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Odorant-binding proteins (OBPs) are encoded by a gene family involved in the perception of olfactory signals in insects. This chemosensory gene family has been advocated as a candidate to mediate host preference and host shifts in insects, although it also participates in other physiological processes. Remarkable differences in the OBP gene repertoire have been described across insect groups, suggesting an accelerated gene turnover rate. The genus Drosophila, is a valuable resource for ecological genomics studies since it comprises groups of ecologically diverse species and there are genome data for many of them. Here, we investigate the molecular evolution of this chemosensory gene family across 19 Drosophila genomes, including the melanogaster and repleta species groups, which are mostly associated with rotting fruit and cacti, respectively. We also compared the OBP repertoire among the closely related species of the repleta group, associated with different subfamilies of Cactaceae that represent disparate chemical challenges for the flies. We found that the gene family size varies widely between species, ranging from 39 to 54 candidate OBPs. Indeed, more than 54% of these genes are organized in clusters and located on chromosomes X, 2, and 5, with a distribution conserved throughout the genus. The family sizes in the repleta group and D. virilis (virilis-repleta radiation) were smaller than in the melanogaster group. We tested alternative evolutionary models for OBP family size and turnover rates based on different ecological scenarios. We found heterogeneous gene turnover rates (GR) in comparisons involving columnar cactus specialists, prickly pear specialists, and fruit dwellers lineages, and signals of rapid molecular evolution compatible with positive selection in specific OBP genes. Taking ours and previous results together, we propose that this chemosensory gene family is involved in host adaptation and hypothesize that the adoption of the cactophilic lifestyle in the repleta group accelerated the evolution of members of the family.
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Introduction

The radiation of angiosperms, which occurred ∼130 My ago, is considered one of the main events underlying the evolutionary success and diversification of Arthropods (Grimaldi and Engel, 2005). Many insect families have evolved in association with plants, and these insect-plant interactions favored scenarios of ecological specialization in resource use (Forister et al., 2012). Insects are a group with amazing adaptability to different host plants, especially considering the remarkable ability of plants to produce and release a wide range of compounds with toxic effects (War et al., 2018).

In animals, environmental sensing is modulated by sensory perception systems that have been crucial in the conquest of new niches (Arguello and Benton, 2017). Sensory perception is a key step in animal feeding, reproduction, and survival. Many signals involve chemical molecules that are recognized with a complex and sophisticated chemosensory machinery that comprises olfaction and taste. In Drosophila, as well as in other insects, the antennae and maxillary palps are the main organs participating in the perception of chemical stimuli (Vogt and Riddiford, 1981; Pelosi, 1994). These sensory organs express proteins that detect odorant molecules and trigger the activation of molecular signaling pathways that may finally affect behavior (Hildebrand and Shepherd, 1997; Krieger and Ross, 2002). This complex system is found in vertebrates and invertebrates; however, their evolutionary origin differs between these distant groups, and many of the involved proteins are in fact non-homologous (Kaupp, 2010). In insects, protein families that are part of the chemosensory system are classified into two main groups: (A) soluble binding proteins like OBP, chemosensory proteins (CSP), Niemann-Pick type C2 (NPC2), and odorant-degrading enzymes (ODE); and (B) membrane-bound receptors, i.e., proteins that play a role as receptors in the dendrites of olfactory neurons. OBPs and CSPs participate in the recognition and transport of hydrophobic odorant molecules through the sensillar lymph, whereas receptors are responsible for the activation of intracellular signaling pathways in olfactory receptor neurons. Further, OBPs have been also detected in reproductive organs, where they participate in the recognition of molecules relevant to reproductive behavior (Shorter et al., 2016). The second group includes protein families such as odorant receptors (OR), gustatory receptors (GR), and ionotropic receptors (IR) (Pelosi, 1996; Joseph and Carlson, 2015).

Evolutionary studies of chemosensory families suggest that GR and IR emerged during the diversification of Metazoa, while the CSP family appeared later in arthropods, and the OR and OBP families originated more recently in insects (Eyun et al., 2017; Vizueta et al., 2020b). However, distant OBP-like homologs have been described in Araneae (Vizueta et al., 2017). The accelerated diversification reported for the OBP family among arthropods triggered the interest in sensory-active genes and promoted comparisons with other animals. For instance, proteins with functions similar to OBPs reported in vertebrates received the same family name, although they are not evolutionarily related (Robertson, 2019).

Insect chemosensory gene families exhibit rapid evolutionary rates (Sánchez-Gracia et al., 2009; Brand et al., 2015; Diaz et al., 2018; Robertson, 2019). The size of the OBP family, i.e., the number of copies, varies widely across insect groups, including Drosophila (Vieira and Rozas, 2011). Expansion and contraction of gene families are the result of changes in the gene repertoire that may be caused by several mechanisms, e.g., paralog duplication, deletion, or pseudogenization. Such dynamics of gains and losses within a gene family are thought to be influenced by ecological factors, including the use of alternative hosts and resources. Thus, ecological changes, such as host shifts, may alter gene turnover rates (GR) in chemosensory gene families (e.g., Almeida et al., 2014 and references therein). Ecological adaptation is not only expected to affect GR but may also trigger adaptive divergence between ortholog CSP. Indeed, there is evidence of positive selection shaping the evolution of chemosensory genes between recently diverged ecologically different species (Kulmuni et al., 2013; Diaz et al., 2018).

Currently, more than 100 high-quality Drosophila spp. genomes have been published, and this number is constantly increasing, offering unprecedented opportunities for comparative genomics and evolutionary studies (Kim et al., 2021). However, the ecology of most species is poorly known and in many cases, differs greatly from D. melanogaster, the standard reference in genomic studies (Goldman-Huertas et al., 2015). Thus, we need to be cautious when extrapolating knowledge from D. melanogaster to other species.

One species group with a well-studied ecology, that markedly differs from species of the melanogaster group, is the repleta group. It includes more than 100 species, most adapted to a cactophilic lifestyle, i.e., they use necrotic cacti as breeding, mating, and feeding sites (Oliveira et al., 2012; Jezovit et al., 2017; O’Grady and DeSalle, 2018a). Within this group, the genomes of several species have been sequenced: D. hydei (Rane et al., 2019), D. mojavensis, D. arizona, and D. navojoa (mojavensis cluster, mulleri complex) (Clark et al., 2007; Sanchez-Flores et al., 2016), and D. buzzatii, D. borborema, D. koepferae, and D. antonietae (buzzatii cluster, mulleri complex) (Guillén et al., 2014; Rane et al., 2019; Moreyra et al., 2022). Ecological specialization and resource use have been advocated as key aspects in the evolution and diversification of both the mojavensis and the buzzatii clusters (Matzkin, 2014; Etges, 2019; Hasson et al., 2019; Markow, 2019). For instance, D. navojoa and D. buzzatii are specialized in the use of prickly pears of the genus Opuntia (subfamily Opuntioideae), the ancestral state of host plant use, whereas other species mainly use columnar cacti of the subfamily Cactoideae (Oliveira et al., 2012; Hasson et al., 2019).

In this study, we analyzed Drosophila species of the melanogaster and the repleta groups as representatives of lineages using decaying fruits and cacti, respectively, as breeding sites. We aim to investigate the evolutionary changes in the OBP gene family likely associated with the acquisition of cactophily in the repleta group and the more recent transition from prickly pears to columnar cacti in specific clades of the repleta group. Our main hypothesis is that the repertoire of OBP genes changed in concert with the adoption of different lifestyles and host use.



Materials and methods


Identification of odorant-binding protein gene candidates in Drosophila genomes

We used genomic data of 18 Drosophila species (19 genomes, including two D. koepferae genomes) as input for BITACORA v.1.2.1 software (Vizueta et al., 2020c) to search for gene candidates encoding OBPs. To this end, we included several species of the melanogaster group (D. simulans, D. sechellia, D. erecta, D. yakuba, D. suzukii, and D. melanogaster) and repleta group (D. buzzatii, D. koepferae, D. borborema, D. antonietae, D. navojoa, D. arizonae, D. mojavensis, and D. hydei) with well-annotated genomes. Representatives of other groups, i.e., D. pseudoobscura, D. virilis, D. willistoni, and D. grimshawi, were also included to obtain information outside of the focus groups (Table 1 and Figure 1). For each analyzed species, BITACORA requires the genome, its annotation in General Feature Format (GFF file), and the reference proteome. All these files were obtained from the National Center for Biotechnology Information (NCBI) (Sayers et al., 2021) and FlyBase (Larkin et al., 2021), except for species of the buzzatii cluster consisting of two strains of D. koepferae (Fontdevila and Wasserman) derived from collections in Argentina (A) and Bolivia (B), D. buzzatii (Patterson and Wheeler), D. antonietae (Tidon-Sklorz and Sene), and D. borborema (Vilela and Sene); which were recently reported in Moreyra et al. (2022) (Supplementary Table 1). We used the BITACORA pipeline to perform two rounds of similarity-based searches with BLAST v. 2.9.0-2 (Camacho et al., 2009) and HMMER v3.3 (Eddy, 2011) as recommended in Vizueta et al. (2020a). In the first round, databases and HMM profiles created with HMMER of known OBPs in insects (i.e., D. melanogaster, Apis mellifera, and Tribolium castaneum) were employed to detect candidate genes (Vizueta et al., 2020a). We set a relaxed E-value threshold of 1 × 10–3 for these searches since our databases included OBP amino acid sequences of lineages highly divergent from Drosophilidae. In the second round, we used a new database containing exclusively the Drosophila candidate OBP proteins identified in the first round and their respective annotations. This last round allowed more exhaustive searches that could lead to the discovery of new genes. The new OBP candidates were filtered with a minimum E-value of 1 × 10—8. We applied this pipeline for each species to obtain the final set of species-specific candidate sequences of the OBP family. To improve the annotation of OBP gene candidates in cactophilic species of the repleta group, we used transcriptomic data of the adult whole body available in the European Nucleotide Archive (ENA) at EMBL-EBI under accession numbers PRJNA540063,1 PRJNA414017,2 and PRJNA395148.3 To edit and visualize the genomic information we used the Apollo genome browser v.2.0.8 (Lee et al., 2009). The manual curation of candidate gene models allowed to reduce biases produced by annotation heterogeneity (Weisman et al., 2022). Also, to validate each OBP candidate, we identified OBP functional domains with Interproscan v.5.52 (Jones et al., 2014) by comparing candidate OBPs against the Pfam database v.33.1 (Mistry et al., 2021) and Conserved Domains Database (CDD) v.3.18 (Marchler-Bauer et al., 2005). Lastly, we counted the number of disulfide bridges, conserved cysteine residues, and alpha-helix motifs in each candidate protein.


TABLE 1    Numbers of OBP genes identified in the Drosophila species included in this study.
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FIGURE 1
Phylogenetic tree of the Drosophila species included in this study. The host use is indicated for specialists in prickly pear-type Opuntia spp. (green square) and columnar cacti (red square), cactus generalists (blue square), and generalists (asterisk) in each species of the repleta group. D. buzzatii is denoted as a cactus generalist, although a high preference for prickly pear-type hosts has been reported. Divergence times for species of the repleta group were obtained from Moreyra et al. (2022) and for the other species from the Timetree database (Kumar et al., 2017).




Organization and localization of odorant-binding protein genes in the repleta group

To describe the genetic organization of candidate OBPs in each species of the repleta group, we computed nucleotide sequence length and number of exons. In D. melanogaster the clustering of OBP genes is already known (Librado and Rozas, 2013), thus, we evaluated the degree of gene clustering in other species by analyzing the physical distance among OBPs located in the same contig/scaffold. To define the clusters we followed the criteria proposed by Vieira et al. (2007). Thus, we consider that a given number of OBP genes are clustered if they are in a region of length CL = g(n-1), considering a value of g = 10 kb (based on gene density of D. melanogaster). To map clusters, we performed local BLASTN searches using the chromosome-level assembly of D. buzzatii as subject (Guillén et al., 2014) and the scaffolds of each species of the repleta group as queries. Hits with the best score and E-value allowed to identify the scaffold-chromosome correspondence. The location of clusters in species of the repleta group was compared with that reported in D. melanogaster.



Sequence comparison of odorant-binding proteins across Drosophila species

The identification of OBP gene orthologs across 19 genomes was conducted using OrthoFinder v.2.5.2 (Emms and Kelly, 2019). Then, based on these searches, we calculated the number of orthologous sequences within each species group, i.e., melanogaster, repleta, and virilis. Lastly, using the species of the virilis-repleta radiation and D. melanogaster, we performed large-scale comparative genomic analyses with compareM4 to estimate the average amino acid identity (AAI) in both all annotated proteins (excluding OBPs) and only OBPs.



Gene turnover in the odorant-binding protein gene family

We studied gene family dynamics by means of GR. We first constructed an ultrametric species tree based on 3,405 single-copy orthologs (1:1 orthogroups) obtained from the OrthoFinder output. To this end, orthogroups were aligned with MAFFT v.7.453 (Katoh and Standley, 2013) and misaligned regions were trimmed with TrimAl v.14 (Capella-Gutiérrez et al., 2009). Then, we concatenated the alignments with FASconCAT-G v.1.05 (Kück and Meusemann, 2010) and estimated branch lengths using RAxML v.8.2.12 (Stamatakis, 2014) under a partition model. For each orthogroup, we estimated the best substitution model with PROTTEST v.3.4.2 (Darriba et al., 2011). The tree was calibrated with the R8S program v.1.81 (Sanderson, 2003) by setting a time of 50 million years to the ancestral node (root), the split between the Sophophora and Drosophila subgenera, obtained from the Timetree database (Kumar et al., 2017). Then, we estimated the turnover rates in the OBP family by means of maximum likelihood (ML) searches implemented in BadiRate v.1.35 (Librado et al., 2012). This program allows the estimation of turnover rates such as birth (β), gain (γ), death (δ), and innovation (i). Birth (e.g., a gene gain by unequal crossing-over) and death (e.g., a gene loss via deletion or pseudogenization) rates are considered as density-dependent, i.e., the probabilities of gene birth and death are proportional to the actual number of genes. On the other hand, gain and innovation rates [e.g., horizontal gene transfer (HGT) or de novo origin of short cis-regulatory elements] are considered independent of the actual family size. We used different stochastic population models, which we denote as model classes. Briefly, the birth-death (BD) and gain-death (GD) population model classes assume different rates for gene birth/gain and death events. Specifically, the BD estimates gene birth and death events, while the GD estimates gene gains and death events. The birth-death-innovation (BDI) population model class, in turn, admits three different rates, adding to the BD model class a rate for gene innovation events. Finally, the model class lambda-innovation (LI) represents a particular scenario of the BDI model class, assuming a unique rate for gene birth and death events.

We started with an approach that estimated global turnover rates for each model class described above assuming that all branches of the phylogenetic tree have the same rate(s). This set of models was termed Global Rates (GR) models. We compared the statistical fit between model classes using the Likelihood Ratio Test (LTR) and the Akaike Information Criterion (AIC). Since the BDI model class was the one showing the best fit to the data (see “Results” section), it was chosen for the estimation of turnover rates in the next approach in which rate heterogeneity was allowed for specific clades. This second set of models was termed Branch Rates (BR) models. Then, we used the -bmodel option (BDI-BR-ML approach) to run five BR models. Thus, groups of specific clades admitting different turnover rates were selected for each BR model according to the host range reported for the involved species or clades (Figure 1).

The first model (Mmel) admitted different rates between the branches of the melanogaster group and the remaining branches in the tree. The second model (Mrep) allowed different rates between the branches of cactophilic repleta group and the remaining branches. The third model (Mmel-rep) admitted different rates for the branches of the melanogaster group, the branches of the cactophilic repleta group, and the rest of the tree branches. The fourth model (Mspe) accepted different rates for the repleta branches involving lineages of columnar-cactus specialists, the remaining repleta branches excluding the generalist D. hydei, and the rest of the branches. The fifth model admitted different turnover rates for the melanogaster group branches, the repleta lineages of columnar-cactus specialists, repleta branches of prickly pear specialists, and the rest of the branches. We used the BDI-GR model obtained with the global-rates as a null model (Mnul). We schematize all BR models tested in Supplementary Figure 1.

In addition, we searched for candidate OBP pseudogenes in the repleta group. First, we selected orthogroups (created with OrthoFinder) that have more copies of D. melanogaster than of repleta group species, which is expected for OBPs that went through pseudogenization in the repleta lineage. Then, for each selected OBP (D. melanogaster OBP belonging to any of the selected orthogroups), we identified the flanking conserved genes as “flags” and aligned them to the cactophilic genomes. This procedure allowed us to identify the syntenic region of each selected OBP in each repleta species genome. Lastly, we performed TBLASTN searches of each selected OBP against the respective syntenic regions identified in the repleta genomes and manually look into the obtained alignments to detect traces of pseudogenization events. We considered multiple hits (alignment bit score > 20) on partial ORFs, having the same orientation and covering different portions of the OBP used as query, as indicative of the presence of a pseudogene.



Odorant-binding protein gene evolution in the repleta group

To explore kinship relationships between OBPs, we constructed ML phylogenetic trees with IQTree v.1.6.12 (Nguyen et al., 2015) using amino acid sequences of the seven cactophilic species of the repleta group and D. melanogaster as outgroup. Considering that our approach pointed to the interspecific level, we decided to exclude the sequences of D. koepferae B from this analysis. Sequences were first aligned with MAFFT and the presence of conserved cysteine residues, typical of OBPs, was confirmed by manual inspection of each alignment. The OBP trees were customized using iTOL v.6.5.2 (Letunic and Bork, 2021) and plotted showing functional domains including only three species: D. borborema, D. mojavensis (as representatives of the respective clusters), and D. melanogaster. OBPs were classified into subfamilies based on a phylogenetic criterion. Thus, any sequence included in the clades previously identified in Vieira et al. (2007) was assigned to the corresponding subfamily. Then, the classification was validated in each clade by comparing the number of conserved cysteines and functional domains commonly found in each subfamily.

We employed DnaSP v.6.12.03 (Librado and Rozas, 2009) to estimate nucleotide sequence divergence within the repleta group, the buzzatii cluster, and the mojavensis cluster, using D. virilis, D. mojavensis, and D. buzzatii as outgroups in each comparison, respectively. Particularly, we estimated mean nucleotide divergence (K) using Jukes and Cantor (JC) distance, and the ratio of non-synonymous to synonymous substitution rates (ω = Ka/Ks). Then, we performed gene-wide and codon-based selection tests in orthogroups containing at least one OBP per species (seven species of the repleta group plus D. melanogaster and D. virilis). Therefore, we used different methods available in the HyPhy v.2.5.31 package (Kosakovsky Pond et al., 2020). These methods consists of searches of selection footprints on branches (aBSREL) and sites (MEME), and a non-site-specific method (BUSTED) that reports evidence of gene-wide episodic diversifying selection on at least one site from at least one branch of the orthogroup phylogeny (Murrell et al., 2012, 2015; Smith et al., 2015). Moreover, we tested for the fit of codon models M1a, M2a, M7, and M8 with Codeml available in PAML v.4.9 package (Yang, 2007). For these analyses, we aligned coding sequences of each orthogroup with TranslatorX software (Abascal et al., 2010) and built ML trees with RAxML v.8.2.12.




Results


Odorant-binding protein gene repertoire varies among Drosophila lineages

The number of candidate OBPs identified ranged from 39 to 54 for the species included in this study (Table 1). Differences in family size were found between species within both the melanogaster group (range = 50–53 genes) and the virilis-repleta radiation (range = 39–49 genes) (Table 1). Additionally, it was striking to find a slight difference in the number of OBPs at the intra-specific level, between D. koepferae strains A and B.



Odorant-binding proteins are organized in clusters

We identified 7–10 OBP gene clusters per species in the repleta group, each one harboring 2–7 genes (Table 2). We tested the relationship of the number or length of scaffolds with the number of OBP gene clusters to evaluate whether assembly contiguity influences the number of clusters that can be detected in each species. Correlation analyses yielded non-significant results for all repleta species (Pearson’s correlation P-values ranged from 0.389 to 0.504). Moreover, more than half (54.76–66.67%) of the OBP genes were found in clusters in all species, which indicates a non-random distribution of OBP genes throughout the genome (Table 2). We found that most OBP genes are located on Muller elements A, C, and E in the repleta group (see Table 2). The Muller C element, which represents chromosome 5 and arm 2R in the repleta group and in D. melanogaster, respectively, harbor most OBPs and clusters in all species. This chromosome shows about four times more genes and clusters than, for instance, the X chromosome (Muller element A). We found that the localization, organization, and subfamily content of OBP gene clusters are conserved between the repleta group and D. melanogaster. The most conserved D. melanogaster gene clusters were those of Obp19, Obp50, Obp56, Obp57, Obp58, Obp83, and Obp99 (Table 2 and Figure 2).


TABLE 2    Number of clusters and OBP genes (in parenthesis) across the Muller’s Elements (chromosomes) of the repleta group species.
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FIGURE 2
Phylogeny using amino acid sequences of OBPs for three Drosophila species: D. melanogaster, representing the melanogaster group, and D. borborema and D. mojavensis, representing the repleta group. Branch colors represent the Classic (yellow), Plus-C (blue), Minus-C (green), and Dimer (purple) subfamilies. The outer part of the tree shows the protein length and location of the OBP/PhBP domains (red). The scale bar refers to 1 amino acid substitution per site.




Comparison of odorant-binding protein sequences among the repleta group

We also compared gene and protein features of OBPs across species of the repleta group. First, we detected from one to eight exons per gene (Supplementary Figure 2), and second, clustering analyses showed, as expected, that more divergent species share fewer orthologs than more closely related ones. In fact, 35 OBP orthogroups were shared among all descendants of the genus Drosophila (tree root), and 39 among branches of the repleta group (Supplementary Figure 3). We also compared sequence divergence in the OBP repertoire and the entire proteome (excluding OBPs) computing average pairwise AAI between species. For both the proteome and OBP repertoire, sequence divergence was higher in phylogenetically distant species than in more closely related ones (Supplementary Tables 2, 3). Also, we found greater divergence in OBP sequences than in the remaining proteome (T-test P-value 0.025) (Supplementary Figure 4).



Cactophilic and specialist lineages of the repleta group have distinctive gene turnover rates

We estimated global GR to compare among stochastic population model classes BDI, BD, GD, and LI. The best fit to the data was obtained with BDI (BDI-GR-ML combination) according to the results of LTR (P-value < 0.001) and AIC (Table 3). These analyses showed that the birth (β) rate was higher than the death (δ) rate, indicating an expansion of the OBP family during the radiation of the Drosophila genus. As expected, the innovation rate was close to zero and substantially lower than both the birth and death rates (Supplementary Table 4). Likewise, a minimum number of gains and losses were estimated using global and BR, throughout the Drosophila phylogeny (Figure 3).


TABLE 3    Likelihood and AIC values for the birth-death-innovation (BDI), birth-death (BD), lambda-innovation (LI), and gain-death (GD) models assuming global (GR) or branch-specific rates (BR), and with maximum likelihood (ML) inference.
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FIGURE 3
Phylogenetic tree showing OBP births (gains) and losses in Drosophila species. Values were obtained with BadiRate under the birth-death-innovation (BDI) model class with the BDI-GR-ML approach. Numbers next to the species names represent the OBP family size. Numbers at internal nodes represent the estimated family size of each ancestor. Numbers on each branch stand for the estimated gene gains (black) and losses (red, in parentheses).


In the BDI-BR-ML approach, we investigated putative heterogeneous OBP turnover rates across specific lineages in the phylogeny to explore whether the type of host, particularly the acquisition of cactophily, affected turnover rates. All evaluated models showed a better fit than the null model (Mnul), suggesting that GR have been influenced by the acquisition of the cactophilic lifestyle (Table 3 and Supplementary Table 5). In particular, the Mspe and Mall models showed the highest goodness of fit (LTR, P-value < 0.001). These models involved different turnover rates for branches of fruit dwellers, columnar cacti specialists, and prickly pears specialists (Table 3 and Supplementary Table 5).

We also explored the possible role of pseudogenization as a mechanism responsible for gene loss in the OBP family. Five D. melanogaster OBPs, namely obp56i, obp57b, obp57d, obp57e, and obp22a could not be detected as annotated proteins in the genomes of the repleta group species. The searches of these OBPs in the respective syntenic regions identified in the repleta genomes revealed no detectable traces of pseudogenization except for obp51a. For this OBP, we detect pseudogenization traces in all the inspected cactophilic species except for D. arizonae. In D. melanogaster, the obp51a gene is located between the CG7639 and chn genes, a region of approximately 160 Kb (Supplementary Table 6).



Odorant-binding protein gene evolution in the repleta group

Four protein subfamilies can be distinguished in the OBP tree of the repleta group: Classic, Minus-C, Plus-C, and Dimer (Figure 2). The former has the typical OBP structure with six conserved cysteines, at least one proline, and 4–6 alpha helix motifs. The Plus-C subfamily has a greater number of cysteines and alpha-helix motifs than the Minus-C subfamily. The Dimer subfamily showed more than one functional OBP/Pheromone binding Protein (PhBP) domain. We found a striking level of divergence in the Plus-C subfamily, for which many sequences lacked the typical OBP hydrophobic ligand-binding domain.

Figure 4A shows the average nucleotide sequence divergence (K-JC) in pairwise comparisons between species of the repleta group and D. virilis, between species of the buzzatii cluster and D. mojavensis, and between species of the mojavensis cluster and D. buzzatii (Figure 4A). In general, ω-values were lower than 1 for most OBP gene, indicating negative selection as the main force shaping OBP evolution. However, we also detected OBPs showing clear signals of positive selection (Figures 4B,C). To further explore these cases, we employed methods implemented in the Hyphy and PAML packages to detect sites showing signals of positive selection in every branches. Overall, tests of adaptive evolution yielded significant results, pointing to several OBPs as targets of selection. Positive selection signals were found in 9 of 31 orthogroups in at least one branch of the repleta group (aBSREL method), particularly for the terminal branches of D. borborema, D. buzzatii, and D. mojavensis. The strongest signals of selection were detected for orthogroups obp56a, obp44a, obp83a, obp8a, and obp84a, which showed evidence of selection with at least two of the tested methods implemented in Hyphy (Supplementary Table 7).
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FIGURE 4
Distribution and patterns of nucleotide divergence (K-JC) for OBP genes. (A) Nucleotide divergence of the repleta group, buzzatii cluster, and mojavensis cluster. (B) ω-values in pairwise comparisons between mulleri subgroup species and D. virilis, (C) ω-values in pairwise comparison between species of the buzzatii cluster and D. mojavensis, and between species of the mojavensis cluster and D. buzzatii.





Discussion

In this study, we investigate the evolution of the OBP family in the genus Drosophila by comparing the melanogaster group and the virilis-repleta radiation with emphasis on cactophilic species of the repleta group. The main aim of our study was to evaluate whether there is a relationship between the evolution of OBPs and the acquisition of cactophily in the repleta group. We identified candidate OBPs and estimated GR along branches of the species tree. This is the first study, as far as we know, reporting the organization and evolution of this family of chemosensory genes in species of the repleta group, other than D. mojavensis, in a phylogenomic framework.

The analyses of putative OBP genes identified in each genome revealed that the size of the OBP family in the subgenus Sophophora is close to the number reported in D. melanogaster (Vieira et al., 2007; Vieira and Rozas, 2011) and slightly greater than in the virilis-repleta radiation (subgenus Drosophila), in which the number of OBPs was only known in D. grimshawi, D. virilis, and D. mojavensis. Successive nested rounds of OBP searches improved the search precision of gene families in non-model species as recommended by Vizueta et al. (2020a). Following this approach, OBP repertoires identified were in close proximity to numbers previously reported in Drosophila (Vieira et al., 2007; Almeida et al., 2014).

Drosophila OBP genes have a simple organization, typically consisting of 1–4 exons distributed in clusters (more than 54%) throughout the genomes. Such clustering is commonly found in genes related by function and regulation patterns (Yi et al., 2007). The OBPs in species of the repleta group, are mainly distributed on Muller elements A, E, and C as in D. melanogaster. These elements correspond to chromosomes X, 2, and 5 in the repleta group and to chromosome X and arms 3R and 2R in the melanogaster group. We also found a higher density of OBP genes and clusters on chromosome 5 than in the other elements, a feature conserved across all species analyzed. Even though rates of chromosomal rearrangements reported in Drosophila are the highest among eukaryotes, most genes remained in the same chromosome arms (Ranz et al., 1997; Richards et al., 2005; Schaeffer, 2018). However, the order and orientation of genes changed across species and lineages, likely due to chromosomal inversions, which have been key in preventing gene flow and promoting speciation (Ranz et al., 2001). This evidence points to paracentric inversions (by far the most frequent rearrangements in the genus), as the dominant mechanism for shuffling the order of genes within chromosomes (Bhutkar et al., 2008). Therefore, our results give support to previous explanations proposed to account for the conserved localization of OBP genes and clusters across species of the subgenus Sophophora.

Protein sequences encoded by single-copy genes were employed to build a species tree that showed the same topology as in recent phylogenomic studies of the repleta group (Moreyra et al., 2022) and the buzzatii cluster (Hurtado et al., 2019). Our estimation of GR using the BDI model, suggests an expansion of the OBP family in Drosophila. Furthermore, we found differences in patterns of gene gain and gene loss events between the melanogaster group (fruit dwellers) and cactophilic lineages of the repleta group. The former had an accelerated expansion in the last 50 My and accumulated between 7–9 lineage-specific net gene gains. This increase in family size appears to be coincident with the continued radiation of insects during the Cenozoic, that is probably linked to the success of flowering plants (Grimaldi and Agosti, 2000). In fact, studies of insect-plant interactions suggest that the diversification of angiosperms opened new niches, accelerating speciation rates in insects (van der Niet and Johnson, 2012; Zheng et al., 2018; Silvestro et al., 2021; Wang et al., 2022). On the other hand, our analyses indicated that the repleta group presumably experienced OBP gene losses that probably occurred during the acquisition of cacti, for instance via pseudogenization of genes involved in fruit recognition. Similar reductions in family size were reported for OR and GR receptors in two specialists of the melanogaster subgroup: D. sechellia and D. erecta (McBride, 2007; McBride and Arguello, 2007; Gardiner et al., 2008). However, we did not detect evidence of pseudogenization in the repleta group, except for obp51a, for which traces were detectable in almost all inspected genomes of cactophilic species. Pseudogenes detection may be hindered by the rapid divergence expected for non-coding sequences. Therefore, further efforts should be oriented to design strategies to investigate whether the absent of OBPs in the repleta group most likely reflects independent gains in the Sophophora subgenus branches or ancestral pseudogenization events in the repleta lineage.

The BDI model allowed us to consistently unveil the evolutionary dynamics of the OBP family, as reported for other chemosensory families like odorant (ORs), gustatory (GRs), and ionotropic (IRs) receptors (Hahn et al., 2005; Sánchez-Gracia et al., 2009). Using this framework, we tested several models in which heterogeneous turnover rates were allowed for specific clades according to the respective host ranges. The Mspe and Mall models, which admit different turnover rates for columnar cacti specialists, prickly pear specialists, and fruit-dwellers, were the best fit to the turnover dynamics of this family. As proposed by Oliveira et al. (2012), we assumed that the ancestral host of the repleta group are prickly pear cacti (Opuntia-like). Our results support the hypothesis that ecological specialization, particularly the acquisition of cactophily, can account, at least in part, for gene turnover dynamics of the OBP family in Drosophila. Adaptation to new hosts has been key in the radiation of several groups of species, such as the well-documented cases of Hawaiian Drosophila (O’Grady and DeSalle, 2018b), and cactus-dwelling flies of the repleta group (Etges, 2019, Hasson et al., 2019; Markow, 2019). In the latter, the case of D. mojavensis is worth mentioning since at least three host shifts occurred in the last My (Allan and Matzkin, 2019). Indeed, transcriptomic studies revealed changes in expression profiles of genes encoding olfactory and GR induced by the use of alternative hosts between subspecies (Matzkin, 2012; Matzkin and Markow, 2013). Likewise, differences in expression profiles of various chemosensory gene families (including OBPs) in the weevils Eucryptorrhynchus scrobiculatus and E. brandti, that feed on Ailanthus altissima (tree of heaven), have been shown to be involved in the recognition of specific sections of the plant, reducing competition on the same host (Wen et al., 2018). These pieces of evidence suggest that expression of chemosensory genes play an important role in the recognition of specific substrates.

Although the functional role and ecological significance of OBPs in insects have been well studied, the evolution of this family remains unclear (Vogt and Riddiford, 1981; Fan et al., 2011; Leal, 2013). Some studies provide examples of expansions or contractions throughout evolution that do not correlate with particular lifestyles or host shifts, impairing the identification of the main forces driving the evolution of this family (He et al., 2016). From a theoretical point of view, expansions may promote functional diversification, allowing OBPs to specialize in the recognition of diverse target odorants (Auer et al., 2021). However, functional overlap among OBPs has been reported in D. melanogaster (Larter et al., 2016), suggesting that an increase in the OBP repertoire does not necessarily imply an increase in the spectrum of recognized targets. In fact, several OBPs can distinguish the same or chemically similar targets (Zhang et al., 2011).

Interestingly, OBPs can be involved in other physiological processes such as reproduction and pheromone detection during mating behavior. Moreover, OBPs expression has been detected in organs not related to chemoperception in insects, such as accessory glands and ovaries (Forêt and Maleszka, 2006; Zhou et al., 2009; Shorter et al., 2016). Therefore, changes in the OBP repertoire are expected to pleiotropically affect behavior, host use, and reproduction.

According to our estimates in internal nodes, the ancestral OBP family in the genus Drosophila had 44 genes, a size similar to that also found in the virilis-repleta radiation. However, to elucidate more accurately the ancestral size of the family, it is necessary to compare the repertoire of Drosophila OBPs with outgroup taxa. Estimates of OBP family size in other Diptera showed a wide range of variation both within and between families. For example, 20 OBPs have been described in the hematophagous tsetse-fly Glossina morsitans (Glossinidae) (Liu et al., 2010) and 87, in the house fly Musca domestica (Muscidae) (Scott et al., 2014), and 69–111, in hematophagous mosquitoes of the family Culicidae (Manoharan et al., 2013; He et al., 2016). Divergence times between these taxa and Drosophila go back to more than 250 My ago for mosquitoes and to ∼75 My ago for Muscidae and Glossinidae (Wiegmann et al., 2011). All in all, these results point out the heterogeneous evolutionary dynamics of the OBP repertoire within and between Dipteran families.

Even though the range of variation of the OBP repertoire in Drosophilidae is not as wide as in other Dipteran families, we detected intra-specific variation within D. koepferae. Recent phylogenomic studies revealed that Bolivian and Argentinian D. koepferae diverged 0.3–0.7 My ago according to genomic data (Moreyra et al., 2019, 2022). These currently allopatric populations are distributed in a geographic area that has been exposed to paleoclimatic changes that deeply affected the distribution of cacti. Moreover, D. koepferae has been recovered from rotting columnar cacti such as Trichocereus terscheckii, T. candicans, and Cereus validus in Northwestern Argentina, and from Neoraimondia herzogiana in southern Bolivia (Fontdevila et al., 1988; Hasson et al., 1992). Lastly, demography can also influence changes in the repertoire of chemosensory families. As Gardiner et al. (2008) reported, endemic Drosophila species with small population sizes lose more OR and GR genes. However, to investigate the roles of ecological or demographic factors in the evolution of the OBP repertoire between D. koepferae populations must await for population genomic and transcriptomic studies.

Most species of the repleta group are cactus dwellers, of which prickly pears (genus Opuntia) are the preferred hosts of many species, probably due to the low toxicity as compared to columnar cacti of the subfamily Cactoideae. The latter includes species capable of producing compounds with toxic effects as defenses against herbivores (War et al., 2018), e.g., alkaloids whose concentration increases in decomposing cactus tissues utilized by Drosophila (Ganter et al., 2017). Within the buzzatii and mojavensis clusters, D. buzzatii and D. navojoa are mainly associated with prickly pears, whereas more derived species are mainly associated with columnar cacti of different genera (Manfrin and Sene, 2006; Matzkin, 2014; Hasson et al., 2019). Transcriptomic studies have shown that genes associated with detoxification are part of complex responses of flies when facing chemically hostile hosts like columnar cacti (Matzkin, 2014; De Panis et al., 2016, 2022; Diaz et al., 2018). Other studies revealed signals of positive selection in detoxifying genes of the Cytochrome P450 family, likely as an evolutionary response to the interaction with toxicologically aggressive hosts (e.g., Matsuo et al., 2007; Hungate et al., 2013). Moreover, Hoang et al. (2015) found that co-expression of genes involved in detoxification and chemoperception, located in contiguous genomic regions, are under strong selective pressure in the cactophilic D. mettleri. In this vein, chemosensory and detoxifying proteins can act in concert to protect olfactory receptor neurons against volatile natural toxins or insecticides (Ding and Kaminsky, 2003). For instance, the Cytochrome P450 family is key in the degradation of alkaloids (Wojtasek and Leal, 1999), one of the main chemical weapons produced by columnar cacti; and certain OBPs are capable of kidnapping toxic ligands in the lymph (Steinbrecht, 1998). These pieces of evidence give support to the hypothesis that the evolution of the chemosensory and detoxifying systems evolved in concert during ecological specialization in Drosophila (Anholt, 2020).

In summary. our molecular evolutionary analyses show that the main force driving the evolution of the OBP family is negative selection as it has been reported for other chemosensory families (Vieira et al., 2007; Diaz et al., 2018). However, signals of positive selection were found in a set of OBPs. These facts point out the adaptive relevance of OBPs, which presumably have essential roles in the detection of food, hosts, the exploration of new niches, and, likely, reproduction.
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