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Understanding the variations in the rate of molecular evolution among lineages may provide clues on the processes that molded extant biodiversity. Here, we report the high rate of molecular evolution in Lycaenidae and Riodinidae compared to other families of butterflies (Papilionoidea). We assembled a phylogeny of butterflies using eight molecular markers and comprising 4,891 species. We found that the rate of molecular evolution is higher in Lycaenidae and Riodinidae compared to the other families, but only the nuclear protein coding sequence Wingless showed a marked difference, while Elongation factor 1-alpha showed a more moderate difference. In contrast, Cytochrome Oxidase subunit 1 showed no difference between Lyacenidae and Riodinidae, and other butterflies. In parallel, we calculated the rates of diversification in all subfamilies of the Papilionoidea using the method-of-moments estimator for stem-group ages, which does not require a fully solved phylogeny for the target clades. We found that the Lycaeninae lineage, from the Lycaenidae family had the highest rate of diversification among all lineages. Among the life-history traits that could explain differences in molecular evolution and diversification rate, lycaenids display mutualistic or antagonistic interactions with ants, a higher level of host plant specialization and reduced dispersal abilities compared to other butterfly families. Since the current study is limited by a unique contrast, the relationship with traits cannot be evaluated statistically. Future studies should measure myrmecophily and dispersal abilities quantitatively across a more detailed phylogeny of lycaenids to test for an association between shifts in the strength of mutualism, rates of molecular evolution and the diversification of lineages.
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INTRODUCTION

The rate of molecular evolution varies across the tree of life and can be associated with the evolution of species life-history traits. Processes that drive increased rates of molecular evolution in coevolving species are traditionally associated to Van Valen's (1973) Red Queen Hypothesis in host-parasite interactions. This theory stipulates that the evolutionary race between host defenses and parasite strategies should foster a higher rate of molecular evolution in the genomes of both the host and the parasite. Rubin and Moreau (2016) proposed that this theory might also apply to mutualistic interactions. Contrasting evolutionary rates in mutualistic and non-mutualistic ant genomes, they demonstrated a higher rate of molecular evolution in mutualists compared to non-mutualists, as also shown in fungi lineages (Lutzoni and Pagel, 1997). The rate of molecular evolution is also influenced by the generation time of a clade, since the reproduction involves the accumulation of germinal mutations (Gillooly et al., 2005). Classic contrasts in the rate of molecular evolution associated to generation time oppose herbaceous plants to trees (Smith and Donoghue, 2008), small vs. large mammals (Martin and Palumbi, 1993) and birds (Nabholz et al., 2016), or more generally long lived animals contrasted to those with short generation times (Thomas et al., 2010; Litsios et al., 2012). Other life-history traits linked to reproduction such as mating system are associated with the rate of molecular evolution in lineages (Burgarella et al., 2015). A higher rate of molecular evolution could also emerge through a decrease in effective population size increasing the effect of genetic drift such as on oceanic islands (Woolfit and Bromham, 2005, but see James et al., 2016). In terrestrial organisms, the evolution of traits that decrease the effective size of population, for instance through more limited dispersal or ecological specialization, might generate a higher rate of molecular evolution in lineages.

Changes in the rate of lineage diversification have been shown to be associated with an increased rate of molecular evolution (Barraclough et al., 1996; Lanfear et al., 2010, but see Goldie et al., 2011). For instance, Bromham et al. (2015) proposed that species traits contribute to lineage-specific differences in the mutation rate, increasing the rate of molecular evolution, fostering among-populations divergence and diversification. Moreover, strong selection during phases of high diversification (e.g. across different ecological conditions) might generate a coupling between rates of molecular evolution and diversification. The process of speciation involves the selection on key genes underlying adaptive traits and regions associated with such genes can display higher rates of molecular evolution (Purugganan et al., 1995; McVicker et al., 2009). Several examples exist where the diversification of a clade is associated with an accelerated substitution rate in genes under strong ecological selection (Duda and Palumbi, 1999). Demogenetic properties of populations requiring high levels of ecological specialization may also influence both the accumulation of mutations in populations and their likelihood of speciation through population size. Xiang et al. (2004) showed a relationship between rates of ITS evolution and species diversification in plants, higher in Eastern Asia than in North America. Given that higher rates of evolution were observed in a putatively neutral molecular section, they proposed that genetic drift may play a substantial role in speciation as a consequence of small population sizes and low gene flow associated with high habitat specialization. In a neutral framework, the probability of two diverging populations becoming separate species is determined by the underlying fixation of specific mutations that accumulate in each population, being a function of the size of the latter and of the gene flow among demes (Ohta, 1992). In the case of species with high levels of ecological specialization, both criteria should be met, fostering genetic incompatibilities and speciation (Pellissier et al., 2012).

Mutualistic interactions between organisms range from obligate relationships, such as those between endosymbionts and their hosts (Werren et al., 2008), to very generalist ones, such as between some plants and their pollinators (Alarcón et al., 2008). They are ubiquitous in nature and often essential for the functioning of ecosystems (Smith and Donoghue, 2008; Yoder et al., 2010). In addition to the ecological benefits of mutualistic interactions for species co-existence and biodiversity (Hoeksema and Kummel, 2003), the apparition of mutualistic interactions has been documented to trigger the diversification of organisms in several clades (Harry et al., 1996; Pellmyr and Krenn, 2002; Litsios et al., 2012). As a consequence, many ecosystems are currently dominated by species involved in one or several mutualistic interactions (Lewinsohn et al., 2006). In recent years, more densely sampled phylogenetic trees allowed to gain new insights into the large-scale evolutionary processes underlying the diversification toward modern biodiversity (e.g. Moreau et al., 2006; Meredith et al., 2011). Although mechanisms promoting species diversification following the evolution of mutualism are still debated, several cases of diversification after the establishment of mutualistic interactions have been documented and concepts such as the ecological opportunity have emerged to explain them (Schluter, 2000; Ricklefs, 2010; Joy, 2013). The evolution of a mutualism between two partners may provide access to previously untapped environments or resources (Joy, 2013), or provides escape from antagonistic actors such as in ant-plant mutualism (Heil and McKey, 2003; Rasmann et al., 2014). Studying both the rate of molecular evolution and diversification in mutualistic lineages can shed light on the underlying processes. Additional case-studies on molecular consequences of the evolution of mutualisms may bring further light on the mechanisms of diversification.

The Lycaenidae and Riodinidae lepidopteran families are sister clades of butterflies. Several subfamilies of Lycaenidae and Riodinidae show high levels of ecological specialization toward host plant and ant species (i.e., those species are facultatively or obligately associated with ants during their larval development; Pierce et al., 2002), and therefore display singular ecological traits compared to other Papilionoidea. The life-history of many Lycaenidae and Riodinidae (hereafter “lycaenids sensu lato”) is characterized by the presence of a mutualistic interaction (or in some cases parasitic interaction) with ants. The apparition of a suite of characters providing passive protection against ants (e.g., thick cuticle) and active mediation (e.g., production of sugary exudate) in those families have allowed them to gain ant pacification and protection (Fiedler, 2001; Pierce et al., 2002). In addition, a large number of lycaenids further require the presence of genus- or even species-specific food plants in addition to the host ants. Based on previous evidences (Pellissier et al., 2012), the evolution of myrmecophily should be associated with a higher rate of molecular evolution, either as a consequence of selection or random genetic drift in populations of smaller sizes more fragmented in the landscape. Insights could be gained by studying the rate of molecular evolution together with the rate of diversification using phylogenies.

Here, we investigate the rate of molecular evolution and diversification using reconstructed phylogenies of the Papilionoidea. First, we assembled a large phylogeny of all available sequences from Genbank using eight molecular markers. We compared branch lengths between lycaenids and non-lycaenids to outgroups. Second, we computed the rate of diversification within the main lineages of butterflies using the method-of-moments estimator for stem-group ages, which does not require a fully resolved phylogeny for the target clades. More specifically, we ask the following questions:

(i) Is the rate of molecular evolution higher in lycaenids than other butterfly families?

(ii) Is the rate of diversification higher in the lycaenid lineages compared to those of other butterflies?

Our analyses allow the quantification of the rates of diversification and of molecular evolution associated to the evolution of ecological traits, especially myrmecophily and contrast the lycaenids to other butterfly families. However, at the scale considered in our study, we have a unique contrast between myrmecophilous and non-myrmecophilous butterflies, which does not allow performing statistical tests of association.

MATERIALS AND METHODS

Rate of Molecular Evolution

To investigate the rate of molecular evolution with as much data as available, we inferred phylogenetic relationships for 4891 species of the Papilionoidea super-family from sequences available in Genbank. Two species were included as outgroups with at least one outgroup species for each molecular marker, Thyris fenestrella and Pterodecta felderi. Sequences from eight different molecular markers, three mitochondrial (Cytochrome Oxidase subunit 1, NADH dehydrogenase subunit 5, and 16S) and four nuclear loci (Elongation factor 1-alpha, Glyceraldehyde 3-phosphate dehydrogenase, ribosomal protein S5, wingless) were retrieved from Genbank. Overall, Cytochrome Oxidase subunit 1 (n = 3,783), Elongation factor 1-alpha (n = 3,415) and wingless (n = 2,769) were the markers shared by the highest number of species. When several sequences were available for the same species and gene, we selected the longest sequence. We only considered species for which at least two markers were available and filtered out very short sequences (< 100 bp) for each marker. We used Gblocks version 0.91 to remove ambiguously aligned regions. We aligned sequences using MAFFT version 7.157b with default settings. We visually checked the alignment and verified that no ambiguous alignment was included into the final matrix. This provided a final concatenated matrix of 4,250 base-pairs length. Phylogenetic reconstructions were done applying a model-based Maximum Likelihood (ML) approach with each locus considered as an independent partition. ML searches were performed with RAxML 7.2.6, applying 100 rapid bootstrap analyses followed by the search of the best-scoring ML tree. Trees for each of the three regions with sufficient taxonomic coverage were also inferred with the same parameters in RAxML. Approaches have been developed to test differences in the rate of molecular evolution. However, such methods are generally computationally intensive and are not able to handle large phylogenetic trees. As mentioned above, and because the number of Riodinidae species with enough molecular sequences was low and thus non-representative of the entire family, we analyzed Lycaenidae and Riodinidae together, hereafter referred to as lycaenids. To compare rates of molecular evolution, we used an approach inspired by the Tajima's Relative rate test. We selected random pairs of species, one from the Lycaenidae or Riodinidae and one from the non-lycaenid butterflies (Papilionidae, Pieridae, Nymphalidae, and Hesperiidae families) and compared the branch length measured with cophenetic.phylo in the ape R package (Paradis et al., 2016) that separates the lycaenid species to an outgroup as well as the species from the non-lycaenid butterflies to the same outgroup. We repeated the comparison 10,000 times. Eventually, we tested whether branches were longer in lycaenids compared to an outgroup species for each gene independently using a paired Wilcoxon test as done in Rubin and Moreau (2016). All steps of this analysis pipeline can be run at https://insidedna.me.

Rate of Diversification of Subfamilies

Because there was a large difference in the type and number of sequences available in Genbank across butterfly families and subfamilies (e.g., underrepresented tropical clades), it cannot be used to provide an accurate estimation of diversification rates using lineage branching. We rather used the phylogeny of Papilionoidea in Heikkilä et al. (2012). We computed the rates of diversification using the method-of-moments estimator for stem-group ages (Magallon and Sanderson, 2001) as implemented in the “laser” R library. This approach is widely applied when the within clade phylogenetic structure is not sufficiently resolved or strongly biased across clades (Jezkova and Wiens, 2016; Scholl and Wiens, 2016). Estimating the diversification rate of a clade using the method-of-moments estimator requires the age of the clade, its species richness, and an assumed relative extinction fraction (ε, or extinction/speciation). We used estimations of the stem age of each clade at subfamily level from the dated phylogeny of Papilionoidea of Heikkilä et al. (2012), together with species richness estimates. We followed standard practice with three assumed values of extinction (0, 0.5 and 0.9). Different values had relatively little impact on the results and, we present results only from the intermediate value (i.e., 0.5).

RESULTS

Rate of Molecular Evolution

The RAxML analysis resulted in a tree topology with most nodes having >0.5 bootstrap support. Most of the known families and clades were retrieved in agreement with the known topology of Heikkilä et al. (2012). One major exception, however, was the placement of Riodinidae family on the tree topology considering only the marker Elongation factor 1-alpha, which was not sister clade to Lycaenidae (Figure 1). The final consensus tree topology supported Lycaenidae and Riodinidae being sister clades. Differences in the rate of molecular evolution between the species of the Lycaenidae and Riodinidae families and other butterfly species were compared using a similar approach as Tajima's Relative rate test computing difference in branch length between multiple pairs of sequences. Branches involving a lycaenid and an outgroup were longer than those involving a non-lycaenid and an outgroup when considering nuclear genes but not when considering the mitochondrial gene examined (Wilcoxon test: Cytochrome Oxidase subunit 1: W = 31119000 P = 1, Elongation factor 1-alpha: W = 9544900 P < 0.0001; wingless: W = 2032, P < 0.0001; Figure 2). In particular, the rate of molecular evolution of the wingless marker is over twice as high for lycaenids than non-lycaenid species (Figure 1).
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FIGURE 1. Phylogeny of the 4891 butterfly taxa considered in this study with branch lengths proportional to substitutions per site considering all markers in (A) and each marker separately (B,C,D). Colored branches represent the myrmecophilous Lycaenidae and Riodinidae in orange and the other butterflies in blue. Boxplots show branch length for myrmecophilous and non-myrmecophilous compared with an outgroup species; centerline represents the median, hinges mark the first and third quartiles, whiskers extend to the lowest and highest non-outlier.
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FIGURE 2. Barplots of the net diversification rates estimated for each butterfly clade from the dated phylogeny of Heikkilä et al. (2012) and species richness estimates. Shown for (A) Lycaenidae, (B) Hesperridae, (C) Nymphalidae, (D) Riodinidae, (E) Pieridae, and (F) Papilionidae. Diversification was computed using the method-of-moments estimator for stem group ages.



Rate of Diversification of Subfamilies

Our results indicate that the Lycaeninae lineage (0.115) sensu Heikkilä et al. (2012) has the highest rate of diversification across the 26 clades that we analyzed (Figure 2), followed by the Hesperiinae lineage (0.111) of the Hesperiidae family and the Satyrinae (0.108) of the Nymphalidae family. Comparatively, the other subfamilies had lower diversification rates. Hence, the most specious lineage associated with a myrmecophilous behavior has a diversification rate that is above the average rate across the super-family of the Papilionoidea, with the exception of two other lineages within the Hesperiidae and Nymphalidae. Indeed, the Satyrinae and Hesperiinae lineages also reached comparable levels of diversification rate to the Lycaeninae (Figure 2).

DISCUSSION

The rate of molecular evolution has been shown to vary among clades in the tree of life. Here, we provide an additional observation of such variation, by documenting a higher rate of molecular evolution in Lycaenidae and Riodinidae considered as a single clade and compared to the other butterfly families. In parallel, we found that, among the clades analyzed, the lineage displaying the highest diversification rate was from the myrmecophilous Lycaenidae. Therefore, our results provide a line of evidence toward higher rates of molecular evolution associated with the evolution of myrmecophily in lycaenids, but also of diversification as found in other systems (Bromham et al., 2015).

We found a higher rate of molecular evolution in the nuclear markers, but not in the mitochondrial one studied here. According to Bazin et al. (2006) and Galtier et al. (2009), the mitochondrial genome tends to less reflect variations in population size than the nuclear genome. Hence, our result of a marked difference in nuclear markers only, especially wingless may suggest that the link between mutualism and molecular evolution is mainly driven by drift, as mediated by population sizes, rather than by an overall shift in mutation rate across both nuclear and mitochondrial genomes. Future analyses of entire genomes should help further test this hypothesis. Our observation complements a recent study at a regional scale in Romania, where species with a quantitatively stronger interaction with ants had a higher rate of substitution (Pellissier et al., 2012). In another genetic study, Eastwood et al. (2006) showed high intra-specific genetic structure in an Australian lycaenid species, while Wiemers and Fiedler (2007) found a surprisingly high frequency of cryptic species in lycaenids. Together with those evidences, our results suggest that singular intraspecific genetic structure in Lycaenid butterflies might translate into increased rate of molecular evolution quantified at interspecific levels.

Jocque et al. (2010) and Pellissier (2015) proposed that the evolution of specialized biotic interactions might counter-select for dispersal abilities since the likelihood of finding a mutualistic partner is higher in proximity to the birth location. Lower connectivity among populations translates into lower migration rates and higher likelihood of independent accumulation of mutations within populations, eventually leading to the divergence of lineages and the formation of new species. As theoretically expected by the nearly neutral nature of molecular evolution (Ohta, 1992), accelerated rates of non-synonymous molecular substitution are typically found in geographically restricted populations, such as on islands (Johnson and Seger, 2001; Woolfit and Bromham, 2005). Interestingly, species involved in mutualism show exceptional intraspecific spatial genetic structure (Hoffman et al., 2005; Eastwood et al., 2006; Zayed and Packer, 2007). The evolution of mutualism could thus foster speciation because of both reduced gene flow among populations, and small effective population size. Only few examples exist of higher molecular evolution paralleling species diversification in the case of mutualisms. Following Janzen (1968), who described plants as islands in space for the herbivorous insects that feed on them, a specialist species will only be distributed in the area overlapping host or prey species, thus increasing the fragmentation of its populations. We propose that stringent ecological requirements of finding both the host plant and the mutualistic ant partner, might modify the spatial configuration and connectivity among populations and could result in an increase in both molecular evolutionary rates and diversification.

Our interpretation contrasts with the conclusion of Rubin and Moreau (2016). They showed that mutualistic ants have a higher rate of genome wide molecular evolution, than their non-mutualistic close relatives. Because evidences for a demographic effect were weak, they concluded on a strong selective pressure promoting evolution across the entire genome. The higher rate of molecular evolution in the mutualistic ants could be the result of a process of selection, alike the Red Queen hypothesis in parasitic species, as proposed by Van Valen's (1973). Disentangling this hypothesis from our expectation of a spatial fragmentation effect would require both a better mapping and understanding of the genes involved in the functions associated to the mutualism and a more robust quantification of effective population sizes and spatial distributions in mutualists and non-mutualists species in landscapes. Moreover, our results also suggest that a high rate of diversification is not necessarily associated to a high rate of molecular evolution. We found that the Hesperiinae and Satyrinae subfamilies had a diversification rate that was comparable to Lycaeninae (Figure 2) but did not show higher rates of molecular evolution. Given the specialization of those subfamilies on specific host plants, expectations from the Red Queen would be also applicable. Future investigation across multiple mutualistic and parasitic systems would shed light on the mechanisms that may cause (or not) an increase in the rates of diversification and/or molecular evolution after the evolution of singular biotic interactions.

Because the present study is limited to only one contrast future studies should (i) measure myrmecophily quantitatively across the phylogeny to detect an association between a shift in mutualism strength and the rate of molecular evolution and diversification of lineages, (ii) identify the sections of the genomes putatively under selection to maintain the mutualism, and (iii) map the spatial distribution of mutualistic and non-mutualistic species in landscapes and quantify patchiness together with effective population sizes. Together, our study suggests that the origin of myrmecophily in lycaenids was a singular evolutionary event, which might be associated with an increase in the rate of molecular evolution and possibly diversification. Nevertheless, future studies are necessary to unravel whether or not there is a causal relationship involved and the detailed mechanisms linking the evolution of biotic interactions, the species diversification and the rate of molecular evolution of lineages.
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