exposed 'source' populations

Microsatellite analysis of L rubellus populations from across all three regions uncovered evidence 

for a noticeable deficiency of heterozygous genotypes. All populations exhibited evidence of lower 

than expected mean heterozygoties and for the majority of populations this resulted in significant 

deviation from Hardy-We in berg frequencies. There are several different explanations for such a 

low level of heterozygosity. Firstly, the non-amplification of certain microsatellite alleles due to 

mutations in the primer-binding region could have resulted in the occurrence of 'null alleles'. This 

has been observed in several studies, particularly those seeking to cross-amplify microsatellite loci 

using primers developed for a different species (Panova et al. 2008). Alternatively low 

heterozygosity can be detected within a population due to what is termed the 'Wahlund effect'
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where several genetically differentiated subpopulations are unknowingly sampled as a single 

population. Finally, heterozygosity may be reduced within populations that are inbreeding, with 

the reproduction of closely related individuals resulting in a high degree of homozygosity among 

allele frequencies.

Of these possible explanations for a low degree of heterozygosity, a reduction in heterozygosity 

through the non-amplification of null alleles seems unlikely. The occurrence of null alleles is 

typically characterised by significant departures from Hardy-Weinberg equilibrium at one or more 

affected loci. However, the results of this study revealed departures from Hardy-Weinberg within 

seven of the nine microsatellite loci applied within the study. The loci that were affected also 

appeared to vary between populations in an inconsistent manner. Sequencing of microsatellite 

loci within both divergent lineages of L. rubellus has also revealed a high degree of sequence 

conservation within the flanking region of many of the microsatellites applied within this study 

(see chapter 3). This would be expected to limit variation within the primer-binding regions, 

reducing the opportunities for the development of null alleles.

The two remaining explanations for a low degree of heterozygosity: the presence of unrecognised 

sub-populations, i.e. Wahlund effect, and inbreeding, both seem like logical explanations given the 

sedentary nature of earthworm populations. It is possible that a Wahlund effect may have 

contributed to low heterozygosity values within some of the populations. Several other studies of 

earthworm populations have attempted to minimise the effects of substructuring by performing 

fine-scale sampling over microgeographic scales. Some of these studies have subsequently 

reported low levels of homozygosity (Velavan et al. 2009). Given the scarcity of L. rubellus 

individuals at many of the sampling sites in the present study, fine-scale sampling was often not 

possible and therefore earthworms were possibly sampled over a wider area than in previous 

earthworm studies. However, the genetic homogeneity of many of these sites indicated by cluster 

analysis would suggest an absence of widespread population sub-structuring.

An alternative explanation may therefore be that the sampled populations display a high degree 

of localised inbreeding. This has been suggested by other studies that have concluded that the 

sedentary nature of earthworm populations may result in a disproportionately high number of 

matings between closely related individuals (Novo et al. 2010a). It has been proposed that a 

combination of high reproductive rates and low dispersal rates within some epigeic earthworm 

species may result in them forming aggregations within field environments (Satchell 1955). The 

isolated nature of such aggregations could therefore result in a high degree of inbreeding.

Overall the pairwise values of genetic differentiation that were observed between populations 

within the three regions (Clydach, Rudry, Dinas) were largely comparable to the values stated by
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Enckell et al. (1986) in their allozyme study of L rubellus populations in the Faroe islands. This 

particular study featured populations from across a geographical scale that was comparable to 

the regions in the present study. The pairwise values of genetic differentiation between 

populations from the three different regions were however found to be far higher. An analysis of 

molecular variance in the present study indicated that the proportion of genetic variance 

partitioned between regions exceeded that found within populations. Populations from the three 

study regions were also clearly differentiated by Bayesian cluster analysis.

The degree of genetic differentiation found between sites from the three regions did however 

appear to be counter-intuitive in that it was not correlated with the geographical distances 

between the three regions. As an example of this, sites located within the region of Dinas Powys 

appeared to be more highly differentiated from the geographically closer sites of Rudry than they 

were from the sites of Clydach.

Further anomalous patterns of genetic differentiation were uncovered within some of the regions 

with some sites appearing highly differentiated from others within close proximity. As an example 

of this within Clydach the population of site CL03 was found to be highly differentiated from the 

other sites and genetically closer to some of the sites within Dinas Powys.

Comparable incidences of differentiation were uncovered in the allozyme study of Shepeleva et 

al. (2008) who uncovered geographically irregular patterns of differentiation between populations 

of L. rubellus. One possible explanation for these anomalies could be the passive dispersal of 

earthworms between different geographical areas. Studies have indicated that human agricultural 

activities could play a major role in dispersing L. rubellus individuals (Marinissen and van den 

Bosch 1992). Given that L. rubellus is an epigeic species (Sims and Gerard 1999), residing close to 

the soil surface, the species could be pre-disposed to such passive dispersal through the 

movement of soil.

Alternatively geographical patterns of differentiation between L. rubellus populations may have 

been affected by the cultivation of field sites. The cultivation of soils at these sites may have 

imposed selective pressures upon earthworms. This may explain why the region of Rudry was 

indicated to be the most highly differentiated region of the three as it featured sites from non- 

cultivated land. The study of Enckell et al. (1986) indicated that selective pressures from 

agricultural activity may constrain genetic divergence between L. rubellus populations. In this 

study earthworm populations inhabiting historically cultivated sites were found to be genetically 

closer to one another than they were to geographically proximate populations from non- 

cultivated sites.
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Microsatellite analysis of the Clydach sites did not provide strong support in favour of the 

hypothesis that populations at the most heavily nickel contaminated sites are sustained by the 

local recruitment of adapted individuals. This was in spite of the fact that soil nickel 

concentrations at some of the sites closest to the smelter were found to be far higher than levels 

that have been demonstrated to affect the survival and reproduction of L rubellus (Lister et al. 

2011). Pairwise Fst values indicated a low to moderate degree of genetic differentiation to exist 

between the Clydach sites. Although the mean pairwise Fst values for two of the sites closest to 

the smelter (CL01 N and CL05 N ) did appear to be slightly higher than those of the other Clydach 

sites this was a marginal effect and it is unclear if this was due to the genetic adaptation of L 

rubellus. Neither of the statistical tests performed was able to uncover a significant correlation 

between the soil nickel concentration and the genetic differentiation of the Clydach sites. It is also 

worth mentioning that the mean pairwise Fst value for the site of CL12 which was located under 

1km from the smelter was closer to the values obtained for the less contaminated sites of Clydach 

and the two control regions. Unfortunately as a soil sample was not obtained for this site it is 

currently unclear whether the nickel contamination at this site is comparable to that of CL01N and 

CL05 N, but this is likely to be the case. The degree of genetic differentiation that exists between 

both CL01 N and CL05 N, and the other sites is also not particularly high when it is compared with 

the differentiation that has been uncovered between populations in existing microsatellite studies 

of genetic adaption (Plath et al. 2007).

The results of Bayesian clustering analysis indicated a considerable degree of admixture to exist 

between all of the sites within Clydach except for the previously mentioned highly differentiated 

site of CL03. CL01 N was however found to form a distinct cluster during an analysis featuring 

individuals from the three sites closest to the smelter (CL01 N, CL05 N, CL12). The urban nature of 

this site however makes it unclear whether this is an effect of nickel contamination or of other 

anthropogenic factors.

It is possible that the level of genome-coverage provided by microsatellite markers may have 

been insufficient to uncover evidence of adaptation if selection is weak. Microsatellites are often 

used to infer the adaptation of populations as they can become differentiated through genetic 

drift following a selective sweep (Simoes et al. 2008). However if adaptation has occurred with a 

relatively weak level of selection, high levels of gene flow or sexual reproduction could have 

maintained the neutral genetic diversity of these populations (Muller et al. 2007). Several 

incidences of adaptation have been uncovered where selection has not resulted in a strong 

selective sweep meaning that only a small number of loci are genetically differentiated (e.g. 

McMillan et al. 2006). In such incidences multi-locus genetic markers have been more successful 

in uncovering evidence of adaptation. An analysis of the populations within the present study has
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however been conducted using multi-locus AFLP (amplified fragment length polymorphism) 

markers. This study failed to uncover any evidence for the increased genetic differentiation of 

nickel-exposed populations (G. Juma personal communication) although analysis for signatures of 

genomic selection is ongoing.

Despite the existence of possible limitations in the genome coverage offered by microsatellites, 

they should still be capable of uncovering evidence of genetic bottlenecks given that such events 

would change gene frequencies at loci throughout the genome. The fact that no such evidence 

has been uncovered within the present study indicates that the high degree of nickel 

contamination at Clydach may not had little effect upon the demography of the resident L 

rubellus. There are however several possible explanations as to why the populations of L. rubellus 

inhabiting the most heavily nickel-contaminated sites of Clydach do not appear to display the kind 

of elevated genetic differentiation that has been uncovered in comparable population genetic 

studies (e.g., Peles et al. 2003, Andre et al. 2010, Simonsen et al. 2010).

One explanation for the lack of differentiation may be that populations of the most heavily 

contaminated sites may actually represent sink populations sustained by the migration of non- 

resistant individuals from less contaminated sites. This explanation is supported by the finding 

that nickel concentrations at some of the more contaminated sites are higher than levels that 

have been demonstrated to cause toxic effects within L. rubellus during exposure trials (Lister et 

al. 2011). Although the imperfect nature of the microsatellites (see chapter 3) limited the analysis 

methods available as a stepwise mutation model could not be assumed, the results that were 

obtained did not display any clear signatures of sink populations. The values of genetic diversity 

for sites closest to the smelter were not found to be higher those for sites located further away. 

The average values of genetic differentiation for sites closest to the smelter were also not found 

to be markedly lower than those for sites located further away. Both of these findings contradict 

the expected patterns of genetic diversity and differentiation for sites featuring a large number of 

immigrant individuals (i.e. sink populations). In addition, although the number of private alleles 

found at sites near the smelter did appear to be slightly higher than some of the sites further 

away, it is unclear whether this is indicative of an increased number of immigrants within these 

sites or alternatively of gene mutation following exposure to nickel. Evidence of a high degree of 

genetic admixture was also uncovered throughout Clydach during Bayesian cluster analysis. It was 

therefore not possible to discern whether the two most contaminated sites displayed a 

disproportionally high degree of immigrant individuals from this analysis.

A second explanation for the presence of L rubellus at the most contaminated sites may be that 

these populations are able to tolerate the high levels of nickel through a process of phenotypic

plasiticity rather than by genetic adaptation (Morgan et al. 2007). Such phenotypic plasticity could
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include the physiological acclimation of adult individuals or the developmental acclimation of 

juveniles (Meyers and Bull 2002). It has been proposed that phenotypic plasticity may occur 

within a stressed population as a precursor to the development of full genetic adaptation (Crispo 

2008). Alternatively a population may display tolerance through phenotypic adaptation to a 

contaminant instead of adaptation if there are high fitness costs associated with the expression of 

genetically tolerant genotypes (Posthuma and Van Straalen 1993, Morgan et al. 2007). This could 

arise due to high metabolic costs of maintaining tolerance mechanisms (Pook et al. 2009) or due 

to pleiotropic effects.

One final possibility is that the bioavailability of nickel to L rubellus may have been low at Clydach 

despite the high total soil concentration. This could have occurred if the soil concentration of 

nickel was sequestered into a largely immobile form reducing its uptake by earthworms (Voua 

Otomo 2011). Additionally physical factors such as soil pH could have acted to reduce the uptake 

of nickel in pore water (Peijnenburg et al 1999). The processing of samples for metabolomic 

analysis meant that it was not possible to determine body concentrations of nickel, which might 

have enabled a determination of the availability of nickel at the most contaminated sites. It was 

also decided not to apply soil pH (in the form of calcium concentration) as a cross-factor during 

population analyses as pH data was only available for two of the heavily contaminated sites.

In conclusion the results of the present study do not support the presence of genetically adapted 

L. rubellus individuals at the most heavily nickel-contaminated sites of Clydach. Although there 

was some evidence of a slightly higher level of genetic differentiation existing between two sites 

close to the smelter and those further away, this was not of a level that would indicate the 

occurrence of strong selection. Other microsatellite studies of adapted populations have 

uncovered levels of genetic differentiation between geographically proximate adapted and non- 

adapted populations that are comparable to that between populations from different 

geographical areas (Plath et al. 2007). Such a high degree of differentiation was not evident in this 

study. If selection for a genetically-based metal-tolerance has occurred at the most heavily 

contaminated sites of Clydach, it must therefore have been relatively weak. The existence of weak 

selection within these sites would however seem to contradict the findings of the metal-analysis 

which indicated the nickel contamination at these sites to be of a level that far exceeds that 

known to increase the mortality of L. rubellus (Lister et al. 2011). It is therefore possible that L 

rubellus at the most contaminated sites of Clydach may display tolerance of nickel contamination 

through a form of phenotypic plasticity (Beldade et al. 2011). Although no evidence of nickel- 

tolerance through phenotypic plasticity was uncovered in the exposure-trial of Lister et al. (2011), 

their study only focused upon the effects of nickel upon adult individuals. It is therefore possible 

that L. rubellus individuals exposed to nickel may be able to become more tolerant by another
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unforeseen form of plasticity such as developmental acclimation (Meyers and Bull 2002).
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Chapter 5. General Discussion 

Background to study

It has been proposed that taxa that are applied as sentinel species should display a minimal 

amount of genetic variability (Hilty and Merenlender 2000). The application of this criterion to 

ecotoxicological studies aims to reduce the influence of possible differences in tolerance between 

sentinel populations that could mask the true degree of environmental stress within that 

environment. Two possible sources of genetic heterogeneity within a sentinel species however 

are the existence of unrecognised cryptic genetic lineages and the existence of populations that 

have genetically adapted to the environmental stress under investigation.

The increasing application of genetic analysis techniques to the identification of species has 

uncovered evidence of divergent cryptic lineages within many sentinel species (e.g. Chenon et al. 

2000, Wares et al. 2007). Further studies of some cryptic lineages in exposure trials have 

subsequently revealed them to differ markedly in their tolerance towards contaminants 

(Sturmbauer et al. 1999, Linke-Gamenick et al. 2000).

Examples of genetic adaptation have also been found within populations of many important 

ecotoxicological sentinels (e.g. Klerks 2002, Diogo et al. 2007, Langdon 2009). The individuals of 

some of these populations have demonstrated a genetically-based resistance towards 

contaminants by producing resistant Fl and F2 offspring during laboratory breeding studies 

(Langdon et al. 2009). Studies have also indicated that selection may drive the rapid development 

of genetic adaptation within some exposed populations (Klerks and Levinton 1989, Spurgeon and 

Hopkin 2009).

Studies indicate that the widely applied earthworm sentinel Lumbricus rubellus, may display both 

of the aforementioned forms of genetic heterogeneity within its populations. The studies of King 

et al. (2008) and Andre et al. (2010) have both indicated the existence of divergent cryptic 

lineages within populations of L rubellus. These studies have also demonstrated the existence of 

sympatric populations of the two lineages and the presence of these lineages at contaminated 

sites which could present a problem for ecotoxicological studies. In order to develop a deeper 

understanding of the degree of divergence between these two lineages they were analysed in two 

separate studies. The first of the studies featured a wider mitochondria) sequence analysis of the 

two lineages from populations located throughout southern England and Wales. A morphological 

analysis was also conducted to uncover any possible lineage-specific traits that could be applied 

to differentiate the individuals of these two lineages. The second study applied microsatellite 

fragment and sequence analysis to investigate the degree of nuclear genetic differentiation
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between the lineages. This would uncover any evidence of male-mediated introgression between 
the lineages.

Several studies have also indicated that some metal-exposed populations of L. rubellus may 

display a genetically based resistance towards contaminants. These studies include laboratory 

based exposure trials featuring Fl and F2 offspring (Langdon et al. 2001, Langdon et al. 2009) and 

population genetic studies (Andre et al. 2010, Simonsen and Klok 2010). In order to observe 

whether L. rubellus populations are genetically adapted to nickel contamination a population 

genetic study was conducted using microsatellite markers. Populations were sampled along a 

gradient of nickel contamination enabling patterns of genetic differentiation to be observed. This 

would allow the inference of genetically adapted populations.

Synthesis of the findings

The mtDIMA COI analysis within the present study indicated the two lineages of L. rubellus to be 

even more divergent than previous studies, with a mean uncorrected p-distance of 14% between 

these two lineages. This is far higher than the value stated by King et al. (2008) of 8.28% and is 

only slightly lower than the mean level of divergence uncovered between L. rubellus and the 

congeneric species, Lfestivus.

MtDNA analysis also uncovered a large number of new haplotypes within both of the L. rubellus 

lineages. Within the two lineages levels of sequence divergence between haplotypes were found 

to be lower within lineage B. The halpotypes of lineage B differed by up to 6bp which contrasted 

with lineage A where some of the haplotypes were found to differ by 17bp. The relatively lower 

level of genetic divergence observed between the haplotypes of lineage B could therefore 

indicate that these haplotypes emerged more recently than many of those found within lineage A.

The results of the microsatellite analysis also indicated a strong differentiation of the two 

lineages. The differentiation was apparent both in terms of allele frequencies within the lineages 

and in the degree of sequence variation revealed during alignment of flanking and repeat regions. 

Allele frequency measurements indicated that the degree of genetic differentiation between 

sympatric populations of the two lineages was far greater than the differentiation between 

allopatric populations of the same lineage. This differentiation was also reflected in both the 

results of Bayesian cluster analyses using NEW-HYBRIDS and STRUCTURE, and a principal 

coordinates analysis that all clearly differentiated the lineages within the two sites where they co- 

occurred. None of the cluster analyses was however able to uncover the existence of hybrid 

individuals, as were found in the study of Andre et al. (2010).
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The finding that microsatellite data can successfully differentiate the two lineages of L rubellus 

mirrors the findings of Dupont et al. (2011) who were able to differentiate several of the mtDNA 

lineages uncovered by King et al. (2008) using microsatellites. Some of the findings of Dupont et 

al. (2011) were also found to be congruent with inferences of nuclear differentiation uncovered 

by King et al. (2008) using amplified fragment length polymorphism data. This therefore indicates 

that microsatellites may be comparable to AFLPs and other nuclear molecular markers in their 

ability to differentiate individual genetic lineages or species.

Given that no evidence of hybridisation was uncovered in the current study it is unclear whether 

the hybridisation indicated in the AFLP study of Andre et al. (2010) is a frequent occurrence 

between the lineages of L rubellus or a rare event. The study of Andre et al. (2010) did feature 

twice as many populations than the present study however, although two of these populations 

were predominantly composed of a single lineage. All of the populations were also located within 

a single geographical region that was contaminated with lead. One possible explanation for the 

existence of this hybridisation may therefore be that it is a result of selection imposed by lead 

contamination. It has been proposed that hybrid individuals may sometimes display an elevated 

degree of fitness or 'hybrid vigour' compared with non-hybridising individuals (Burke and Arnold 

2001).

Alternatively dissimilarity between the results of microsatellite and AFLP analysis could reflect 

differences in the accuracy of these two molecular markers. Although the wide-ranging genomic 

coverage of AFLP markers is useful for uncovering hybrid individuals, AFLP foci can often exhibit 

size homoplasy (Gort and Eeuwijk 2011). This can cause separate loci to be mistakenly grouped 

together as a single locus, leading to over-estimation of the degree of relatedness between 

individuals (Gort and Eeuwijk 2011). It is therefore possible that hybrid individuals identified 

during AFLP studies of L rubellus may have resulted from the scoring of homoplasic loci.

A morphological analysis of the two lineages uncovered an anteriorally located trait that 

appeared to differ between the two lineages and could therefore represent a possible identifer of 

these lineages. The trait which appeared to represent a glandular tumescence, was tested in a 

blind-trial and found to display success in identifying lineage B individuals. A means of accurately 

identifying lineage A individuals was also suggested by the finding that this trait was only found to 

be expressed over more than one segment within this particular lineage. No mention of this 

morphological trait could be found within the taxonomic guide of Sims and Gerard (1999). 

However the taxonomic description of L. rubellus by Bouche (1972) mentions an anteriorally 

located glandular area that appears to correspond to this trait.
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External morphological traits such as genital markings have been widely applied for the 

identification of individual earthworm species (Briones et al. 2009). The application of such traits 

enables a greater degree of accuracy in species identification than alternative traits such as body 

size and pigmentation that can often vary within species (Piearce et al. 2002, Chang et al. 2007). 

The new morphological trait uncovered in the present study could therefore be a suitable 

morphological trait for identifying the two lineages.

One possible explanation for the existence of cryptic lineages within British earthworm species is 

that they may have diverged in allopatry after inhabiting separate glacial refugia during the 

Pleistocene (King et al. 2008). Many mtDNA-based phylogeographic studies of north European 

animal and plant populations have uncovered evidence for genetic lineages that are believed to 

have resulted from the genetic divergence of separate southern European refugial populations 

during the Pleistocene (Taberlet et al. 1998, Hewitt 2001). However these lineages are typically 

allopatric in their distribution reflecting their different routes of recolonisation. It is possible 

however that human-mediated dispersal may have mixed geographical lineages of L. rubellus 

given the extent of the contemporary human-mediated dispersal of earthworms and the many 

peregrine populations of L rubellus (Schwert, 1980, Tiunov et al., 2006, Cameron et al., 2008). 

However, it has been proposed that the extent of such mixing would be insufficient to cause the 

widespread co-occurrence of lineages that is observed within many European earthworm species 

(King etal., 2008).

The recent discovery of genetic lineages within north European species that appear to be too 

highly differentiated and localised in distribution to have originated from recolonising Southern 

European refugial populations has led some researchers to speculate that they may have survived 

the Pleistocene glaciations within 'cryptic' northern refugia (Vialatte et al. 2008, Michl et al. 

2010). Such refugia could have consisted of sheltered valleys with microclimates favourable to 

temperate adapted species, ice-free nunataks atop mountains or cave environments (Pielou 1991, 

Stewart and Lister 2001). Populations inhabiting such refugia may have genetically diverged from 

other populations due to the occurrence of a genetic bottleneck or genetic adaptation to a new 

ecological niche that in some circumstances may have resulted in allopatric speciation (Stewart et 

al. 2010). The discovery of populations of L. rubellus within cave environments featuring none of 

the woody organic matter typically associated with epigeic habitats (Reeves 1999) may indicate 

that this species could have adjusted its ecological niche and inhabited similar environments as 

cryptic refugia.

However, a refugial population of L. rubellus could theoretically have existed within southern 

England during the Pleistocene. Geological studies indicate that a large part of the south of 

England was unglaciated during this time-period (Sejrup et al. 2005). Millennial fluctuations in
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climate due to Dansgaard-Oeschger cycles may have also resulted in a climate that was 

sporadically temperate in nature (Scourse et al. 2009). The existence of a land-bridge to mainland 

Europe may have also enabled L. rubellus individuals to migrate to warmer regions during the 

colder periods of Dansgaard-Oeschger cycles. Alternatively individuals may have survived the 

colder periods within refugia featuring favourable microclimates. Studies have uncovered 

evidence that such refugia may have existed within sheltered areas of southwest England 

(Stewart and Lister 2001).

A microsatellite analysis of (lineage A) L. rubellus populations located along a gradient of nickel 

contamination did not uncover any strong support for the hypothesis that the most heavily 

contaminated sites consist of genetically adapted populations. The analysis was unable to uncover 

a clear correlation between the genetic differentiation of the sites and their degree of nickel 

contamination. Although a slightly higher degree of genetic differentiation was uncovered for two 

of the contaminated sites this differentiation was not particularly pronounced when it was 

compared with that between different regions. This contrasted with previous studies of L. rubellus 

populations inhabiting heavy metal contaminated sites that have uncovered evidence of 

genetically differentiated populations (Peles et al. 2003, Kille et al. 2010, Simonsen et al. 2010). 

Although it is possible that the degree of resolution offered by microsatellite analysis may have 

been insufficient to resolve patterns of weak selection affecting only a small number of loci, a low 

degree of differentiation was also uncovered in a multilocus AFLP analysis of the same 

populations (Gabriela Juma pers. comm.). It is therefore possible that the presence of L rubellus 

individuals at nickel-contaminated sites may be due to factors other than the genetic adaptation 

of populations.

The lack of a clear correlation between nickel contamination and population differentiation also 

did not offer strong support for the alternative hypothesis that the highly contaminated sites may 

be 'sink' populations sustained by the immigration of non-resistant individuals from less 

contaminated sites. If the highly contaminated sites contained an increased proportion of 

immigrant individuals, then the average genetic differentiation of these sites would have been 

expected to be lower than the less contaminated sites. The levels of genetic diversity at the most 

heavily contaminated sites also did not appear to be higher than the other sites, as they might be 

if these sites contained a large proportion of immigrant individuals.

Several other population genetic studies that have applied microsatellite analysis to infer the 

genetic adaptation of phenotypically distinct populations have also failed to uncover clear 

evidence of an increased genetic differentiation of the populations from surrounding populations 

(Jordan et al. 2005, Whiteley et al. 2009). This has led researchers to propose that these 

populations may have adapted through a process of phenotypic plasticity.
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The phenotypic adaptation of L rubellus individuals to contaminants by physiological acclimation 

is well documented within ecotoxicological studies (reviewed in Brulle et al. 2010). Such studies 

have long demonstrated that metal exposed earthworms may display physiological changes 

following a period of exposure to toxicants. Physiological changes form the basis of many of the 

biomarkers that are applied to indicate stress responses within contaminant exposed earthworms 

(Scott-Fordsmand and Weeks 2000). Although some of these physiological changes reflect the 

cellular damage caused by toxicants, some of the changes have been demonstrated to represent 

the activities of tolerance mechanisms. Such changes include the increased expression of metal- 

sequestering proteins such as metallothionein (Spurgeon et al. 2004, Asensio et al. 2007) and 

detoxifying enzymes such as glutathione S-transferase (LaCourse et al. 2009). The increasing 

application of 'omics' technologies within ecotoxicology has also enabled the resolution of 

complex detoxification pathways within L. rubellus by enabling the identification of the large 

numbers of transcriptional and metabolic changes occurring within toxicant-exposed individuals 

(Bundy et al. 2008, Owen et al. 2008).

Implications of the findings

The finding that the two lineages of L rubellus are genetically differentiated in both their 

mitochondria! and nuclear genomes may indicate that they are reproductively isolated (although 

see Andre et al. 2010) and should therefore be treated as if they are separate species in 

accordance with the Biological Species Concept. Although some taxonomists oppose the 

adoption of such a genetic approach to the definition of earthworm species (Blakemore et al. 

2010), treating the lineages as separate species could serve an important practical role in 

preventing inaccuracies arising within ecotoxicological studies. Studies of other cryptic annelid 

species including the species complexes of Tubifex tubifex (Sturmbauer et al. 1999) and Capitella 

capitata (Linke-Gamenick et al. 2000) have demonstrated that cryptic species can differ 

considerably in their tolerance of contaminants. It is therefore possible that the two lineages of L. 

rubellus may differ in tolerance towards some contaminants with consequences for the 

application of L. rubellus as a sentinel species. Further ecotoxicological studies are therefore 

required to analyse any possible differences in tolerance between lineages.

If the two lineages of L. rubellus are found to differ significantly in their tolerance of 

contaminants, then it will be necessary to account for this difference during ecotoxicological 

testing. Future studies featuring L rubellus will therefore need to differentiate the two lineages or 

apply a single lineage within their studies. It is possible that one of the lineages may be better 

suited to ecotoxicological testing by displaying a greater sensitivity to contaminants or displaying 

a lower variability in response. Differentiation of the lineages could be conducted using either the
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morphological traits uncovered in this study or the restrictment length polymorphism found to 

differentiate the lineages (Andy King personal communication).

One implication of the lack of genetic differentiation indicated by the microsatellite analysis is 

that L rubellus may display a much greater capacity for tolerating toxic metals through 

phenotypic plasticity than previous studies have indicated. One way by which a species could 

acclimate towards the presence of contaminants could be by a process of developmental 

plasticity with irreversible changes during development resulting in adult individuals being more 

tolerant of contaminants (Meyers and Bull 2002). Existing exposure trials featuring L rubellus may 

have failed to take this source of phenotypic plasticity into account by focusing upon the 

responses of adult individuals in exposure trials (e.g. Lister et al. 2011). It is therefore possible 

that the actual degree of phenotypic plasticity demonstrated by L. rubellus populations that are 

exposed to contaminants could be greater than is currently indicated.

Future directions

As has been mentioned the cryptic genetic lineages within L. rubellus could pose a severe problem 

for ecotoxicologists. It is therefore important that further studies of the two lineages are 

conducted to enable them to be understood in greater detail. One such study could be to conduct 

breeding trials to establish the source of the reproductive isolation observed between the two 

lineages, as have been performed with different lineages of Allolobophora chlorotica (Lowe and 

Butt 2008). This would also allow researchers to establish if a low level of hybridisation between 

the lineages does exist as suggested by the study of Andre et al. (2010). Studies could also be 

conducted to uncover differences in feeding ecology between the lineages that could indicate 

differences in their ecological niche (Curry and Schmidt 2007). Such differences in feeding could 

lead to differences in their degree of exposure towards certain contaminants. Finally in order to 

establish how widely the lineages of L. rubellus differ in their tolerance towards contaminants, 

comparative exposure trials are required that could indicate differences in the uptake, excretory 

ability or assimilation of contaminants.

Further analysis is also required to determine how the L. rubellus populations at Clydach are able 

to tolerate the toxic levels of nickel found there. As has been mentioned, the design of existing 

nickel exposure trials featuring L. rubellus (Lister et al. 2011) have failed to take into account the 

possible effects of developmental plasticity in increasing tolerance. An exposure trial could 

therefore be conducted featuring L rubellus cocoons or juveniles to investigate this possibility.

The possible absence of a genetically adapted population at Clydach could also be further 

investigated to establish the circumstances that may have prevented its evolution. Comparisons 

could be made with populations at other nickel contaminated sites with population studies

136



conducted to establish if any of these sites feature genetically adapted populations. Factors that 

could influence adaptation and therefore could be taken into account in selecting the sites include 

the level of genetic diversity in nearby populations, the duration of the nickel contamination and 

the presence of additional physical stressors. If a population is found to feature genetically 

adapted individuals a study could also be conducted to determine if there are any 'costs-of- 

tolerance' associated with this genetic tolerance that could constrain its development within 

other populations (Posthuma and Van Straalen 1993).

Finally given that the majority of the microsatellites applied in the present study amplify both 

lineages of L. rubellus, a population genetics study could be undertaken to determine the effects 

of contaminants upon populations of both lineages. This would enable a comparison of the effects 

upon the two lineages and could uncover differences between them, e.g. adaptation in only a 

single lineage.
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Appendix B- Site information
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