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Abstract 

 

Abstract 

Previous research on the salt marsh beetle Pogonus chalceus from several European populations 

revealed habitat stability related divergence for both dispersal power and the pattern of allele 

frequencies of the isocitrate dehydrogenase 2 (IDH2) allele. Populations from temporary habitats 

showed near-maximum dispersal power and very high frequencies of the IDH2-L allele, whereas stable 

populations showed more varying degrees of dispersal power and high frequencies of the IDH2-S allele. 

In the present study, analysis of phylogenetic trees constructed for both the adaptive IDH2 gene and the 

putative neutral gene, Cytochrome Oxidase subunit one (COI), using several species of the genus 

Pogonus and Pogonistes from different European populations reveals a deep divergence within P. 

chalceus for IDH2. This deep divergence was not present within P. chalceus for COI, providing an 

indication that balancing selection preserves variation within the IDH2 gene. The molecular clock 

analysis suggests a high nucleotide substitution rate for IDH2 and a recent, single origin of the IDH2-S 

allele. Our results support the hypothesis that the IDH2-S allele has a recent, single origin in allopatry 

and entered populations throughout Europe via introgression from standing genetic variation. In the 

Guérande salt marshes, where the ponds and canals present a mosaic of stable and temporary habitats, 

this divergence is observed at a microgeographical scale. Previous studies revealed that habitat selection 

preserves the differentiation between the pond and canal inhabiting individuals of P. chalceus in the 

Guérande salt marshes, despite strong gene flow. In our study, we investigate whether reproductive 

barriers are present between the ecotypes of P. chalceus, which might assist habitat selection in 

counterbalancing the homogenizing effect of gene flow. We found no indication for the presence of 

temporal isolation between the ecotypes of P. chalceus in the Guérande, however, we state that the 

remarkable difference in willingness to mate between pond and canal males observed in the present 

study might prove to contribute to reproductive isolation upon further investigation. The case study of 

adaptive divergence in P. chalceus contributes to the growing awareness that the plurality of 

mechanisms and processes underlying the process of divergence often renders this process more 

complex than generally acknowledged. 
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1 Introduction 

More than 150 years after Darwin published his ideas on evolution, it has become clear that they were 

the trigger of intense debates that are as active now as ever before. Although it is now generally 

accepted that the origin of species really does occur by means of natural selection, many questions still 

remain (Schluter 2009). The reconciliation of Darwin’s theory with important discoveries in genetics 

added a whole new aspect to evolutionary thinking, for it became clear where variation comes from and 

how it can be passed on to following generations. Within this new, genetic framework Dobzhansky and 

Mayr defined species and speciation based on the criterion of reproductive isolation instead of 

morphological and other phenotypic differences (Dobzhansky 1937, Mayr 1942). The biological species 

concept (BSC) defined by Ernst Mayr in 1942 stated that “species are groups of actually or potentially 

interbreeding populations, which are reproductively isolated from other such groups”. Hence, from that 

moment on, the study of speciation became equivalent to the study of the evolution of reproductive 

isolation (Schluter 2009). Under the BSC, speciation consists of the evolution of biological barriers to 

gene flow and it has become clear that there are many kinds of isolating barriers, which can be classified 

as either prezygotic or postzygotic barriers (Futuyama 2005).  

A great challenge in speciation studies is to identify the magnitude and the order of appearance of these 

isolating barriers and other drivers of species divergence. Sobel et al. (2009) define the most important 

isolating barriers as those that hamper the majority of gene flow at the time of speciation. Although 

speciation may indeed result from the action of only one isolating barrier, it is conceivable that, as Sobel 

et al. (2009) formulated so elegantly, evolutionary trajectories may reticulate in the future. This poses a 

huge difficulty for evolutionary biologists who try to deduce, long after the event of speciation took 

place, how the reproductive barriers evolved, which of them were most important and how they are 

currently maintained. Therefore, it is not surprising that strong disagreement remains as to how this 

could be accomplished. 

In an attempt to improve our understanding of speciation mechanisms, Schluter (2001) and Rundle and 

Nosil (2005) suggested a classification of speciation modes that focuses on the mechanisms that drive 

the evolution of reproductive isolation, which resulted in distinguishing ecological from non-ecological 

speciation. Ecological speciation is defined as a concept that unites speciation processes in which 

reproductive isolation evolves ultimately as a consequence of divergent selection on traits between 

environments (Schluter 2001). Non-ecological speciation includes modes of speciation in which chance 

events play a central role, such as genetic drift, polyploid speciation and speciation by hybridization. It 

may also include modes of speciation in which selection is essential, namely, speciation by sexual 

selection and speciation by divergence under uniform selection, in which different advantageous but 

incompatible mutations arise in separate populations occupying similar environments. Both natural and 

sexual selection may be involved in every speciation mode presented above, therefore, the presence of  
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either natural or sexual selection per se is not a good basis for classifying speciation events. (Rundle and 

Nosil 2005, Schluter 2001, 2009). Sobel et al. (2009) argue, however, that this proposed dichotomy of 

ecological versus non-ecological speciation is both flawed and unnecessary, having shown that ecology 

is involved in both uniform selection and polyploidy, and that genetic drift is unlikely to cause speciation 

unilaterally. They conclude that ecology is rarely, if ever, truly absent from speciation and that, 

therefore, ecological adaptation is the major driver of reproductive isolation.  

Historically, speciation modes have been classified based on the geographical arrangement of 

populations undergoing speciation, distinguishing allopatric, parapatric and sympatric speciation 

(Futuyma 2005). Allopatric speciation is defined as the evolution of genetic reproductive barriers 

between populations that are geographically separated. In parapatric speciation, reproductive isolation 

evolves between neighboring populations, whereas in sympatric speciation, reproductive isolation 

evolves within a single, initially randomly mating population, i.e. without geographic isolation. According 

to Mayr (1963), complete geographic isolation is a prerequisite for animal divergence, arguing that 

sympatric divergence is theoretically very unlikely. Sympatric speciation has always been a much 

contested topic in evolution. Many discussions can be related to the vagueness of the definition. 

Isolation, for example, is a matter of degree and may depend on spatial scale (Bolnick and Fitzpatrick 

2007, Mallet et al. 2009). 

Some instances of sympatric speciation are uncontroversial, such as polyploid speciation, hybrid 

speciation or sexual populations that produce asexual or selfing lines via mutation. In these instances 

recombination does not oppose divergence. However, in most instances the key problem is that mating 

and recombination rapidly break down linkage disequilibrium, thus preventing the formation of 

genetically distinct subgroups (Bolnick and Fitzpatrick 2007). Despite the aforementioned, there is a 

growing consensus that allopatry is not the only possible mode of speciation and that divergence in the 

face of gene flow does occur, be it under more restrictive circumstances than allopatric speciation 

(Coyne and Orr 2004, Pinho and Hey 2010).  

 

A famous example of putative sympatric speciation is the Rhagoletis pomonella complex, which contains 

a number of host races, including the apple and hawthorn-infesting populations of R. pomonella, and 

some sibling species. Bush (1966, 1969) noticed that the flies of the R. pomonella complex share broadly 

overlapping geographic ranges and high morphological similarity, yet each infests a unique set of host 

plants. These findings led him to conclude that all members of the complex must have speciated 

sympatrically via host plant shifting. Especially the recent shift of R. pomonella from its native hawthorn 

fruit (Crataegus spp.) to cultivated apple (Malus pumila), which was only introduced in the mid-1800s, is 

often cited as an example of sympatric divergence in action (Bush 1993, Berlocher and Feder 2002, 

Coyne and Orr 2004). However, it appears that the speciation process that constituted the R. pomonella 

complex can be formulated as a partial reconciliation of sympatric and allopatric views. Feder et al.  
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(2003) suggested that an ancestral R. pomonella population became geographically subdivided in a 

Mexican and a North American population. Later on, inversion polymorphisms, which are associated 

with key diapause traits, present as standing genetic variation in the Mexican population, invaded the 

North American populations through gene flow, a process called introgression. These inversion 

polymorphisms were easily spread, forming latitudinal clines, as they allowed flies to adapt to latitudinal 

and local variation in host phenology. Moreover, these inversion clines provided a genetic basis for 

diapause variation, which allowed subsequent sympatric host shifts to host plants with different fruiting 

times, including introduced apple. The results do not imply that all genes responsible for the sympatric 

host shifts arose in allopatry or are contained within the inversions, but that the introgression of these 

allopatrically evolved inversions facilitated the adaptive radiation in sympatry (Feder et al. 2003). 

 

A question arising from the previous example is whether the occurrence of speciation under high levels 

of gene flow is facilitated and, perhaps only possible, when preceded by an initial allopatric phase of 

population divergence that enriched the pool of adaptive genetic variation. It has indeed been noted 

that introgression and subsequent adaptation from standing genetic variation rather than from new 

mutations might lead to faster evolution, not only because beneficial alleles are immediately available, 

but also because they usually start at higher frequencies (Barrett and Schluter 2008). Furthermore, 

alleles present as standing genetic variation have been pre-tested by selection in past environments, in 

another part of the species range or even in other species. Standing genetic variation has already passed 

through a ‘selective filter’, which increases the chance of large-effect alleles being advantageous and 

raising the probability of parallel evolution (Barrett and Schluter 2008). A nice example of such parallel 

evolution from standing genetic variation is the repeated fixation of Ectodysplasin (Eda) alleles in the 

threespine stickleback complex (Gasterosteus aculeatus) (Colosimo et al. 2005). After the last ice age, 

marine sticklebacks colonized newly arisen freshwater lakes and streams throughout the Northern 

Hemisphere. Remarkably, many freshwater morphs show a reduction of the pelvic structures and 

extensive bony armor found in marine forms (Shapiro et al. 2006, Colosimo et al. 2005). It was 

concluded that the Eda locus controls the majority of variation in bony lateral plates between marine 

and freshwater morphs (Colosimo et al. 2005). Lateral plates play a defensive role in sticklebacks and it 

is thought that in freshwater, where individuals are often closer to cover than in a marine environment, 

the costs of an extensive bony armor do not counterbalance the advantages. Analysis of neutral genetic 

variation rejects the possibility of a single origin of low-plated populations. In contrast, the Eda alleles of 

most low-plated populations do share a common ancestry (Colosimo et al. 2005). These findings indicate 

that low-plated alleles at the Eda locus, which are present in low frequencies in marine populations, 

were repeatedly selected from this standing genetic variation. The annual migration of marine 

sticklebacks from ocean to freshwater might be a mechanism responsible for the repeated flow of 

ancient low-morph alleles to marine populations (Colosimo et al. 2005). 
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The case of the threespine stickleback and the Rhagoletis pomonella complex nicely illustrates that the 

process of speciation is often far more complex than generally acknowledged. In fact it has led some 

authors to question whether it is possible to state that a speciation mode is entirely allopatric or 

sympatric (Michel et al. 2007, Xie et al. 2007, 2008). If some genetic changes contributing to 

reproductive isolation arise in allopatry, while others arise in sympatry, the geographic mode of 

speciation will be a mixture (Coyne and Orr 2004, Mallet 2005). Furthermore, not only new mutations 

but also standing genetic variation, which originated long before the speciation event took place, can 

initiate speciation (Orr & Betancourt 2001, Hermisson and Pennings 2005, Xie et al. 2007). These 

realizations led to the development of the concept of speciation-mode plurality, in which factors 

contributing to divergence may arise and evolve under a variety of different geographic circumstances. 

This does not imply that the terms allopatry and sympatry should be abandoned, however, it is a 

request to think beyond a simple sympatric versus allopatric dichotomy with regard to speciation modes 

(Feder et al. 2005, Michel et al. 2007, Xie et al. 2007, 2008). 

 

This is not the only imposed dichotomy which may blur during speciation. The same is true for cladistic 

splitting of taxa. Bifurcating phylogenies may be useful when dealing with divergence over evolutionary 

times but forcing this pattern on population divergence may not accurately describe a more dynamic 

and reticulate speciation process, because it would lead to an incorrect image of the evolutionary 

relationships between taxa. It is even suggested that the analogy of ‘a delta of life’ rather than ‘a tree of 

life’, due to its reticulate nature, may be a more reliable representation of the process of divergence in 

the R. pomonella complex and several other instances (Feder et al. 2005, Xie et al. 2008). It is therefore 

assumed that the plurality of mechanisms and processes that constituted the R. pomonella complex will 

also be observed in many other cases of divergence (Xie et al. 2008). A comprehensive approach is 

required to study what Mayr (1942) rightfully called, ‘the biology of speciation’, for it is clear that the 

origins of animal species can be as dynamic and rich as seen in plants (Feder et al. 2003, 2005). And it is 

this approach that we have chosen to study our case of sympatric divergence in Pogonus chalceus.  

 

Pogonus chalceus (Marsham 1802) is a halobiontic ground beetle of about 6 mm in length which is most 

active during daytime. The species occurs in marine marshes with a salinity exceeding 0,1 % and prefers 

partly vegetated zones in the lower salt marsh (Desender & Maelfait 1999). Reproduction takes place 

during late spring and summer, and the animals hibernate as adults (Paarmann 1976, Desender 1985). 

The geographical distribution of the species extends along the Atlantic coast including Denmark and 

major parts of the Mediterranean (Turin et al. 1997). Early work showed that wing size is extremely 

variable in P. chalceus, from short to completely developed wings, with all possible intermediates. When 

relative wing size decreases below wing development values of about 70%, individuals with functional 

flight musculature become rare or even absent (Desender 1985). Relative wing size, i.e. wing size 

corrected for allometry was shown by Desender et al. (1986) to be an unbiased measure for comparing 

different individuals and species of carabid beetles and a good indicator for dispersal power.  
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Furthermore, wing development in this species was shown to be a polygenetic trait with a high 

heritability (Desender 1989). 

 

When comparing wing polymorphisms in several Western European populations, Desender et al. (2000) 

found that all Mediterranean populations studied possessed a remarkably high dispersal power (relative 

wing size), as well as high frequencies of individuals with functional flight muscles. Atlantic populations, 

on the other hand, showed more varying degrees of wing polymorphism and dispersal power. As the 

Mediterranean salt marshes show more fluctuation in for instance temperature, humidity and food 

supply, Desender et al. (2000) interpreted the retention of a high dispersal power as an adaptation for 

survival in temporary, more unstable marshes. Atlantic salt marshes would be closer to the species 

optimal habitat, the climate is less extreme and populations do not suffer as much from temporarily dry 

and hot conditions compared to those in the Mediterranean. Nevertheless are some Atlantic 

populations also classified as a type of temporary population. Those populations are usually small and 

relatively young and are mostly located inland (Desender et al. 2000, Dhuyvetter et al. 2004). 

 

Analyses of the genetic structure of P. chalceus from Atlantic and Mediterranean Western European 

populations demonstrated that relative wing size differences observed among the populations show 

similar patterns as the divergence in allele frequencies of the IDH2 (isocitrate dehydrogenase 2) gene 

(Dhuyvetter et al. 2004). Observing that measures of genetic differentiation, based on allozymes and 

microsatellites, were much higher for IDH2 than for other investigated enzyme loci, this locus is 

considered to be non-neutral. This exceptional amount of differentiation among populations for IDH2 

could be caused by natural selection on the IDH2 locus or a tightly linked region. Evidence for such 

selection was delivered when contrasting the patterns of allele frequencies to habitat stability of the 

investigated areas.  Remarkably, all temporary populations of P. chalceus showed fixation or very high 

values for the IDH2 allele two, whereas the stable populations had high frequencies of IDH2 allele four. 

Furthermore, the temporary populations also showed near-maximum dispersal power, as measured by 

relative wing size, as well as high frequencies of individuals with functional flight muscles. As stated 

above this retention of a high dispersal power was previously interpreted by Desender et al. (2000) as an 

adaptation for survival in temporary, more unstable marshes. The study concludes that not only the 

dispersal power of P. chalceus can be interpreted as a habitat-related adaptation but also the pattern of 

allele frequencies found at the IDH2 locus (Dhuyvetter et al. 2004). This adaptive divergence of both 

relative wing size and IDH2 allele frequencies in relation to habitat stability observed for the European 

populations is nicely illustrated in Figure 1. 

 

A direct relation between the expression of IDH2 and relative wing or body size has not yet been found. 

The IDH2 enzyme catalyses the rate-limiting step of the citric acid cycle and a possible link with growth 

could be associated with the energy that is produced in this reaction. It has been demonstrated that the 

flight muscles of beetles contain high activities of IDH2 (Alp et al. 1976). The high activities indicate the  
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dependence of insect flight on energy generated via the citric acid cycle and thereby suggest the 

potential adaptive importance of the IDH2 gene. This is supported by findings in a more recent study by 

Kabir and Shimizu (2004), which showed that knockout of the IDH gene in Escherichia coli led to reduced 

specific growth and reduced specific glucose consumption rate. 

 

 

 

 

 

 

 

 

 

 

 

  

 Figure 1: Geographic distribution of the investigated Pogonus chalceus populations in Europe, separated 

according to habitat stability (stable, intermediate and temporary). IDH2 allele frequencies are indicated, IDH2 

allele 2 = IDH2-L: blue, IDH2 allele 4 = IDH2-S: red. Temporary populations show fixation or high frequencies of 

IDH2 allele 2, stable populations possess high frequencies of IDH2 allele 4. Individuals carrying allele four of the 

IDH2 gene tend to demonstrate strongly reduced relative wing size, whereas individuals carrying allele two 

tend to have more fully developed wings. (After Dhuyvetter et al. 2004, edited by Steven Van Belleghem)   
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Previous results were obtained for geographically isolated populations of P. chalceus. In the Guérande 

salt fields in France, P. chalceus can be found in a mosaic of two contrasting habitats; ponds and canals 

(Figure 2). The ponds are periodically inundated as they serve for salt extraction through sea water 

evaporation, which makes them a rather unstable environment compared to the borders of the canals 

that transport water from the sea to the ponds. The canals are a more natural habitat with vegetation, 

whereas the ponds were created some 1000 years ago by man and are not vegetated. These rather 

stable and unstable environments are present in many replicates, located only 10-20m apart, offering 

the unique opportunity to test the hypothesis whether the previously observed adaptive divergence of 

both relative wing size and IDH2 alleles can evolve or be maintained in the absence of geographic 

barriers. 

 

Figure 2. The Guérande salt field in France. Top left: the ponds from which the salt crystals are extracted after evaporation. Top 

right: canals bring water from the sea to the ponds. Bottom: In the Guérande region ponds and canals are present as a mosaic, 

situated only 10-20m from each other.  
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Dhuyvetter et al. (2007) demonstrated that in P. chalceus body and relative wing size are indeed 

strongly divergent between the two contrasting microhabitats. Individuals of P. chalceus from the pond 

microhabitat have greater relative wing size than beetles from the canals, which is in concordance with 

the unstable nature of the pond habitat. As relative wing size was demonstrated to show a significant 

narrow-sense heritability (Desender 1989) this observation strongly suggests the presence of divergent 

selection between the populations. Traits related to beetle size were significantly heritable for the 

female but not the male parent, indicating the importance of maternal effects concerning body size 

(Desender 1989). Furthermore, it is suggested that a larger body size of individuals from the pond 

habitat might be related to the need to accommodate functional flight musculature (Dhuyvetter et al. 

2007). Most importantly, the study of Dhuyvetter et al. (2007) shows that, also at a micro geographical 

scale, the IDH2 allele frequencies show a strong correlation with habitat stability. Thereby providing new 

evidence that the enzyme polymorphism of the IDH2 gene is indeed adaptive. Allele two is frequent in 

the pond, whereas canals are nearly fixed at allele four. Neutral markers, on the other hand, show no 

divergence between the ecotypes, indicating that there is gene flow between the ecotypes. Figure 3 

nicely demonstrates the link between relative wing size, IDH2 allele and habitat stability. Within each 

ecotype, the relative wing sizes differed significantly among individuals of different IDH2 genotypes. This 

difference corresponds to the aforementioned pattern found across populations. Individuals carrying 

allele four of the IDH2 gene tend to demonstrate strongly reduced relative wing size, whereas 

individuals carrying allele two tend to have more fully developed wings (Dhuyvetter et al. 2007). 

Therefore, we will from now on refer to allele four of the IDH2 gene as IDH2-S (IDH2-short) and to allele 

two as IDH2-L (IDH2-long). We must keep in mind, 

however, that average differences in relative wing 

size between the ecotypes are not solely due to 

differences in allele frequency, Figure 3 clearly shows 

that individuals of the same IDH2 genotype can differ 

significantly in relative wing size.  

 

 

 

 

Figure 3. Pogonus chalceus relative wing size frequency 
distributions for pooled pond (above) compared to canal 
populations (below). Individuals with the 2/2, 2/4, and 4/4 
genotype are shown in a different color. (After Dhuyvetter 
et al. 2007) 
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The adaptive divergence of the IDH2 alleles and relative wing size in relation to habitat stability has now 

been demonstrated at both a micro- and macrogeographical scale. The question remains, however, how 

this divergence arose and how it is maintained. Dhuyvetter et al. (2004) suggested that this habitat 

selected divergence probably occurred several times independently, rendering P. chalceus an example 

of parallel evolution by local adaptation. Parallel evolution is defined as a form of homoplasy, in which 

the same trait evolves independently in separate closely related lineages (Futuyma 2005). The repetition 

of evolutionary changes in similar environments strongly implies that natural selection is the cause 

(Clarke 1975, Endler 1986) because genetic drift will not commonly produce concerted shifts in the same 

direction. 

To investigate the matter further, a fragment of the IDH2 gene was sequenced for individuals of P. 

chalceus originating from various places in Europe (Pers. Conv. Steven Van Belleghem). From the IDH2 

sequences, haplotypes were inferred and used to construct a Mister Bayes tree. Remarkably, all IDH2-S 

haplotypes cluster as a monophyletic group within IDH2-L, revealing a single origin of the IDH2-S 

enzyme.  

The haplotypes of IDH2 were also analyzed by constructing a Neighbor Network. The strength of 

Neighbor Networks lies in the fact that they can cope with the reticulate nature of population 

divergence. The network revealed that IDH2-L shows a more haplotype diversity than IDH2-S, suggesting 

that IDH2-S has originated more recently than IDH2-L. Furthermore, a strong divergence was present 

between IDH2-L and IDH2-S, providing a good indication that selection might be responsible for the 

observed divergence between the ecotypes. It remains possible, however, that the divergence and 

difference in haplotype diversity results from demographic changes. As demographic factors affect the 

entire genome in a similar way we would expect to see a similar pattern when constructing a haplotype 

Neighbor network for a putative neutral gene, such as IDH1 (isocitrate dehydrogenase 1). No such 

pattern was observed when analyzing the haplotype network for IDH1, ruling out the possibility of 

demographic changes being entirely responsible for the observed divergence and difference in 

haplotype diversity. The strong, and therefore old divergence between IDH-S and IDH-L observed only 

for the putative adaptive gene IDH2 combined with the known link between these alleles and habitat 

stability are consistent with the hypothesis that divergent habitat selection is responsible for the 

divergence between the pond and canal ecotypes of P. chalceus in the Guérande. Furthermore, the 

IDH2-S allele is suggested to have a single origin and most likely arose in allopatry, i.e. in the absence of 

gene flow. This genetic variation could have entered the Guérande population via introgression from 

standing genetic variation and locally contribute to the adaptive divergence through habitat selection. 

We must keep in mind that what we observe as selection on the IDH2 gene might in fact be the result of 

selection on a tightly linked gene. To address this question, a protein reconstruction was performed. 

When comparing the sequences of short winged individuals to those of long winged individuals, many 

neutral base pair changes were observed. For the part of the gene that was screened only one non-

neutral change, i.e. one amino acid difference is observed between IDH2-S and IDH2-L. The protein  
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reconstruction indicated that this amino acid change probably has a very small or no effect on enzyme 

structure. These results suggest that selection might indeed be acting on a tightly linked gene, but the 

possibility also exists that selection acts on genetic differences in the promoter region of the IDH2 gene, 

leading to differences in levels of expression between IDH2-S and IDH2-L (Pers. Conv. Steven Van 

Belleghem).  

Previous results give an indication of how the genetic variation that contributes to the adaptive 

divergence of IDH2 might have originated. In the present study we will add to this knowledge by 

analyzing the pattern and timing of divergence of the putative adaptive gene IDH2 through phylogenetic 

and molecular clock analyses.  

Another main goal of the present study is to investigate how the observed divergence between the 

pond and canal ecotype in the Guérande salt marshes might be maintained. Dhuyvetter et al. (2007) 

found that weak local barriers to gene flow are present between the two ecotypes. As divergence 

reflects a balance between the strength of diversifying selection and the amount of homogenizing gene 

flow, we will investigate whether reproductive barriers are present between the ecotypes of P. chalceus, 

which might assist habitat selection in constraining the effect of gene flow.  

Through this comprehensive approach, using both genetic and various ecological data, we hope to 

contribute to a better understanding of how the observed sympatric divergence between the pond and 

canal ecotypes of P. chalceus in the Guérande salt marshes arose and how it is maintained. 
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2 Objectives 

The first major aim of the present study is to investigate whether reproductive barriers are present 

between the pond and canal ecotype of Pogonus chalceus from the Guérande salt marshes. More 

specifically we address the following questions: 

 do the pond and canal ecotypes of P. chalceus from the Guérande salt marshes exhibit positive 

or negative assortative mating ? 

 

 do the ecotypes of P. chalceus from the Guérande show life cycle differences that could prevent 

or reduce mating between the ecotypes, i.e.is there evidence for  temporal isolation ? 

 

The second aim of our study is to obtain insight in the pattern and timing of the divergence of the 

isocitrate dehydrogenase 2 (IDH2) gene. This was achieved by: 

 contrasting the divergence of the IDH2 gene to the divergence of the putative neutral gene, 

cytochrome oxidase subunit one (COI) gene 

 

 constructing dated phylogenies for both the IDH2 and COI gene in order to: 

 

 obtain an estimate of the nucleotide substitution rate of IDH2  

 

 obtain an estimate of the origin of the IDH2-S allele 
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3 Material and methods 

3.1 Investigating reproductive barriers 

3.1.1  Assortative mating experiments 

Mating experiments were performed to test for the presence of positive or negative assortative mating 

between the pond and canal ecotypes of P. chalceus sampled in the Guérande.  

 

Origin of the individuals and breeding conditions 

Specimens of P. chalceus were collected by hand in the Guérande salt marshes (Le Croisic, France). In 

September 2010, living samples were collected at three different sites, wherein both pond and canal 

habitats were sampled (site 1: N 47° 19' 31,9", W 002° 29' 12,5", site 2: N 47° 17' 54,3", W 002° 25' 

12,2", site 3: N 47° 18' 05,6", W 002° 28' 09,6")  (Figure 4). As females, captured in September, were not 

in their reproductive period, a second sampling was conducted in April 2011 which was restricted to site 

3. Individuals of the pond or canal microhabitat will further be referred to as “pond” or “canal” 

individuals. All individuals were sexed and counted and received a unique code. A total of 161 pond and 

214 canal individuals were collected in September 2010. On the second sampling date, 86 pond and 138 

canal individuals were collected. 

 

 

 

 

 

 

 

 

Figure 4. Geographic distribution of 

the sampling sites of Pogonus 

chalceus in the Guérande, France. 

(Google Earth Satellite Imagery) 
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Individuals were kept alive in a climate chamber at 20°C and a 16:8h light:dark photoperiod. Beetles 

were kept individually in small plastic cups (diameter 5 cm; height 2,5 cm) with the bottom covered with 

plaster of Paris. Plaster was initially submersed in seawater and kept saturated with freshwater. The 

beetles were fed living fruit flies (Drosophila melanogaster) or small pieces of mealworm (Tenebrio 

molitor) every two days. 

The first mating experiment was conducted in October 2010 using individuals of P. chalceus collected in 

September 2010. As reproduction normally takes place during spring and early summer (Desender 

1985), only a few mating attempts were observed. Furthermore, the ovaries of 18 females, nine from 

each habitat type, were not developed into an egg production stage. To stimulate the development of 

the gonads and, hence, willingness to mate, beetles were exposed to winter conditions. Temperature 

has been found to be the only factor that controls the propagation rhythm (Paarmann 1976). As the 

development of the gonads is stimulated by a period of low temperatures followed by high 

temperatures (Paarmann 1976), temperature was reduced to 5°C for five weeks, after which it was 

increased to 15°C for one week and subsequently increased to 20°C. 

A second mating experiment was performed with the individuals collected in April 2011. These beetles 

were not exposed to artificial winter conditions as they were subjected to the mating experiments 

shortly after being captured and were therefore still in their reproductive period at the time of the 

experiment. 

 

Experimental setup 

Mating trials were either between individuals from different microhabitats, or from the same 

microhabitat. Therefore, four types of mating trials were set up, i.e. (male ecotype-female ecotype): 

pond-pond, canal-canal, pond-canal and canal-pond. Randomly selected individuals were assigned, in an 

alternating fashion, to either a within or between microhabitat mating trial, after which they were 

randomly assigned to a partner. We tried to obtain an equal number of mating trials within each group. 

Due to practical constraints these numbers slightly differ between the groups. 

A single male was placed in the container of the female. For the first and second mating experiment, the 

couples were observed for 15 or 10 min respectively and the occurrence of mating (variable mating), the 

number (variable numbermating) and the duration (variable matingtime) of the mating was recorded. 

For the variables matingtime and numbermating, pairs that did not mate were discarded from the 

dataset, and hence not assigned the value of zero. In the first mating experiment, using individuals of P. 

chalceus collected in September 2010, females that did not mate in the previous trial were used again in 

a second and third round of the mating experiment and were again randomly assigned to a new partner. 

As pond males in the second mating experiment proved reluctant to mate, these males were tested  
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again in a second trial. Pairs that mated successfully were not used for further trials and kept together in 

the female container. A total of 287 mating attempts were performed during the first mating 

experiment being, 70 mating trials within pond-pond, 62 within canal-canal, 63 within pond-canal and 

92 within canal-pond. The second mating experiment consisted in total of 140 mating trials, 35 canal-

canal, 32 pond-canal , 40 pond-pond and 33 canal-pond.  

 

Statistical analysis 

Statistical tests were conducted to test for the presence of positive or negative assortative mating 

between the pond and canal ecotypes. This was done by testing for the effect of male ecotype, female 

ecotype and their interaction on the different mating variables. It should be noted that only an 

interaction between male and female ecotype is indicative for assortative mating. As the response 

variable mating is binomial and numbermating poisson distributed, we fitted a Generalized Linear Model 

(Proc GENMOD), with a Type 3 likelihood ratio (LR) test. Here, likelihoods are calculated for both a 

model with and without the dependent variable of interest, and their ratio is tested against a Chi² 

distribution. For the response variable matingtime, a General Linear Model was fitted (Proc GLM) and a 

Type 3 sums of squares analysis was performed for the first mating experiment, which is analogous to 

the Type 3 LR analysis in the GENMOD procedure but based on the sum of squares rather than on the 

likelihood ratio. In the second mating experiment, none of the pond-pond mating trials were successful, 

thereby affecting the symmetry of the design for the response variable matingtime, for which only 

successful matings are incorporated in the dataset. To account for this unbalanced design a Type 4 sums 

of squares analysis was performed. It should be noted that the Type 4 functions are not necessarily 

unique when there are empty cells but are identical to those provided by Type 3 when there are no 

empty cells. As the error of the variable matingtime was highly skewed due to the presence of few very 

large values, this variable was log transformed. 

 

The first model statement for the first mating experiment specified mating as the response variable and 

male (pond or canal), female (pond or canal) and trial (1,2 or 3) as the explanatory variables. For the 

response variables matingtime and numbermating only male and female were incorporated as 

explanatory variables. For these response variables, pairs that did not mate were discarded from the 

dataset, and hence not assigned the value of zero. In the third trial of the first mating experiment none 

of the pond-pond mating trials were successful thereby affecting the symmetry of the design. Therefore, 

we tested whether there was a significant difference in mating time or number of matings between the 

first two trials and for possible interactions between these trials and male and/or female ecotype. 

Furthermore we tested for a significant difference in mating time or number of matings for all types of 

mating trials separately, except the pond-pond combination, using data of the three trials. When no 

significant effects were found we assumed that the three trials did not significantly differ and analysed 

the whole dataset with male and female as explanatory variables. When no effects proved significant in  
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the likelihood ratio analysis for the most complex model, we reduced the model by removing the 

highest order interaction term and tested the reduced model again. In the analyses of the second 

mating experiment the variables mating and matingtime were specified as response variables with male 

and female as the explanatory variables. As a second trial was conducted only for pond males it was 

analyses separately. The model statement specified mating as response variable and female as 

explanatory variable. The data of the assortative mating experiments were analysed using the statistical 

analysis software SAS (Littell et al. 1999). 

 

3.1.2 Temporal isolation 

3.1.2.1 Development of the ovaries 

In order to obtain insight in the reproductive cycle of P. chalceus in temperate areas, and to investigate 

whether temporal isolation might contribute in establishing a reproductive barrier between the 

ecotypes, the development of the ovaries was investigated for specimens of P. chalceus collected in the 

ponds and canals of the Guérande salt marches. Ovary width (variable ovarywidth) was measured as this 

was determined to be an appropriate measure for ovary development. Dhuyvetter et al. (2007) found 

that individuals of the pond ecotype have on average significantly larger body sizes compared to canal 

populations, a difference in ovary width between the ecotypes might therefore be attributed merely to 

a difference in body size. To account for this possible confounding effect of body size we also measured 

elytral length (variable elytrallenght) for each individual, as this is an appropriate measure for body size 

(Dhuyvetter et al. 2007). We statistically tested for a significant difference in ovary width or elytral 

length between females of the pond and canal ecotype and whether a correlation exists between ovary 

width and body size. As ovary width and body size were positively correlated, we statistically tested 

whether females from the pond and canal ecotype significantly differed in ovary width:elytral length 

ratio (variable ratio). To allow us to infer the stage of development of the ovaries of both populations in 

a yearly context, a year-round cycle of pitfall samples from Nieuwpoort, (Belgium) was analysed and 

compared to the data obtained for the Guérande populations. 

 

Origin of the individuals 

We analyzed 18 females, nine from each microhabitat, sampled in September 2010 in the Guérande salt 

marshes. A collection of samples from Nieuwpoort, Belgium was placed at our disposal by the Royal 

Belgian Institute of Natural Sciences (RBINS). Beetles originated from a plot that was sampled with three 

glass jars (diameter 8.5 cm), buried with their rim in the soil and each containing a 4% formaldehyde 

solution. The pitfall traps were present throughout the year 2008 and trap contents were collected at 

approximately fortnightly intervals. Collected individuals were preserved in 70% ethanol. From each  
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collection date of the year-round cycle, five individuals were dissected. Only for the months January, July 

and December, less individuals were available.  

 

Morphological analysis 

The individuals were dissected by making a longitudinal incision in the ventral abdominal wall, after 

removal of the elytra and hind wings, and pulling the two sides outwards to expose the reproductive 

structures. For each individual we measured one ovary at its widest point and the length of one elytron. 

All measurements were conducted by means of a calibrated ocular under a binocular microscope.  

 

 

Statistical analysis 

 

Statistical test were conducted to test for a difference in ovary width and elytral length between pond 

and canal individuals. Furthermore, we tested whether a correlation exists between ovary width and 

elytral length. Finally, we tested for a difference in ovary width to elytral length ratio between pond and 

canal females. For the response variables ovarywidth, elytrallength and ratio we fitted a General Linear 

Model (Proc GLM) with a Type 3 likelihood ratio (LR) test. For all these response variables we used 

ecotype (pond or canal) as explanatory variable. A Pearson Product-Moment Correlation and scatterplot 

was used to examine the relation between ovary width and elytral length. The Pearson product-moment 

correlation coefficient is computed as the ratio of covariance between the variables to the product of 

their standard deviations. The data were analysed using the statistical analysis software SAS  (Littell et 

al. 1999). 

 

 
3.1.2.2 Larval development 
 

We tested for further possible life cycle differences between the populations of P. chalceus from the 

pond and canal microhabitat by analyzing the development time of larva that originated from the 

different mating trials of the first mating experiment.  

 

Origin of the individuals and analysis 

Eggs obtained from the assortative mating experiment were kept individually and provided with a 

unique code. Hatchlings were checked three times a week and timings of change of developmental 

stage, from egg to larva, from larva to pupa and from pupa to adult were recorded. The development 

time of the larval phase was compared between each of the four types of mating trials. Pictures of the 

larva, pupa and newly hatched adult are depicted in Figure 5.  
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Figure 5: Offspring of Pogonus. chalceus individuals from the Guérande, France obtained in the first mating 

experiment. Top left: pupa. Top right and bottom left: larva. Bottom right: freshly hatched adult.  
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3.2 Timing and pattern of IDH2 divergence 
 
In order to obtain insight into the divergence of the putative adaptive nuclear gene Isocitrate 

Dehydrogenase 2 (IDH2 ) we constructed phylogenetic trees for both IDH2 and a gene whose variation is 

supposed to be non-adaptive, the mitochondrial gene, Cytochrome Oxidase subunit one (COI gene) and 

tested the congruence between the IDH2 and COI divergence. We opted for COI as extensive 

information is available to calibrate the substitution rate on a time scale. Hence, we first performed a 

molecular clock analysis on the COI divergence and used the estimated divergence times on the nodes 

to calibrate the nodes of the IDH2 tree and as such attempted to obtain a substitution rate estimate for 

the IDH2 gene. 

 

Origin of the sequences 

We used a fragment of the IDH2 gene that was previously sequenced for various species of the genus 

Pogonus and its sister genus Pogonistes by Steven Van Belleghem. Specimens were previously collected 

by K. Desender and were available at the tissue collection of the Entomology Department of the RBINS. 

The dataset referred to as “IDH2” contains 39 sequences belonging to 9 different species from several 

European populations, all 284 bp in length. Of each species used in the COI analyses a representative 

was present in the IDH2 dataset, with the exception of P. rufoaeneus and P. testaceus. A table containing 

the species for which the sequence of IDH2 was obtained, sequence code, location where the individual 

was captured and date of capture can be found in Appendix A. For the IDH2 gene, the names of 

individuals of P. chalceus include a code, indicating that they are either homozygote for the IDH2-S allele 

(SS) or homozygote for the IDH2-L allele (LL). Information on allozymes was previously obtained by 

Dhuyvetter et al. (2004). 

A part of the COI gene was sequenced for various species of the genus Pogonus and the genus 

Pogonistes, from populations scattered throughout most of Europe. These specimens also originated 

from the tissue collection of the Entomology Department of the RBINS collected by K. Desender. They 

were stored frozen at a temperature of -80°C at the RBINS. Tree individuals of P. chalceus from Belgium 

were also incorporated in the analysis. A table containing the species for which the sequence of COI was 

obtained, sequence code, location where the individual was captured and date of capture can be found 

in Appendix B. 

 

Molecular analysis 

Sample preparation, PCR and sequencing 

 

Single individuals were used for amplification and sequencing. In total, we sequenced 71 specimens 

belonging to 11 different species (7 Pogonus and 4 Pogonistes). Bembidion transversale (Dejean 1831)  
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was used as an outgroup, for which we obtained a partial sequence of the COI gene from Genbank 

(GenBank GU_454789.1), 1495 bp in length. Total DNA was extracted using Nucleospin Tissue Kits 

(Clontech Laboratories, Inc 2004) according to the manufacturer’s protocol. Frozen beetles were placed 

in a microcentrifuge tube and crushed with a plastic rod. All PCR amplifications were performed using a 

Tpersonal thermal cycler (Biometra) and a 12,5 µl reaction volume containing, at final concentrations, 4 

µM dNTP’s (diNucleotide Tri Phosphate), 1,25 µl of 10X PCR reaction buffer 0,25 µM of each primer and 

0,125 µl of Taq polymerase (QIAGEN 2008). PCR conditions were as follows: initial denaturation at 95°C 

for 120s, followed by 39 cycles of denaturation (94°C, 45s), annealing (48°C, 60s) and extension (72°C, 

60s). A 10 min final extension was performed at 72°C. One part of the COI gene was amplified and 

sequenced using the PCR primers  LCO1490 (forward: 5’-GGT CAA CAA ATC ATA AAG ATA TTG G-3’) and 

HCO2198 (reverse: 5’-TAA ACT TCA GGG TGA CCA AAA AAT CA-3’)  (Simon et al. 1994) for the first part 

and C1J-1751 (forward: 5’-GAG CTC CTG ATA TAG CTT TTC C-3’) and  C1N-2776 (5’-reverse: GGA TAA 

TCA GAA TAT CGT CGA GG-3’) for the second part  (Simon et al. 1994). 

 

 

Alignment  

 

The nucleotide sequences from COI and the outgroup Bembidion transversale were aligned using the 

ClustalW Multiple Alligment program (Thompson et al. 1994). Multiple sequence alignments were then 

adjusted through visual inspection. As the sequences varied considerably in length, two datasets were 

created. In the file referred to as “COI_short”, all sequences were incorporated and the sequence length 

was determined by the minimum complete overlap between all sequences. This file contains 72 

sequences, each 409 bp long. The file ” COI_long” contains 43 sequences, each 1115 bp long. Both files 

consist of the outgroup and at least one representative of each of the 11 species. 

 

 

Phylogenetic inference 

 

Phylogenetic relationships for the COI and IDH2 gene were inferred based on three different 

approaches, namely, maximum parsimony (MP), maximum likelihood (ML) and Bayesian analysis (BA). 

 

MP analysis was conducted using PAUP* 4.0b10 (Swofford, 2002) and consisted of a heuristic search 

with a tree bisection–reconnection branch-swapping algorithm and 500 random sequence addition 

replicates, each with a maxtree limit of 10, saving 1 tree per replicate.  

 

ML reconstruction was also conducted using PAUP* 4.0b10 (Swofford, 2002). The best-fitting models of 

sequence evolution were determined based on the Akaike Information Criterion (AIC) as implemented in 

Modeltest 3.7 (Posada, 1998). The selected best fit model was TrN+G (IDH2), GTR+G (COI_short) and  
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GTR+I+G (COI_long). ML heuristic searches were conducted with PAUP* using Tree Bisection 

Reconnection (TBR) branch-swapping on a Neighbor Joining (NJ) starting tree, 100 random sequence 

addition replicates and the best-fitting model and associated parameters selected by Modeltest. For 

both MP and ML bootstrap resampling was run with 100 replicates, each starting from 10 different 

neighbor joining trees, in order to increase the chance of finding the global optimum. To limit 

computation time, a time limit of 30 minutes for the branch swapping on each replicate was imposed. 

For COI_short, COI-long and IDH2 a bootstrap 50% majority rule consensus tree was calculated. 

 

Bayesian inference was performed with the program MrBayes version 3.1.2 (Huelsenbeck and Ronquist 

2001) using prior settings nst=6 and rates=invgamma, this sets the evolutionary model to the GTR model 

with gamma-distributed rate variation across sites and a proportion of invariable sites. We ran two 

independent runs with three heated and one cold Metropolis Coupled Markov Chain Monte Carlo chains 

(MCMCMC) starting from a random tree. Four chains were run for 2 000 000 generations with trees and 

associated model parameters being sampled every 1000 generations. The first 750 trees in each run 

were discarded as burn-in samples. The remaining trees were condensed into a majority rule consensus 

tree to obtain posterior probabilities for each node. 

 

For the COI gene the trees were rooted with the outgroup taxon, Bembidion transversal. For the IDH2 

trees, the position of the root of the tree was based on the COI gene trees and placed between the 

Pogonus and Pogonistes clades. For the Baysian analysis of IDH-2 only 6 instead of 10 individuals of P. 

chalceus were incorporated in the analysis. For each analysis trees were visualized using the program 

Dendroscope (Huson et al. 2007). 

 

 

Molecular clock analysis 

 

Estimation of divergence times of COI 

Divergence times of the lineages were estimated, for both the COI_short and COI_long sequence file, 

using a relaxed clock uncorrelated lognormal method as implemented in BEAST v1.6.1. (Drummond and 

Rambaut 2007). Relaxed molecular clock models assume independent rates on different branches, with 

one or two parameters that define the distribution of rates across branches (Drummond et al. 2006). 

Because of the absence of a fossil record to calibrate the trees directly, node ages were estimated by 

applying a nucleotide substitution rate for the COI gene. As we want to calibrate the phylogeny with a 

rate estimate that includes uncertainty, we did not fix a rate but provided a normal prior distribution on 

the mean rate prior with a mean value of 0.08606 nucleotide substitutions/site/MY and a standard 

deviation of 0.00338. This is the mean rate calculated by Pons (2010) for COI, estimated across 15 

Coleoptera species. We used the GTR substitution model, based on the Akaike Information Criterion 

(AIC) as implemented in Modeltest 3.7 (Posada 1998), with estimated base frequencies and the Yule  
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process of speciation as the tree prior with an exponential prior distribution of the yule.birthRate. Two 

separate MCMC analyses were run for 20 million generations for both the COI_short and the COI_long 

file, sampling every 1000 generations. These were combined using Logcombiner v1.6.1 (part of the 

BEAST package). The first 2000 trees from each run were discarded as burn-in. Convergence of the 

chains, appropriate burn-in and effective sample sizes of the parameters were checked using Tracer v1.5 

(Drummond and Rambaut 2007). The quite obvious trend observed in Tracer for the statistic posterior 

and prior for both the independent runs of both files, indicates that the runs did not converge perfectly, 

i.e. that the MCMC was still converging. There were also a couple of parameters with effective sampling 

size values of less than 100 indicating that the chains did not achieve adequate mixing. The ESS of these 

parameters remained low despite small adjustments to the prior settings in Beauti (Drummond and 

Rambaut 2007) and increasing the number of generations of the MCMC analysis. A further increase 

might allow for adequate mixing and convergence but was, due to practical constraints, not possible in 

the present study. The maximum clade credibility tree was created using the program TreeAnnotator 

v1.6.1 (Drummond and Rambaut 2007) and trees were visualized in Figtree v1.3.1 (Drummond and 

Rambaut 2007).  

 

 

Estimation of nucleotide substitution rate of IDH2 

A relaxed clock uncorrelated lognormal method as implemented in BEAST v1.6.1 (Drummond and 

Rambaut 2007) was also used to obtain an estimate of the nucleotide substitution rate of the IDH2 gene. 

The phylogenetic analysis showed that the COI_kort and IDH2 MrBayes trees had three well supported 

clades in common, being (P. chalceus - P. reticulatus), (P. convexicollis - P. gracilis) and (P. reticulatus - P. 

olivaceus). In order to estimate the substitution rate of the IDH2 gene, the divergence dates of these 

three clades and the entire tree, derived from the COI_kort ultrametric tree, were used to calibrate the 

nodes of the IDH2 tree. This was done by putting a normal prior distribution on the taxon set of these 

clades. Standard deviations of the node ages were calculated from the 95% HPD (highest posterior 

density interval). Furthermore, these clades were constrained to be monophyletic during the analysis. 

The ucld mean, a parameter defining the mean of the branch rates, was required to be given a prior 

distribution. The ucld mean parameter is very closely correlated with the mean rate parameter, which 

we wish to estimate. Therefore, the ucld mean parameter was given a uniform distribution with an 

initial value of 4.1 x 10^4 nucleotide substitutions per site per million years, this is the substitution rate 

calculated from the raw sequence data using Mega 5 (Tamura et al. 2011). The ucld mean parameter 

was given zero as lower value and 0.2 as upper value, the upper value was obtained from a test run. 

Ucld standard deviation was kept default, an exponential distribution with 0.3333 as initial value. The 

mean rate of the dated phylogeny, which is the estimated number of substitutions per site across the 

whole tree divided by the estimated length of the whole tree in time, was obtained by analyzing the 

results of the molecular clock analysis in Tracer v1.5 (Drummond and Rambaut 2007). Two separate 

MCMC analyses were run for 40 million generations sampling every 1000 generations. The runs were  
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combined using Logcombiner v1.6.1 (part of the BEAST package). The first 4000 trees from each run 

were discarded as burn-in, based on analysis in Tracer. Again the chains did not achieve convergence or 

adequate mixing. A further increase number of generations of the MCMC analysis might allow for 

adequate mixing and convergence but was, due to practical constraints, not possible in the present 

study. The maximum clade credibility tree was created using the program TreeAnnotator v1.6.1 

(Drummond and Rambaut 2007) and trees were visualized in Figtree v1.3.1 (Drummond and Rambaut 

2007).  
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4 Results 

4.1  Investigating reproductive barriers 

4.1.1  Assortative mating experiments 

 

First mating experiment 

As expected, the exposure to winter conditions of beetles captured in September 2010, stimulated 

willingness to mate. Raw data of the first mating experiment are represented by mating probabilities for 

the different mating types in Table 1. Results of the statistical analyses of the first assortative mating 

experiment can be found in Appendix C. 

None of the individual effects or interactions proved significant when testing both the full and reduced 

models for the response variable mating of the first mating experiment. The non-significant 

male*female interaction indicates that no positive or negative assortative mating could be observed in 

the first mating experiment (X²=0.41, P=0.5). The variables trial, male and female were non-significant 

which shows that the occurrence of copulation did not differ significantly between the three trials or the 

ecotypes (male X²=0.77, P=0.3; female X²=0.03, P=0.8; trial X²=3.12, P=0.2).  

No significant difference or interaction between the ecotypes was found for the variable matingtime 

and numbermating. These results indicate that mating time and the number of times individuals mated 

within a mating trial did not differ significantly between the ecotypes nor was there an indication for 

positive or negative assortative mating with regard to the duration or frequency of mating.  

 

Second mating experiment 

Results of the statistical analyses of the second assortative mating experiment can be found in Appendix 

D. We found no evidence for positive or negative assortative mating in the second mating experiment, 

i.e. there was no significant interaction effect between male and female regarding the occurrence of 

copulation (X²=1.43, P=0.2). The analysis revealed that there was a significant difference in the 

occurrence of copulation between the ecotypes for both males and females (male X²=20.06, P=<0.0001; 

female X²=4.07, P=0.04) Raw data of the second mating experiment are represented by mating 

probabilities for the different mating types in Table 2. The raw data reveal that no copulations took 

place between pond males and pond females. Pond males did mate with canal females but not very 

frequent, as indicated by the low mating probability. Males of the canal ecotype mated with females 

from both ecotypes, mating probabilities were however higher for canal-canal matings. No significant 

difference was found between the ecotypes regarding matingtime. 
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The second trial of the second mating experiment using only pond males showed that pond males were 

again very reluctant to mate. Again no pond-pond matings were observed and only two out of 19 pond-

canal mating trials were successful. The difference in the occurrence of mating between the female 

pond and canal ecotype  was however not significant (female X²=2.77, P=0.09).  

 

 

  
female 

  
Canal Pond 

male 
Canal 0.097 0.111 

Pond 0.154 0.129 

 

 

 

 

4.1.2 Temporal isolation 

4.1.2.1 Development of the ovaries 

The average ovary width for the 9 individuals collected in the Guérande on the 16th of September 2010 

was 0.47 mm (SD = 0.091) and 0.28 mm (SD = 0.056) for pond and canal individuals respectively. The 

average elytral length was 4.1 mm (SD = 0.187) for pond and 3.678 mm (SD = 0.177) for canal females. 

For individuals collected in the Guérande, individual code, ovary width and elytral lenght of each 

dissected individual, the average width and elytral length with standard deviation is included in 

Appendix F. The average ovary width of the Guérande females, including SD bars, are presented in 

Figure 6. 

In total, 106 individuals of P. chalceus from the Nieuwpoort pitfall collection were dissected, the average 

widths of an ovary throughout the year, including SD bars, are presented in Figure 6. Table E1 presenting 

the code and date of capture, the width of one ovary for each dissected individual and the average 

width per date with standard deviation for the Nieuwpoort individuals can be found in Appendix E. For 

the Nieuwpoort individuals we observe average ovary widths varying from 0.25 mm to 0.4 mm from 

August 1st to January 31st. From January onwards the average width of an ovary increases fast, with a 

maximum value of 1.06 mm on both May 9th and May 23rd. After the fourth of July we observe a sharp 

decrease in ovary width.  

 

  
female 

  
Canal Pond 

male 
Canal 0.486 0.304 

Pond 0.091 0.000 

Table 2: Mating probabilities for the different mating 
types of the second mating experiment.     

 

Table 1: Mating probabilities for the different 
mating types of the first mating experiment.     
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The statistical analysis indicates that this difference in ovary width between the ecotypes was significant 

(F = 28.37 P = < 0.0001) There was, however, also a significant difference in elytral length between the 

ecotypes (F = 24.19 P = 0.0002). Our analysis revealed a positive correlation between ovary width and 

elytral length (corr = 0.68 P = 0.0018) and a significant difference in ovary width to elytral length ratio (F 

= 18.48 P = 0.0006). 

 

Figure 6: Average ovary widths of individuals of Pogonus chalceus from a year-round cycle of pitfall samples collected in 
Nieuwpoort, Belgium in 2008 and of individuals collected in the Guérande on September 16, 2010. For the Guérande 
specimens, data of the canal and pond ecotype are shown separately. Error bars indicate standard deviations.  

 

4.1.2.2 Larval development 

Not enough couples produced offspring to analyze the data statistically. Eggs, larva and pupa were 

obtained for all four mating types. Only one pair of the mating type P-C mated, producing a single larva, 

which did not make it to the adult stage. The number of eggs produced by the females could differ 

greatly, ranging from 2 to 103 eggs. Almost all of the offspring that did not make it to the adult stage 

died during the larval stage or during the transition from larva to pupa. The number of eggs, larva, pupa 

and adults, the number of male and female offspring and the sex ratio of the offspring for each female 

obtained from the first mating experiment can be found in Appendix G. The sex ratio of the offspring is 

in three out of four cases male biased. The average larval development time calculated from all larva 

obtained in the first mating experiment was 50.87 days SD=5.2. A table showing the larval development 

time and sex of all adult offspring obtained from the first mating experiment can be found in Appendix 

H. 
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4.2 Timing and pattern of IDH2 divergence 

 

Phylogenetic inference 

The topologies for the COI gene as obtained from the three different approaches i.e. maximum 

parsimony (MP), maximum likelihood (ML) and Bayesian analysis (BI) were highly similar for both the 

short and the long COI fragment. The BI tree for COI_short and the COI_long is presented in Figure 7 and 

8 respectively. Trees obtained for each separate analysis can be found in Appendix H. 

 

Individuals that belong to the same species cluster into well supported monophyletic groups in all trees 

obtained, with the exception of P. littoralis in all three analysis of the long COI fragment. The COI_long 

file contained only a single individual which clusters in an unresolved relationship with the P. luridipennis 

clades in all three analysis of the long COI fragment. In the BI tree of the long COI fragment the position 

of P. littoralis individual renders the clade of P. luridipennis polyphyletic. The two well supported clades 

comprising P. luridipennis are divided according to geography, with all individuals from one cluster 

originating from Austria, whereas the other clade consists solely of individuals from France. Also P. 

olivaceus individuals are not always retrieved as a monophyletic clade, in all trees except the ML and BI 

tree of the long COI fragment, each individual of P. olivaceus has in an unresolved relationship towards 

the P. riparius clade. 

At the most basal level, all trees retrieve two main clades, often with very high support. The first clade 

contains the species P. chalceus, P. littoralis, P. luridipennis, P. gilvipes, P. olivaceus, P. reticulatus and P. 

riparius. The second clade contains P. convexicollis, P. gracilis, P. rufoaeneus and P. testaceus. The first 

clade are all representatives of the genus Pogonus, while individuals from the second clade all belong to 

the genus Pogonistes. Our study found that P. chalceus has an unresolved relationship, at the 50% level, 

to the other Pogonus clades in the ML tree for both the long and short file and in the MP tree of the 

short COI fragment. The phylogenetic position of P. chalceus could only be resolved in the MP tree of 

the COI_long file and the BI tree of the COI_short file, where it appears as a sister species to P. 

reticulatus. (MP bootstrap, BT=55.3; Bayesian posterior probability, Bpp = 0.93). In the BI tree of the 

long COI fragment P. chalceus is in the most basal position in the Pogonus clade. The P. riparius clade 

was found in the ML and MP analyses either in an unresolved relationship toward each individual of P. 

olivaceus or as a sistergroup to the P. olivaceus cluster. In the BI tree of the COI_short file P. riparius is 

clustered within the P. olivaceus clade, rendering the P. olivaceus clade paraphyletic. In the BI tree of the 

COI_long file it was however retrieved in a sister relationship with P. olivaceus. The monophyly of the P. 

riparius and P. olivaceus clades receives a very high support in each analysis. The phylogenetic position 

of P. gilvipes was only clarified in the BI trees and the ML tree for COI_long, in these trees the P. gilvipes 

clade is in a sister position to the (P. littoralis - P. luridipennis) clade. In all trees P. convexicollis and P. 

gracilis cluster together as a sister group to P. rufoaeneus and P. testaceus with intermediate to high 

support values. P. rufoaeneus and P. testaceus also cluster together in all but one analysis, in the  
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MP tree for the COI_short file the two species remain in an unresolved relationship with the P. 

convexicollis and P. gracilis cluster. The BI tree is represented as a phylogram for COI_short. Except for P. 

luridipennis, all species exhibit about the same degree of within species divergence. The two clades of P. 

luridipennis, which are divided according to geography, shows a very deep divergence compared to 

other species. 

 
 

Figure 7: Bayesian inference  phylogram for COI_short with indication of branch lengths and posterior probabilities (two million 

generations, sample frequency = 1000, burn-in = 750, 4 chains). 
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Figure 8: Bayesian inference  phylogram for COI_long with indication of branch lengths and posterior probabilities (two million 
generations, sample frequency = 1000, burn-in = 750, 4 chains). 
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The trees obtained for the IDH2 gene using the MP, ML and BI method were highly similar. The BI tree 

for IDH2 is presented in Figure 9. Trees obtained for each separate analysis can be found in Appendix H. 

The topology of the ML and the MP tree is identical. In contrast to what we found in the COI analyses, P. 

littoralis was retrieved in the Bayesian analysis, with a relatively low posterior probablilty of 49, as a 

sistergroup to the (P. riparius -  P. olivaceus) clade. In the COI analyses P. littoralis was always found to 

be in either an unresolved or sister relation to P. luridipennis with high support values. Similar to what 

was found for the COI gene, all trees for IDH2 retrieved the genus Pogonistes and Pogonus as two 

distinct clades. Individuals of the same species cluster well together in monophyletic groups. For the 

genus Pogonistes the two clades containing the individuals of P. convexicollis and P. gracilis cluster 

together with high support. Within Pogonus the relationships between the species is only poorly 

resolved. In all three trees only P. olivaceus and P. riparius cluster consistently together, which high 

support. In the BI tree P. reticulatus appears as a sister species to P. chalceus with unusual high posterior 

probability (PP = 1.00). As was the case for the COI, a very deep divergence exists within P. littoralis 

when analyzing the BI tree. The phylogram revealed that also P. chalceus shows a remarkably deep 

divergence for the IDH2 gene. Furthermore individuals of P. chalceus that are homozygote for the IDH2-

S allele are clustered within those that are homozygote for the IDH2-L allele. Moreover, a deep 

divergence was found within P. reticulatus. 
 

 

Figure 9: Bayesian inference  phylogram for the IDH2 gene with indication of branch lengths and posterior probabilities (two 

million generations, sample frequency = 1000, burn-in = 750, 4 chains) 
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Molecular clock analysis 

Estimation of divergence times of COI 

The topology obtained from the relaxed clock analysis in Beast for COI_short was identical to the 

COI_short BI tree, except that P. riparius was retrieved as sister to P. olivaceus in the molecular clock 

tree and was not clustered within P. olivaceus, as was the case in the BI tree. This similarity can be 

expected as Beast also relies on a Baysian analysis for tree reconstruction. The dated phylogeny 

constructed from the COI_long file was also identical to the COI_long BI tree except that P. reticulatus 

was retrieved in a sister relationship with P. chalceus in the dated phylogeny. In the BI tree of COI_long 

P. reticulatus was found as a sister taxon to the (P. riparius - P. olivaceus) clade. 

The estimated divergence times did not greatly differ between the COI_short and COI_long dated 

phylogenies. The node between P. chalceus and P. reticulatus was dated as 0.1683 Ma (0.0773-0.2623 

Ma 95% high posterior density (HPD) interval) in the COI_short dated phylogeny and 0.1998 Ma (95% 

HDP 0.0787-0.3121 Ma) in the COI_long tree. 

The maximum clade credibility tree for COI_short is presented in Figure 10. In this dated phylogeny the 

genus Pogonus and Pogonistes diverged 0.4101 Ma (95% HDP 0.2881-0.5444). The split between all 

individuals in our analyses and the outgroup is dated at 0.4625 Ma (95% HDP 0.3156-0.6244). The 

maximum clade credibility tree for both files and the maximum clade credibility tree for COI_short with 

indication of node bars, can be retrieved in Appendix I.  
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Figure 10: The maximum clade credibility tree for individuals of the genus Pogonus and Pogonistes based on the COI gene (COI_short file), using a Bayesian relaxed clock method 
in Beast. Branches are proportional to time in millions of years. Nodes represent means of the probability distributions for node ages, numbers on nodes represent the 
estimated age for that divergence. (40 million generations, sample frequency = 1000, burn-in = 4000) 
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Estimation of nucleotide substitution rate of IDH2 

In contrast to the Bayesian inference tree that was previously obtained for the IDH2 gene, the maximum 

clade credibility tree of the IDH2 gene retrieved P. gilvipes as a sister taxon of P. luridipennis. The clades 

(P. chalceus - P. reticulatus), (P. convexicollis - P. gracilis), (P. luridipennis (Austria) - P. luridipennis 

(France)), (Pogonus - Pogonistes)  and (P. reticulatus - P. olivaceus) were kept monophyletic during the 

analysis and these clades, as well as the entire tree, were provided with a prior on node age based on 

the divergence times obtained in the dated phylogeny of COI. The maximum clade credibility tree for 

IDH2 is presented in Figure 11, nodes for which a prior on node age was provided are circled in red. The 

maximum clade credibility tree for IDH2 with indication of node bars can be found in Appendix I. 

The mean nucleotide substitution rate estimated for the IDH2 gene was 0.0984 nucleotide 

substitutions/site/MY with 1.49 standard deviation. The origin of the IDH2-S allele was estimated at 

48900 years ago (95% HDP 41000-108700 years ago). Again, individuals of P. chalceus that are 

homozygote for the IDH2-S allele are clustered within those that are homozygote for the IDH2-L allele. 
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Figure 11: The maximum clade credibility tree for individuals of the genus Pogonus and Pogonistes based on the IDH2 gene, using a Bayesian relaxed clock method in Beast. 
Branches are proportional to time in millions of years. Nodes represent means of the probability distributions for node ages, numbers on nodes represent the estimated age for 
that divergence. The nodes for which a prior was provided, based on the divergence times obtained in the dated phylogeny of COI_short, are circled in red. (80 million 
generations, sample frequency = 1000, burn-in = 8000) 
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In the present study we investigate the sympatric, adaptive divergence between the pond and canal 

ecotypes of P. chalceus in the Guérande salt marshes. Individuals from the pond microhabitat have 

greater relative wing size than beetles from the canals, which is in concordance with the unstable nature 

of the pond habitat. Also the IDH2 allele frequencies show a strong correlation with habitat stability, 

whereby, allele two is frequent in the pond, whereas canals are nearly fixed at allele four. Early 

theoretical work suggested that adaptive divergence reflects a balance between the strength of 

diversifying natural selection and the amount of homogenizing gene flow (Haldane 1948,  Slatkin 1973, 

Endler 1977, García-Ramos and Kirkpatrick 1997). Many empirical studies have already confirmed the 

importance of natural selection in adaptive divergence (Endler 1986, Schluter 2000). In an attempt to 

clarify the relative importance of gene flow in constraining adaptive divergence in nature, a study by 

Hendry et al. (2002) empirically investigated whether adaptive divergence represents a compromise 

between selection and gene flow for threespine stickleback (Gasterosteus aculeatus) populations that 

reside parapatrically in lakes and streams. There results suggest that natural selection promotes the 

adaptive divergence of lake and stream stickleback, but that the magnitude of divergence can be 

constrained by gene flow. Later on, Hendry et al. (2004) extended the investigation by questioning how 

much of the variation in adaptive divergence can be explained by gene flow. They wanted to assess 

whether gene flow is usually an important factor in adaptive divergence or whether it can be ignored in 

all but exceptional situations. Their results indicate that gene flow has a substantial effect on adaptive 

divergence in nature but that the magnitude of this effect varies among traits. 

 

The divergent selection on genes affecting ecological traits can be transmitted both directly through 

traits under selection and indirectly through pleiotropy and linkage to genes causing reproductive 

isolation (Rundle and Nosil 2005, Sobel et al. 2009). Nevertheless, the mechanisms whereby genetic 

changes resulting from adaptation contribute to the evolution of reproductive isolation remain poorly 

understood (Schluter 2009, Sobel et al. 2009). Reproductive isolation can assist selection in constraining 

the effects of gene flow and can ultimately even lead to speciation of the divergent populations 

(Dobzhansky 1937, Mayr 1942). According to Hendry et al. (2004) this can be represented as a self 

reinforcing  feedback loop in which adaptive divergence reduces gene flow by increasing reproductive 

isolation, which in turn allows for more adaptive divergence, which causes further reduction of gene 

flow. This feedback effect may differ among traits depending on how closely each is tied to reproductive 

isolating mechanisms. There is a rapidly growing body of work on “divergence-with-gene-flow” 

speciation which reveals that the evolution of reproductive isolation is not the fragile process as 

assumed by Mayr and that the conditions under which isolation can evolve and be maintained are 

neither as restrictive or as infrequent as often stated (Schluter 2009, Via 2009, Mallet 2005, Wolf et al. 

2010). Recent studies on the topic indicate that adaptive genetic divergence in only a few key traits can 

cause both pronounced phenotypic differentiation and reduced interpopulation mating and 

reproduction (Via 2001, Mallet 2005, Rundle and Nosil 2005).  
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Dhuyvetter et al. (2007) found that weak local barriers to gene flow are present between the pond and 

canal ecotypes of P. chalceus in the Guérande salt marshes. An important aim of the present study is to 

reveal whether reproductive barriers might be present between these ecotypes. The ecotypes of P. 

chalceus in the Guérande are, however, in an incipient state of sympatric divergence. The classic 

approach to research of reproductive isolation, is strongly influenced by the views of Dobzhansky and 

Mayr, who firmly stated that geographical isolation is a prerequisite to speciation, that reproductive 

isolation is the essence of speciation and that postzygotic genetic incompatibilities are the primary 

cause of reproductive isolation (Dobzhansky 1937, Mayr 1942). Although this retrospective approach 

has been a rich source of information about the kinds of barriers to gene flow that can isolate species, it 

has overwhelming limitations for studying the process of speciation (Via and West 2008). By the time 

populations have diverged enough to be called “good species” many more genetic changes have 

accumulated than those responsible for the initial barrier to gene flow between the populations (Coyne 

and Orr 2004). 

Via and West (2008) question why researchers wait so long to study the evolution of reproductive 

isolation. In ecological speciation, reproductive isolation evolves as a result of divergent selection on 

resource or habitat use (Rundle and Nosil 2005). They argue that extant species who are thought to 

have resulted from such a process must, at some point, have been divergent and partially reproductively 

isolated populations. Therefore, they suggest that contemporary host races or ecotypes are good 

models for the study of the early causes of reproductive isolation. A focus on  the initial stages of 

population divergence could allow researchers to clarify the identity of early causes of reproductive 

isolation, reveal what kind of genetic changes that produce them, and show whether ecologically based 

barriers to gene flow frequently evolve before the appearance of intrinsic genetic incompatibilities. 

Furthermore, Via and West (2008) point out that the common concern that one cannot foresee whether 

the speciation process will be driven to completion is unnecessary as any generalities that can be 

discovered about the causes of reproductive isolation in partially reproductively isolated contemporary 

populations are likely to provide new insights in the process of ecological speciation. In addition, we 

argue that even if no reproductive barriers can be found between diverging populations, the divergence 

would still remain an interesting study case, as it could provide valuable information on how much 

divergence is possible when selection is not assisted by reproductive isolating barriers in 

counterbalancing the effects of gene flow. Therefore, the sympatric divergence between the pond and 

canal ecotypes of P. chalceus in the Guérande forms an excellent study case for investigating the 

presence of reproductive barriers between the diverging ecotypes.  

In the present study we tested whether positive or negative assortative mating was present between 

the pond and canal ecotypes. Models have shown that when mate choice is based on an ecologically 

important trait, divergence in that trait can accelerate allopatric speciation and facilitate divergence in 

the face of gene flow (Reynolds and Fitzpatrick 2007). Strong assortative mating as a by-product of  
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adaptation to different environments was already demonstrated to be a potent source of reproductive 

isolation in allopatric threespine stickleback populations. The study used allopatric populations because 

assortative mating can also arise between sympatric populations in response to the production of unfit 

hybrids, known as reinforcement (Vines and Schluter 2006).  

We did not find any indication for the presence of positive or negative assortative mating between the 

ecotypes of P. chalceus from the Guérande salt marshes, neither in the occurrence of mating, nor in the 

duration or frequency of mating. Remarkably, the first and second mating experiment yielded very 

different results. Beetles from the first mating experiment were caught in September, i.e. outside their 

reproductive period, and subjected to an artificial winter to induce willingness to mate. We suspect, 

however, that this forced, early reproduction might have had an effect on the results. We will therefore 

consider the result of the second experiment, in which beetles were subjected to mating experiments 

during their natural reproductive period, to be more reliable. In contrast to the first mating experiment 

pond and canal males clearly differed in mating behavior in the second experiment. Pond males were 

much more reluctant to mate with females from both ecotypes than canal males. This difference in 

willingness to mate between pond and canal males could be due to different ecological preferences for, 

for instance, temperature, humidity or salinity. The males of P. chalceus might need different, habitat 

related environmental cues to stimulate willingness to mate. Another possible explanation for this 

observation is that beetles from the pond ecotype mate earlier in the year and that their reproductive 

period was almost over. This is however unlikely as pond individuals were observed to mate in the field 

(Pers. Conv. Steven Van Belleghem) and only males of the pond ecotype were reluctant to mate.  

In this study, we also tested for the presence of temporal isolation between the ecotypes of P. chalceus 

collected in the ponds and canals of the Guérande salt marshes. Temporal isolation forms a premating 

isolating barrier as a result of temporal differences in breeding (Futuyama 2005). Empirical evidence 

indicates that life cycle changes can indeed create temporal isolation, thereby, facilitating speciation of 

diverging populations (Friesen et al. 2007, Harrison 1985, Yamamoto and Sota 2009). 

Temporal isolation can be induced through variation in egg to adult development time (Harrison 1985). 

Therefore, we investigated the larval development times of larva from within ecotype mating trials to 

test for significant differences between pond and canal larva. The average larval development time of 

larva from both within and between ecotype mating trials was 51 day with a standard deviation of 5 

days. Unfortunately, not enough couples produced offspring to analyze our data on larval development 

statistically. As we, however, successfully obtained eggs from pond-canal and canal-pond mating trials in 

the mating experiments, our results indicate that postmating prezygotic barriers, such as mechanical, 

copulatory behavioral or gametic isolation are not present between the P. chalceus ecotypes from the 

Guérande. Importantly, the results suggest that it might be interesting to further investigate the sex 

ratio of offspring of P. chalceus as it was clearly male biased in our study. The offspring from the canal-

pond mating trials obtained from the mating experiments in this study have later been subjected to  
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further mating tests, which rendered viable offspring, indicating that, at least for canal males mating 

with pond females, no hybrid sterility is present as isolation barrier.  

Furthermore, we investigated the development of the ovaries for pond and canal individuals of P. 

chalceus from the Guérande salt marches. A difference in the development of the ovaries between the 

ecotypes could indicate that the ecotypes differ in the timing of their reproductive cycle, which might 

prevent or reduce between ecotype mating, i.e. induce temporal isolation. The pitfall samples from 

Nieuwpoort, Belgium were analyzed to infer the stage of ovary development of both populations in a 

yearly context. The year round cycle of pitfall samples shows a very clear trend in ovary width 

throughout the year. In February and March the undeveloped ovaries turn into fully developed ovary 

containing many ripe eggs. In June and July we observe a sharp decline in ovary width, indicating that 

the eggs are being laid in this period. These results are in agreement with a previous study of Desender 

(1985) which found that eggs are produced from April onwards and are laid from May until August. 

When the ovaries are inspected under the microscope the difference between ovaries holding ripe egg, 

ovaries that start to ripe and ovaries of females that have just laid their eggs was very clear. 

 

The ovaries of the Guérande females, collected in September 2010, were both for the pond and canal 

ecotype clearly empty ovaries of females that had already laid all their eggs. The statistical analysis of 

the results reveals, however, that a significant difference in ovary width is present between the pond 

and canal ecotype. As Dhuyvetter et al. (2007) found that individuals of the pond ecotype have on 

average significantly larger body sizes compared to canal populations, a difference in ovary width 

between the ecotypes could be attributed merely to a difference in body size. Our analysis indicates that 

although pond females were indeed larger than canal females, they possessed relatively larger ovaries 

than canal females as indicated by the significant difference in ovary width to elytral length ratio. 

Whether this difference is also biologically significant is not entirely clear but it does indicate that 

females of the different ecotypes might differ slightly in timing of their reproductive cycle. Our results 

suggest that ovaries of a year round cycle should be investigated for the Guérande region to reveal 

whether the difference in ovary width, between the pond and canal ecotype, observed in this study is a 

truthful indication of slightly different reproductive cycles. There is, however, no indication for a 

sufficient difference in reproductive cycle to make temporal isolation at present a good candidate as an 

isolating barrier between the ecotypes of P. chalceus in the Guérande region. 

 

In conclusion, our study of the potential reproductive barriers present between individuals of P. 

chalceus that inhabit different microhabitats in the Guérande salt marshes shows that beetles from the 

different ecotypes recognize each other as potential mates and successfully produce viable offspring, 

ruling out the possibility that any strong postmating, prezygotic barriers, such as mechanical isolation 

are present. As a following generation of beetles was successfully obtained from the offspring of the 

present study we can state that no extreme level of hybrid sterility is observed, at least not for offspring 

from a canal father and pond mother. 
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Although a more elaborate study of ovary and larval development is certainly advisable we have found 

no indication that temporal isolation at present forms a barrier to gene flow between the ecotypes of P. 

chalceus in the Guérande. We suggest the investigation of a year round cycle of ovaries from both 

ecotypes and a more elaborate offspring experiment, in which development times of the different 

stages can be statistically compared between offspring from within and between ecotype mating trials. 

Such an experiment could reveal whether offspring of P. chalceus truly exhibits a male biased sex ratio 

and test whether offspring from between ecotype matings suffer reduced survival or produce fewer or 

less viable offspring themselves.  

Our results indicate that the remarkable difference in willingness to mate between pond and canal 

males observed in the present study might prove to contribute to reproductive isolation upon further 

investigation. Although our study could not provide any evidence for the reason of the difference in 

mating willingness, we suggest, as was already mentioned by Dhuyvetter et al. (2007), that it would be 

interesting to test whether mating only occurs in the preferred habitat. As the microhabitats in the 

Guérande differ from each other in temperature, salinity and water level (Dhuyvetter et al. 2007), such 

habitat isolation might indeed be present. Habitat isolation is a form of premating barrier and is defined 

by Coyne and Orr (2004) as genetic or biological propensities to occupy different habitats in the same 

general area, thus preventing or limiting gene exchange through spatial separation during the breeding 

season. This isolation can be caused by differential adaptation, differential preference, competition, or a 

combination of these factors. Furthermore, it would be interesting to investigate whether the 

environmental differences recorded between the microhabitats influence the development of the 

offspring. An experiment could be set up to test whether pond offspring suffer reduced survival when 

reared in canal conditions or vice versa. Fuller et al. (2007) found that the killifish species Lucania goodie 

and Lucania parva display reduced survival to adulthood when reared at nonnative salinity levels. 

Matute et al. (2009) found that Drosophila santomae and Drosophila yakuba exhibit reduced survival to 

adulthood and fertility when reared at nonnative temperatures and that each species chooses its native 

temperature range when placed on a temperature cline. The different environmental conditions could 

also influence the development of the offspring as such that the timing of the reproductive cycles might 

start to diverge, thereby inducing temporal isolation.  

Apart from investigating the presence of reproductive barriers between the pond and canal ecotypes of 

P. chalceus in the Guérande, a major aim of the present study was to obtain insight in the pattern and 

timing of divergence of the putative adaptive gene Isocitrate Dehydrogenase 2 (IDH2). 

We constructed phylogenetic trees for both IDH2 and the putative neutral gene, Cytochrome Oxidase 

subunit one (COI), using several species of the genus Pogonus and Pogonistes from different European 

populations,  and tested the congruence between their divergence. The three different tree constructing 

methods maximum parsimony, maximum likelihood and Bayesian analysis yielded very similar results 

for both genes. The phylogenetic reconstructions obtained for IDH2 and COI were highly similar. In all 

trees individuals from the genus Pogonus and Pogonistes were clearly separated, forming two distinct  
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clades. In general, species clustered together in monophyletic groups. When comparing the Bayesian 

inference (BI) tree of COI_short with the IDH2 BI tree we observe that the relationships between the 

species of the genus Pogonus were often only poorly resolved, some species, however, clustered 

consistently together. In the BI tree for the COI_short file P. riparius was nested within the P. olivaceus 

clade, rendering P. olivaceus paraphyletic. This pattern can be observed for, for instance, very recently 

speciated sister taxa. However, P. olivaceus and P. riparius were found, with a maximum posterior 

probability, in a sister relationship within the IDH2 BI tree. These results suggest that, at some point in 

time, mitochondrial introgression has occurred between P. olivaceus and P. riparius. Interestingly, in 

both analyses P. chalceus is found to be in a sister relationship to P. reticulatus, with very high support.  

The most striking feature of the BI phylogram is the deep divergence within P. chalceus for the IDH2 

gene. Remarkably, the deep divergence within P. chalceus is not observed for the putative neutral gene 

COI. These results provide support for the hypothesis that balancing selection preserves genetic 

variation within the IDH2 gene. Balancing selection has the effect of creating deep genealogies as it 

maintains polymorphisms (Futuyama 2005). In contrast, the divergence within P. luridipennis, which is 

separated according to geography, was present for both IDH2 and COI. This can be expected, as the 

geographic barrier to gene flow preserves variation in the allopatric populations and acts on all genes 

simultaneously. Furthermore, the individuals of P. chalceus that are homozygote for the IDH2-S allele 

are clustered within those that are homozygote for the IDH2-L allele, this is in agreement with the 

hypothesis that IDH2-S has a single origin. We also recovered a deep divergence for P. reticulatus for the 

IDH2 gene. However, when inspecting the raw sequence data we conclude that the differences in the 

IDH2 sequences of P. reticulatus that underlie the observed divergence reside in a poorly sequenced 

region of the gene, and are therefore not a truthful indicator of the amount of divergence between the 

two individuals of P. reticulatus. 

 

Finally, we constructed a dated phylogeny and estimated the nucleotide substitution rate of the IDH2 

gene. After we estimated the divergence times for the COI gene by providing a prior for the mean rate, 

these estimates were subsequently used to calibrate three well supported clades which the COI_short 

and IDH2 BI tree had in common. The estimates nucleotide substitution rate for the IDH2 gene was 

9.837 x 10^-2 nucleotide substitutions per site per millions years (subs/s/my) with a standard deviation 

of 1.419 subs/s/my. The substitution rate of a gene is determined by two factors; first, the nature of the 

mutation, whether advantageous, deleterious, neutral or nearly neutral and secondly, the effective 

population size, which determines the power of genetic drift to disrupt selection. These factors interact 

to create complex patterns of rates of molecular evolution across the genome and between species 

(Bromham 2008). The nucleotide substitution rate used to calibrate the phylogeny of the mitochondrial 

COI gene was 8.606 x 10^-2 subs/s/my and was the highest of all mitochondrial genes, estimates across 

15 Coleoptera species (Pons et al. 2010). Therefore, the obtained nucleotide substitution rate of IDH2 is 

not in concordance with the hypothesis that nuclear genes usually evolve much slower than 

mitochondrial genes (Bromham 2008). However, care should be taken when interpreting the results of 

our relaxed molecular clock analyses, as our obtained estimates are accompanied by very high standard  
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deviations. The origin of the IDH2-S allele was estimated at 48900 years ago (95% HDP 41000-108700 

years ago). Also in the dated phylogeny, individuals of P. chalceus that are homozygote for the IDH2-S 

allele are clustered within those that are homozygote for the IDH2-L allele. This is in concordance with 

the hypothesized more recent origin of IDH2-S compared to IDH2-L, previously inferred from a smaller 

haplotype diversity within IDH2-S.  

 

Previous research on P. chalceus from several European populations revealed that populations from 

temporary habitats showed near-maximum dispersal power and very high frequencies of the IDH2-L 

allele, whereas stable populations showed more varying degrees of dispersal power and high 

frequencies of the IDH2-S allele. Both dispersal power and the pattern of allele frequencies were 

interpreted as habitat stability related adaptations (Dhuyvetter et al. 2004). Our results from the 

phylogenetic and molecular clock analysis, support the hypothesis that the IDH2-S allele had a recent, 

single origin in allopatry and entered populations throughout Europe via introgression from standing 

genetic variation. Locally, habitat stability related selection produces the observed pattern of dispersal 

power and allele frequencies. Therefore, P. chalceus can be seen as an example of parallel evolution by 

local adaptation from standing genetic variation. Because divergent selection causes genetic change 

only in loci affecting the target traits, taxa may become highly diverged and even almost completely 

reproductively isolated while remaining genetically extremely similar at genomic regions that are 

unaffected by divergent selection. This is referred to by Via and West (2008) as the genetic mosaic of 

speciation. Contrasting the divergence of the IDH2 gene to the neutral gene COI, clearly illustrates that 

the analysis of population structure based on genomic regions that are targeted by natural selection can 

indeed reveal patterns of adaptive divergence that have been obscured by ongoing gene exchange at 

genomic regions unaffected by divergent selection. 

In the Guérande region, where stable and temporary habitats are present in a mosaic, habitat selection 

preserves the differentiation in dispersal power and allele frequencies between the ecotypes despite 

strong gene flow. Therefore, we investigated whether reproductive isolating barriers are present 

between the ecotypes of P. chalceus from the Guérande, which might assist selection in 

counterbalancing the effects of gene flow. We found no indication of temporal isolation between the 

ecotypes, however, the remarkable difference in willingness to mate between pond and canal males 

observed in the present study might prove to contribute to reproductive isolation upon further 

investigation. As the genetic variation underlying the adaptive divergence between the ecotypes from 

the Guérande entered the population via introgression from standing genetic variation, our case study 

contributes to the hypothesis that divergence under high levels of gene flow is facilitated and, perhaps 

only possible, when preceded by an initial allopatric phase of population divergence that enriched the 

pool of adaptive genetic variation. 
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5 Discussion 

 

Our case study of adaptive divergence in P. chalceus contributes to the growing awareness that the 

plurality of mechanisms and processes underlying the process of divergence often renders this process 

more complex than generally acknowledged. Combining both ecology and genetics in a young system is 

certainly a fruitful approach to reveal important aspects of population divergence. Further research of 

this unique case study, in which habitat stability related selection preserves divergence between 

populations, even in the face of strong gene flow, will undoubtedly continue to contribute valuable 

information on how adaptive divergence can evolve and how it is maintained. 
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6 Conclusion 
 

Our results from the phylogenetic and molecular clock analysis support the hypothesis that the IDH2-S 

allele has a recent, single origin in allopatry and entered populations throughout Europe via 

introgression from standing genetic variation. Locally, habitat stability related selection produces the 

observed pattern of dispersal power and allele frequencies. We found no indication for the presence of 

temporal isolation between the ecotypes of P. chalceus in the Guérande, however, we state that the 

remarkable difference in willingness to mate between pond and canal males observed in the present 

study might prove to contribute to reproductive isolation upon further investigation. 
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Meer dan 150 jaar na de publicatie van Darwin zijn ideeën over evolutie, is het duidelijk dat deze de 
aanzet gaven tot intense debatten die sinds ze werden opgevoerd nauwelijks aan intensiteit hebben 
ingeboet. Ondanks het feit dat het nu algemeen wordt aanvaard dat soorten inderdaad ontstaan door 
middel van natuurlijke selectie, blijven veel vragen bestaan. Belangrijke ontdekkingen binnen de 
genetica gaven aanleiding tot het ontstaan van het biologisch soortenconcept, waarbij soorten worden 
omschreven als groepen van effectief of potentieel kruisende populaties die reproductief geïsoleerd zijn 
van andere, gelijkaardige groepen. Binnen dit biologisch soortenconcept staat de studie van 
soortvorming gelijk aan de studie van de evolutie van reproductieve isolatie. Het vormt een enorme 
uitdaging voor onderzoekers  om lang na soortvorming te achterhalen hoe reproductieve barrières  zijn 
ontstaan, welke het meest belangrijk waren en hoe ze blijven bestaan. Recente studies wijzen uit dat 
het proces van soortvorming echter veel complexer kan zijn dan veelal wordt aangenomen. Zo blijkt het 
traditionele onderscheid tussen allopatrische soortvorming, waarbij reproductieve barrières ontstaan 
tussen populaties die geografisch gescheiden zijn, en sympatrische soortvorming, waarbij reproductieve 
barrières ontstaan binnen één enkele populatie, vaak niet geschikt om soortvorming in de natuur 
correct te omschrijven. Zo is het mogelijk dat de genetische variatie die bijdraagt aan sympatrische 
divergentie in allopatrie is ontstaan en later via gene flow de populatie is binnengedrongen, dit proces 
heet introgressie. Hierdoor is het dus niet altijd mogelijk het proces van soortvorming als geheel 
allopatrisch of sympatrisch te bestempelen. Gezien de mogelijke complexiteit van het divergentie proces 
kiezen wij voor een veelomvattende aanpak in het onderzoek naar de sympatrische divergentie van 
Pogonus chalceus, waarbij zowel genetische als ecologische data worden gecombineerd. 

P. chalceus is een halobiontische kever, ongeveer 6 mm lang en voornamelijk dagactief. De soort komt 
voor in kwelders met een saliniteit van meer dan 1%. Het areaal van de soort strekt zich uit langsheen 
de Atlantische kust, inclusief Denemarken en grote delen van het Mediterraan gebied. Vleugellengte is 
extreem variabel binnen deze soort, gaande van korte tot compleet ontwikkelde vleugels, met alle 
mogelijke intermediairen. Relatieve vleugellengte, d.w.z. vleugellengte gecorrigeerd voor allometrie, is 
een goede indicator voor de dispersiecapaciteit van de kevers. Onderzoek naar het vleugel 
polymorfisme binnen P. chalceus wees uit dat alle Mediterrane populaties een opvallend hoge capaciteit 
tot dispersie bezitten, in tegenstelling tot Atlantische populaties waarbij meer variatie in relatieve 
vleugellengte en dispersiecapaciteit werd vastgesteld. Gezien de grotere fluctuaties in temperatuur, 
vochtigheid en voedsel in Mediterrane gebieden, in vergelijking met de meeste Atlantische gebieden 
werd dit behoud van hoge dispersiecapaciteit geïnterpreteerd als een adaptatie aan de meer temporele, 
onstabiele natuur van de Mediterrane habitats. Analyse van de genetische structuur van P. chalceus van 
verschillende Atlantische en Mediterrane populaties wees uit dat niet enkel dispersiecapaciteit maar 
ook allel frequenties van het IDH2 (isocitraat dehydrogenase 2) gen gelijkaardige patronen vertonen. 
Schattingen van genetische differentiatie waren veel hoger voor IDH2 dan voor andere bestudeerde 
enzym loci, wat erop wijst dat natuurlijke selectie werkzaam is op het IDH2 gen of een nauw gelinkt gen. 
Opmerkelijk genoeg vertonen alle onstabiele populaties fixatie of erg hoge frequenties van het allel 2 
van het IDH2 gen, terwijl stabiele populaties een hoge frequentie van allel 4 vertonen. Zowel 
dispersiecapaciteit als het patroon van allel frequenties van IDH2 worden als habitat stabiliteit 
gerelateerde adaptaties beschouwd. Een direct relatie tussen het IDH2 gen en relatieve vleugellengte is  
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nog niet gevonden. Het IDH2 gen katalyseert de snelheidlimiterende stap in de citroenzuur cyclus, zijn 
rol in deze energieproducerende reactie zou een mogelijke link met groei en dispersievermogen kunnen 
verklaren. Voorgaande resultaten werden gevonden voor geografisch geïsoleerde populaties van P. 
chalceus, in de kwelders van de Guérande, Frankrijk kan P. chalceus gevonden worden in een mozaïek 
van zowel onstabiele als stabiele habitats. De ponds worden regelmatig overstroomd en vormen 
hierdoor een onstabieler habitat dan de kanalen. Onderzoek wees uit dat habitat selectie de 
differentiatie in dispersiecapaciteit en allel frequenties van IDH2 tussen de pond en kanaal ecotypes kan 
bewaren ondanks hoge gene flow. Aangezien kevers die drager zijn van het IDH2 allel 4 meestal sterk 
gereduceerde relatieve vleugellengte bezitten, terwijl dragers van het IDH2 allel 2 veelal volledig 
ontwikkelde vleugels bezitten, verwijzen we naar het allel 4 als het IDH2-kort allel en het allel 2 als IDH2-
lang. De adaptieve divergentie van de IDH2 allelen en relatieve vleugellengte zijn nu op zowel macro- als 
microgeografische schaal vastgesteld. Een belangrijke vraag is hoe deze divergentie is ontstaan en hoe 
deze bewaard blijft.  Recent werd voor individuen van P. chalceus uit verschillende Europese populaties 
een fragment van het IDH2 gen gesequeneerd. Op basis van de haplotypes uit deze sequenties werd een 
Bayesian Inference boom gereconstrueerd. Opmerkelijk genoeg clusterden alle IDH2-kort haplotypes 
monofyletisch binnen IDH2-lang, wat duidt op een enkelvoudige oorsprong van het IDH2-kort enzym. De 
haplotypes werden verder onderzocht d.m.v. een Neighbor Network, waaruit bleek dat IDH2-lang over 
een grotere haplotype diversiteit beschikt dan IDH2-kort, dit suggereert dat IDH2-kort recenter is 
ontstaan dan IDH2-lang. Daarenboven is er een sterke divergentie aanwezig tussen het IDH2-kort en 
IDH2-lang allel, wat doet vermoeden dat selectie verantwoordelijk is voor de geobserveerde divergentie 
tussen de ecotypes. Deze resultaten zijn in overeenstemming met de hypothese dat habitat selectie 
verantwoordelijk is voor de divergentie tussen de pond en kanaal ecotypes in de Guérande. 
Daarenboven wijzen de resultaten erop dat het IDH2-kort allel een enkelvoudig oorsprong had en 
hoogstwaarschijnlijk is ontstaan in allopatrie, d.w.z. in de afwezigheid van gene flow.  
 
Voorgaand onderzoek geeft een indicatie van hoe de genetische variatie, die bijdraagt aan de adaptieve 
divergentie van IDH2, mogelijks is ontstaan. De voorliggende studie heeft tot doel bij te dragen aan de 
reeds bestaande kennis hieromtrent door het analyseren van het patroon en de timing van de IDH2 
divergentie d.m.v. fylogenetische en moleculaire klok analyses. Een tweede doelstelling in deze studie is 
om na te gaan hoe de divergentie tussen de ecotypes in de Guérande wordt in stand gehouden. 
Divergentie vormt een balans tussen de sterkte van divergerende selectie en de hoeveelheid gene flow. 
Aangezien eerder onderzoek uitwees dat er een zwakke gene flow barrière aanwezig is tussen de 
ecotypes van P. chalceus in de Guérande, onderzochten wij of assortatief paren of temporele isolatie 
reproductieve barrières vormen tussen de ecotypes, die de aanwezige habitat selectie kunnen bijstaan 
in het tegenwerken van het homogeniserende effect van gene flow. Via kruisingsexperimenten werd 
onderzocht of de kevers preferentieel met individuen van hun eigen ecotype paarden. Wij vonden geen 
aanwijzing voor dergelijk assortatief paargedrag, wel bleken pond mannetjes, in tegenstelling to kanaal 
mannetjes, zeer onwillig om te paren. Hoewel wij geen indicaties hebben voor de oorzaak van dit 
verschil lijkt het ons interessant om na te gaan of de pond en kanaal mannetjes verschillende, habitat 
gerelateerde stimuli nodig hebben om bereidheid tot paren te stimuleren en of paring dus enkel 
plaatsvindt binnen het eigen microhabitat. Temporele isolatie, waarbij populaties op verschillende 
tijdstippen paren, kan geïnduceerd worden door variatie in de ontwikkelingsduur van larvale stadia. In 
deze studie onderzochten we de ontwikkelingsduur van de larven van P. chalceus die voorkwamen uit 
het kruisingsexperiment. Helaas produceerden niet genoeg  kevers nakomelingen om statistische 
analyse mogelijk te maken. Belangrijk is echter dat paringen tussen pond en kanaal individuen  
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levensvatbare nakomelingen kunnen opleveren. Voorts onderzochten we ook de ontwikkeling van de 
ovaria van beide ecotypes van P. chalceus uit de Guérande kwelders, gevangen in september 2010. Een 
verschil in de ontwikkeling van de ovaria geeft namelijk een indicatie voor een verschil in timing van de 
reproductieve cyclus. Hoewel er een significant verschil aanwezig is tussen de groottes van de ovaria van 
de ecotypes, waren alle ovaria duidelijk lege ovaria van vrouwtjes die reeds hun eieren hadden gelegd. 
In deze studie vonden we  bijgevolg geen indicatie dat temporele isolatie een reproductieve barrière 
vormt tussen de pond en kanaal ecotypes van P. chalceus. Om inzicht te verwerven in het divergentie 
patroon van IDH2 werden fylogenetische bomen geconstrueerd voor meerdere soorten van het genus 
Pogonus en Pogonistes uit verschillende Europese populaties. De divergentie van het IDH2 gen werd 
vervolgens vergeleken met deze van het vermeend neutrale gen COI (Cytochrome Oxidase subunit 1). 
De fylogenetische reconstructies van beide genen zijn zeer gelijkend. Opmerkelijk genoeg vertoont P. 
chalceus in de Bayesian Inference boom een diepe divergentie voor het IDH2 gen en niet voor COI. Dit is 
in overeenkomst met de hypothese dat balancerende selectie variatie binnen het IDH2 gen bewaard. 
Tot slot voerden we een moleculaire clock analyse uit waaruit bleek dat de nucleotide substitutie 
snelheid van het nucleaire IDH2 gen even groot of zelfs groter was dan gepubliceerde schattingen van 
de nucleotide substitutie snelheid van mitochondriale genen van vertegenwoordigers uit de orde van de 
Coleoptera. Dit is niet in overeenstemming met de hypothese dat nucleaire genen trager evolueren dan 
mitochondriale genen. Het ontstaan van IDH2-kort werd geschat op 48900 jaar geleden, bovendien 
clusterden homozygoten van IDH2_kort binnen homozygote IDH2_lang individuen. Deze resultaten 
sluiten aan bij de hypothese dat IDH2_kort allel een recente, éénmalige oorsprong kent. Er is echter 
voorzichtigheid geboden bij de interpretatie van onze resultaten aangezien onze schattingen een grote 
foutmarge bezitten. 

Onze resultaten zijn in overeenstemming met de hypothese dat het IDH2-kort allel recent en éénmalig 
in allopatrie is ontstaan en vervolgens populaties doorheen Europa is binnengedrongen via introgressie. 
Lokaal zorgt habitat stabiliteit gerelateerde selectie voor het geobserveerde patroon van 
dispersiecapaciteit en IDH2 allel frequencies. Hierdoor kunnen we P. chalceus beschouwen als een 
voorbeeld van parallelle evolutie door lokale adaptatie op basis van staande genetische variatie. Door de 
divergentie van IDH2 te contrasteren met deze van COI wordt duidelijk dat de analyse van populatie- 
structuur op basis van genoomregio’s onder selectie patronen kan weergeven die verborgen blijven, 
door aanhoudende uitwisseling van genen, in genoomregio’s die niet onder selectie staan. In deze 
studie vonden we geen indicatie voor temporele isolatie tussen de pond en kanaal ecotypes van de 
Guérande. Echter, het opmerkelijke verschil in bereidheid tot paren tussen de pond en kanaal 
mannetjes zou mogelijks kunnen bijdragen tot reproductieve isolatie en dient dus verder onderzocht te 
worden. Aangezien de genetische variatie die de adaptieve divergentie tussen de ecotypes in de 
Guérande onderbouwt de populatie is binnengedrongen via introgressie vanuit staande genetische 
variatie, draagt onze studie bij tot de hypothese dat divergentie bij hoge niveaus van gene flow  wordt 
vergemakkelijkt, en misschien enkel mogelijk is, wanneer een initiële allopatrische fase van 
populatiedivergentie de poel van genetische variatie aanrijkt.  

Deze studie draagt bij tot het groeiende inzicht dat het divergentieproces vaak complexer is dan veelal 
wordt aangenomen. Het combineren van zowel ecologische als genetische informatie vormt zeker een 
veelbelovende aanpak in het onderzoek naar adaptieve divergentie. Verdere onderzoek naar deze 
unieke case study, waarbij habitat selectie de divergentie tussen populaties bewaard, zelfs in 
aanwezigheid van gene flow, zal ongetwijfeld nog meer waardevolle informatie opleveren over hoe 
adaptieve divergentie ontstaat en hoe deze behouden blijft. 
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Appendix A: Table with sequence codes for IDH2  
 
Table A1 : Table with sequence code, species for which the sequence was obtained, location where the individual 
was captured and date of capture. 

 

Code Species Location Capture date 

Pc1000_SS Pogonus chalceus France-Guérande 28-Aug-02 

Pc1006_LL Pogonus chalceus France-Guérande 28-Aug-02 

PC1008_SS Pogonus chalceus France-Guérande 28-Aug-02 

Pc1024_LL Pogonus chalceus France-Guérande 27-Aug-02 

Pc117_LL Pogonus chalceus France-Guérande 19-Aug-94 

Pc1375_SS Pogonus chalceus France-Guérande 29-Aug-02 

Pc1398_SS Pogonus chalceus France-Guérande NA 

Pc1404_SS Pogonus chalceus France-Guérande 29-Aug-02 

Pc193_LL Pogonus chalceus France-Guérande 20-Jul-93 

Pc229_LL Pogonus chalceus France-Guérande 10-Jun-92 

Pgil1 Pogonus gilvipes Spain-Pos Cerrillo 01-May-99 

Pgil2 Pogonus gilvipes Spain-Pos Cerrillo 01-May-99 

Pgil3 Pogonus gilvipes Spain-Pos Cerrillo 01-May-99 

Pgil4 Pogonus gilvipes Spain-Pos Cerrillo 01-May-99 

Plit1 Pogonus littoralis France-Mont Saint- Michel 29-Aug-02 

Plit2 Pogonus littoralis France-Mont Saint- Michel 29-Aug-02 

Plur1 Pogonus luridipennis Austria 27-Aug-97 

Plur2 Pogonus luridipennis Austria 27-Aug-97 

Plur3 Pogonus luridipennis Austria 27-Aug-97 

Plur4 Pogonus luridipennis Austria 27-Aug-97 

Plur5 Pogonus luridipennis France-Montpellier 27-Mar-01 

Plur6 Pogonus luridipennis France-Montpellier 27-Mar-01 

Plur7 Pogonus luridipennis France-Montpellier 27-Mar-01 

Poli1 Pogonus olivaceus Greece -Ionian Islands- Zakynthos 03-Sep-98 

Poli2 Pogonus olivaceus Greece -Ionian Islands- Zakynthos 03-Sep-98 

Poli3 Pogonus olivaceus Greece -Ionian Islands- Zakynthos 03-Sep-98 

Preti1 Pogonus reticulatus Greece-Thessaloniki 13-Oct-02 

Preti2 Pogonus reticulatus Greece-Thessaloniki 13-Oct-02 
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Table A1: continued 

 

Code Species Location Capture date 

Prip1 Pogonus riparius France-Montpellier 27-Mar-01 

Prip2 Pogonus riparius France-Montpellier 27-Mar-01 

Prip3 Pogonus riparius France-Montpellier 27-Mar-01 

Pcon1 Pogonistes convexicollis Greece-Thessaloniki 13-Oct-02 

Pcon2 Pogonistes convexicollis Greece-Thessaloniki 13-Oct-02 

Pcon3 Pogonistes convexicollis Greece-Thessaloniki 13-Oct-02 

Pcon4 Pogonistes convexicollis Greece-Thessaloniki 13-Oct-02 

Pgra1 Pogonistes gracilis France-Toulon 26-Mar-01 

Pgra2 Pogonistes gracilis France-Toulon 26-Mar-01 

Pgra3 Pogonistes gracilis France-Toulon 26-Mar-01 

Pgra4 Pogonistes gracilis France-Toulon 26-Mar-01 
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Appendix B: Table with sequence codes for COI  
 
Table B1: Table with sequence code, species for which the sequence was obtained, location where the individual 
was captured and date of capture. 
 
 

Code Species Location Capture date 

Pchal1 * Pogonus chalceus France-Guérande 28-Aug-02 

Pchal2 * Pogonus chalceus France-Mont Saint- Michel 29-Aug-02 

Pchal3 * Pogonus chalceus Belgium-Knokke-zwin NA 

Pchal4 * Pogonus chalceus France-Somme-Crotoy 03-Oct-96 

Pchal5 * Pogonus chalceus France-Guérande 27-Aug-02 

Pchal6 Pogonus chalceus Belgium-Nieuwpoort 16-Sep-10 

Pchal7 Pogonus chalceus Belgium-Nieuwpoort 16-Sep-10 

Pgil1 Pogonus gilvipes Spain-Pos Cerrillo 01-May-99 

Pgil2 Pogonus gilvipes Spain-Pos Cerrillo 01-May-99 

Pgil3 Pogonus gilvipes Spain-Pos Cerrillo 01-May-99 

Pgil4 Pogonus gilvipes Spain-Pos Cerrillo 01-May-99 

Pgil5 Pogonus gilvipes Spain-Pos Cerrillo 01-May-99 

Pgil6 Pogonus gilvipes France-Toulon 26-Mar-01 

Pgil7 Pogonus gilvipes Spain-Coto Donana 24-Mar-07 

Pgil8 Pogonus gilvipes Spain-Coto Donana 24-Mar-07 

Plur1 Pogonus luridipennis Austria 27-Aug-97 

Plur2 Pogonus luridipennis Austria 27-Aug-97 

Plur3 Pogonus luridipennis Austria 27-Aug-97 

Plur4 Pogonus luridipennis Austria 27-Aug-97 

Plur5 Pogonus luridipennis Austria 27-Aug-97 

Plur6 Pogonus luridipennis France-Montpellier 27-Mar-01 

Plur7 Pogonus luridipennis France-Montpellier 27-Mar-01 

Plur8 Pogonus luridipennis France-Montpellier 27-Mar-01 

Plur9 Pogonus luridipennis France-Montpellier 27-Mar-01 

Plur10 Pogonus luridipennis France-Montpellier 27-Mar-01 

Poli1 Pogonus olivaceus Greece -Ionian Islands- Zakynthos 03-Sep-98 

Poli2 Pogonus olivaceus Greece -Ionian Islands- Zakynthos 03-Sep-98 

Poli3 Pogonus olivaceus Greece -Ionian Islands- Zakynthos 03-Sep-98 
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Table B1: continued 

 

Code Species Location Capture date 

Poli4 Pogonus olivaceus Greece -Ionian Islands- Zakynthos 03-Sep-98 

Poli5 Pogonus olivaceus Greece -Ionian Islands- Zakynthos 03-Sep-98 

Poli6 Pogonus olivaceus Greece -Ionian Islands- Zakynthos 03-Sep-98 

Poli7 Pogonus olivaceus Greece -Ionian Islands- Zakynthos 03-Sep-98 

Poli8 Pogonus olivaceus Greece -Ionian Islands- Zakynthos 03-Sep-98 

Poli9 Pogonus olivaceus Greece -Ionian Islands- Zakynthos 03-Sep-98 

Preti1 Pogonus reticulatus Greece-Thessaloniki 13-Oct-02 

Preti2 Pogonus reticulatus Greece-Thessaloniki 13-Oct-02 

Prip1 Pogonus riparius France-Montpellier 27-Mar-01 

Prip2 Pogonus riparius France-Montpellier 28-Mar-01 

Prip3 Pogonus riparius France-Montpellier 29-Mar-01 

Prip4 Pogonus riparius France-Montpellier 30-Mar-01 

Prip5 Pogonus riparius France-Montpellier 30-Mar-01 

Plitt1 * Pogonus littoralis France-Rousillon 25-Jul-95 

Plitt2 * Pogonus littoralis France-Rousillon 25-Jul-95 

Plitt3 * Pogonus littoralis France-Rousillon 25-Jul-95 

Plitt4 * Pogonus littoralis France-Rousillon 25-Jul-95 

Plitt5 * Pogonus littoralis France-Rousillon 25-Jul-95 

Ptes1 Pogonistes testaceus France-Toulon 26-Mar-01 

Ptes2 Pogonistes testaceus France-Toulon 27-Mar-01 

Ptes3 Pogonistes testaceus France-Toulon 28-Mar-01 

Ptes4 Pogonistes testaceus France-Toulon 29-Mar-01 

Ptes5 Pogonistes testaceus France-Toulon 30-Mar-01 

Pcon1 Pogonistes convexicollis Greece-Thessaloniki 13-Oct-02 

Pcon2 Pogonistes convexicollis Greece-Thessaloniki 13-Oct-02 

Pcon3 Pogonistes convexicollis Greece-Thessaloniki 13-Oct-02 

Pcon4 Pogonistes convexicollis Greece-Thessaloniki 13-Oct-02 

Pcon5 Pogonistes convexicollis Greece-Thessaloniki 13-Oct-02 

Pgra1 Pogonistes gracilis France-Toulon 26-Mar-01 

Pgra2 Pogonistes gracilis France-Toulon 26-Mar-01 

Pgra3 Pogonistes gracilis France-Toulon 26-Mar-01 

Pgra4 Pogonistes gracilis France-Toulon 26-Mar-01 

Pgra5 Pogonistes gracilis France-Toulon 26-Mar-01 

Pgra6 Pogonistes gracilis France-Toulon 26-Mar-01 

Pgra7 Pogonistes gracilis France-Toulon 26-Mar-01 
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Table B1:  continued 
 

 

Code Species Location Capture date 

Pgra8 Pogonistes gracilis France-Toulon 26-Mar-01 

Pgra9 Pogonistes gracilis Spain-Coto Donana 24-Mar-07 

Pgra10 Pogonistes gracilis Spain-Coto Donana 24-Mar-07 

Pruf1 Pogonistes rufoaeneus Greece -Ionian Islands- Zakynthos 03-Sep-98 

Pruf2 Pogonistes rufoaeneus Greece -Ionian Islands- Zakynthos 03-Sep-98 

Pruf3 Pogonistes rufoaeneus Greece -Ionian Islands- Zakynthos 03-Sep-98 

Pruf4 Pogonistes rufoaeneus Greece -Ionian Islands- Zakynthos 03-Sep-98 

Pruf5 Pogonistes rufoaeneus Greece -Ionian Islands- Zakynthos 03-Sep-98 

 

* Individuals for which DNA extract was already available. For all other individuals, DNA was newly extracted.  
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Appendix C: Table with results of the statistical analyses of the first mating experiment. 
 
Table C1 : Table with results of the statistical analyses of the first mating experiment. For each response variable 
the obtained Chi² or F value, degrees of freedom (df) and P value are presented per explanatory variable or 
interaction. When no effects proved significant in the likelihood ratio analysis for the most complex model, the 
model was reduced by removing the highest order interaction terms, which are placed between brackets.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Response variable mating 
   

Variable df X² P 

male 1 0.77 0.3809 

female 1 0.03 0.8635 

trial 2 3.12 0.2099 

(male*female) 1 0.41 0.5235 

(female*trial) 2 4.56 0.1023 

(male*trial) 2 0.56 0.7555 

(male*female*trial) 2 2.49 0.2875 

Response variable matingtime       

Variable df F P 

male 1 0.77 0.3861 

female 1 0.14 0.7070 

male*female 1 0.44 0.5103 

Reponse variable number mating       

Variable df X² P 

male 1 0.13 0.7207 

female 1 0.05 0.8259 

male*female 1 0.83 0.3616 
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Appendix D: Table with results of the statistical analyses of the second mating experiment. 
 
Table D1: Table with results of the statistical analyses of the first trial of the second mating experiment. For each 
response variable the obtained Chi² or F value, degrees of freedom (df) and P value are presented per explanatory 
variable or interaction.  

 

 

 

 

 

 

 

 

 

 

 
 
Table D2: Table with results of the statistical analyses of the second trial of the second mating experiment. For 
each response variable the obtained Chi² or F value, degrees of freedom (df) and P value are presented per 
explanatory variable or interaction.  

 
 

Response variable mating       

Variable df X² P 

female 1 2.77 0.0958 

 

 

 

Response variable mating       

Variable df X² P 

male 1 20.06 < 0.0001 

female 1 4.07 0.0438 

male*female 1 1.43 0.2313 

Response variable  matingtime       

Variable df F P 

male 1 0.34 0.5660 

female 1 0.14 0.7123 
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Appendix E: Table with data on ovary widths for Nieuwpoort pitfall samples collected in 2008  
 
Table E1: Table with code of capture for individuals of Nieuwpoort, date of capture, width of ovary, mean width of 
ovary for each month with standard deviation. 

 

Capture code 
Capture 

date 
Width ovary 

(mm) Mean width ovary (mm) SD 

SCH1_31jan 31-Jan-08 0.250 0.283 0.058 

SCH1_31jan 31-Jan-08 0.250     

SCH1_31jan 31-Jan-08 0.350     

SCH1_29feb 29-Feb-08 0.750 0.740 0.042 

SCH1_29feb 29-Feb-08 0.800     

SCH1_29feb 29-Feb-08 0.750     

SCH1_29feb 29-Feb-08 0.700     

SCH1_29feb 29-Feb-08 0.700     

SCH1_14mar 14-Mar-08 0.800 0.725 0.162 

SCH1_14mar 14-Mar-08 0.875     

SCH1_14mar 14-Mar-08 0.850     

SCH1_14mar 14-Mar-08 0.550     

SCH1_14mar 14-Mar-08 0.550     

SCH3_25mar 25-Mar-08 1.025 1.000 0.025 

SCH3_25mar 25-Mar-08 1.000     

SCH3_25mar 25-Mar-08 1.025     

SCH3_25mar 25-Mar-08 0.975     

SCH3_25mar 25-Mar-08 0.975     

SCH1_11apr 11-Apr-08 1.000 1.000 0.018 

SCH1_11apr 11-Apr-08 0.975     

SCH1_11apr 11-Apr-08 1.000     

SCH1_11apr 11-Apr-08 1.025     

SCH1_11apr 11-Apr-08 1.000     

SCH1_25apr 25-Apr-08 1.000 0.980 0.033 

SCH1_25apr 25-Apr-08 1.025     

SCH1_25apr 25-Apr-08 0.950     

SCH1_25apr 25-Apr-08 0.975     

SCH1_25apr 25-Apr-08 0.950     

SCH1_9mei 9-May-08 1.050 1.060 0.038 
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Table E1:  continued 

 
 

Capture code 
Capture 

date 
Width ovary 

(mm) Mean width ovary (mm) SD 

SCH1_12sep 12-Sep-08 0.300 0.350 0.079 

SCH1_12sep 12-Sep-08 0.450     

SCH1_12sep 12-Sep-08 0.350     

SCH1_12sep 12-Sep-08 0.400     

SCH1_12sep 12-Sep-08 0.250     

SCH2_26sept 26-Sep-08 0.300 0.350 0.146 

SCH2_26sept 26-Sep-08 0.250     

SCH3_26sept 26-Sep-08 0.350     

SCH3_26sept 26-Sep-08 0.600     

SCH3_26sept 26-Sep-08 0.250     

SCH2_10okt 10-Oct-08 0.300 0.036 0.055 

SCH2_10okt 10-Oct-08 0.350     

SCH2_10okt 10-Oct-08 0.350     

SCH3_10okt 10-Oct-08 0.450     

SCH3_10okt 10-Oct-08 0.350     

SCH2_24okt 24-Oct-08 0.500 0.350 0.184 

SCH2_24okt 24-Oct-08 0.350     

SCH2_24okt 24-Oct-08 0.050     

SCH3_24okt 24-Oct-08 0.350     

SCH3_24okt 24-Oct-08 0.500     

SCH3_7nov 07-Nov-08 0.250 0.250 0.035 

SCH3_7nov 07-Nov-08 0.250     

SCH3_7nov 07-Nov-08 0.300     

SCH3_7nov 07-Nov-08 0.200     

SCH3_7nov 07-Nov-08 0.250     

SCH3_12dec 12-Dec-08 0.350 0.350 0.000 

SCH3_12dec 12-Dec-08 0.350     



62 
 

Appendix 
 

 
Appendix F: Table with data on ovary widths and elytral length for Guérande samples collected in September 2010 
 
Table F1 : Table with individual code for Guérande samples, ecotype (C=canal, P=pond), date of capture, width of ovary, width of elytron, mean width of ovary 
for each month and mean elytral length for each month with standard deviation. 
 

 

Individual code Ecotype Capture date Width ovary (mm) 
Elytral length 

(mm) 
Mean width ovary 

(mm) Mean elytral lenght (mm) 
SD 

ovary 
SD 

elytron 

GP3_038 P 16-Sep-09 0.50 4.00 0.472 4.100 0.091 0.187 

GP3_039 P 16-Sep-09 0.65 4.15         

GP3_040 P 16-Sep-09 0.50 4.15         

GP3_041 P 16-Sep-09 0.45 3.85         

GP3_042 P 16-Sep-09 0.35 4.20         

GP3_043 P 16-Sep-09 0.50 4.20         

GP3_044 P 16-Sep-09 0.50 4.15         

GP3_045 P 16-Sep-09 0.45 4.40         

GP3_046 P 16-Sep-09 0.35 3.80         

GC3_086 C 16-Sep-09 0.35 3.60 0.283 3.678 0.056 0.177 

GC3_087 C 16-Sep-09 0.35 4.05         

GC3_089 C 16-Sep-09 0.25 3.80         

GC3_090 C 16-Sep-09 0.35 3.45         

GC3_091 C 16-Sep-09 0.25 3.70         

GC3_092 C 16-Sep-09 0.25 3.75         

GC3_093 C 16-Sep-09 0.30 3.55         

GC3_094 C 16-Sep-09 0.20 3.65         

GC3_095 C 16-Sep-09 0.25 3.55         
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Appendix G: Table with data on offspring obtained from the first mating experiment 
 
Table G1: Table with code of male and female, mating type (C=canal, P=pond), the number of eggs, larva, pupa and adults, the number of male and female 
offspring and the sex ratio, the number of offspring thatdied before reaching the adult stage and the ratio of dead to total number of offspring. 
 
 

Code male Code female mating type egg larva pupa adult m f sex ?  m/total dead dead/total 

GP1_010 GP3_004 P-P 103 101 48 39 22 17 0 0.56 64 0.62 

GP3_087 GP3_024 P-P 2 2 1 1 0 0 1    - 1 0.50 

GC1_008 GC1_029 C-C 10 8 4 4 2 2 0 0.50 6 0.60 

GC3_042 GC1_038 C-C 14 14 12 9 9 0 0 1.00 5 0.36 

GC1_021 GP3_037 C-P 3 3 1 1 0 1 0 0.00 2 0.67 

GC2_044 GP2_022 C-P 75 70 38 35 24 10 1 0.71 40 0.53 

GP3_048 GC3_065 P-C 1 1 1 0 0 0 0    - 1 1.00 
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Appendix H: Phylogenetic trees 

 

Figure H 1: Bootstrap 50% majority-rule consensus tree for COI_short using the Maximum likelihood 
criterion (bootstrap nreps=100, start=nj, nreps=10, swap=tbr, timelimit=1800).  
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Figure H 2: Bootstrap 50% majority-rule consensus tree for COI_long using the Maximum likelihood 
criterion (bootstrap nreps=100, start=nj, nreps=10, swap=tbr, timelimit=1800).  
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Figure H 3: Bootstrap 50% majority-rule consensus tree for COI_kort  found by a heuristic search, using the 
Maximum Parsimony criterion (bootstrap nreps=100, start=nj, nreps=10, swap=tbr, timelimit=1800). 
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Figure H 4: Bootstrap 50% majority-rule consensus tree for COI_long  found by a heuristic search, using the 
Maximum Parsimony criterion (bootstrap nreps=100, start=nj, nreps=10, swap=tbr, timelimit=1800). 
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Figure H 5: Bayesian inference tree for COI_short with indication of posterior probabilities (two million 

generations, burn-in = 750, 4 chains)   
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Figure H 6: Bayesian inference tree for COI_short with indication of posterior probabilities and branch lenghts (two 

million generations, burn-in = 750, 4 chains)   
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Figure H 7: Bayesian inference tree for COI_long with indication of posterior probabilities and branch length (two 

million generations, burn-in = 750, 4 chains)   
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Figure H 8: Bootstrap 50% majority-rule consensus tree for IDH2 using the Maximum likelihood 
criterion (bootstrap nreps=100, start=nj, nreps=10, swap=tbr, timelimit=1800).  
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Figure H 9: Bootstrap 50% majority-rule consensus tree for IDH2 found by a heuristic search, using the Maximum 

Parsimony criterion (bootstrap nreps=100, start=nj, nreps=10, swap=tbr, timelimit=1800).
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Figure H 10: Bayesian inference tree for IDH2 with indication of posterior probabilities and branch lenghts (two million generations, burn-in = 750, 4 chains)   
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Appendix I: Dated phylogenetic trees 

 
 
Figure I 1: The maximum clade credibility tree for individuals of the genus Pogonus and Pogonistes based on the COI gene (COI_long file), using a Bayesian relaxed clock method 
in Beast. Branches are proportional to time in millions of years. Nodes represent means of the probability distributions for node ages, numbers on nodes represent the 
estimated age for that divergence. (40 million generations, sample frequency = 1000, burn-in = 4000) 
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Figure I 2: The maximum clade credibility tree for individuals of the genus Pogonus and Pogonistes based on the COI gene (COI_short file), using a Bayesian relaxed clock method 
in Beast. Branches are proportional to time in millions of years. Nodes represent means of the probability distributions for node ages, numbers on nodes represent the 
estimated age for that divergence. (40 million generations, sample frequency = 1000, burn-in = 4000) 
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Figure I 3: The maximum clade credibility tree for individuals of the genus Pogonus and Pogonistes based on the COI_short file, using a Bayesian relaxed clock method in Beast. 
Branches are proportional to time in millions of years. Node bars represent the 95% high posterior density interval. Nodes represent means of the probability distributions for 
node ages, numbers on nodes represent the estimated age for that divergence. (80 million generations, sample frequency = 1000, burn-in = 8000)  
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Figure I 4: The maximum clade credibility tree for individuals of the genus Pogonus and Pogonistes based on the IDH2 gene, using a Bayesian relaxed clock method in Beast. 
Branches are proportional to time in millions of years. Nodes represent means of the probability distributions for node ages, numbers on nodes represent the estimated age for 
that divergence. The nodes for which a prior was provided, based on the divergence times obtained in the dated phylogeny of COI, are circled in red. (80 million generations, 
sample frequency = 1000, burn-in = 8000) 
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Figure I 5: The maximum clade credibility tree for individuals of the genus Pogonus and Pogonistes based on the IDH2 gene, using a Bayesian relaxed clock method in Beast. 
Branches are proportional to time in millions of years. Node bars represent the 95% high posterior density interval. Nodes represent means of the probability distributions for 
node ages, numbers on nodes represent the estimated age for that divergence. (80 million generations, sample frequency = 1000, burn-in = 8000)  


