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Paired box genes are conserved across animals and encode transcription factors playing key roles in development, especially neurogenesis. Pax6 is a chief example for functional conservation required for eye development in most bilaterian lineages except chelicerates. Pax6 is ancestrally linked and was shown to have interchangeable functions with Pax2. Drosophila melanogaster Pax2 plays an important role in the development of sensory hairs across the whole body. In addition, it is required for the differentiation of compound eyes, making it a prime candidate to study the genetic basis of arthropod sense organ development and diversification, as well as the role of Pax genes in eye development. Interestingly, in previous studies identification of chelicerate Pax2 was either neglected or failed. Here we report the expression of two Pax2 orthologs in the common house spider Parasteatoda tepidariorum, a model organism for chelicerate development. The two Pax2 orthologs most likely arose as a consequence of a whole genome duplication in the last common ancestor of spiders and scorpions. Pax2.1 is expressed in the peripheral nervous system, including developing lateral eyes and external sensilla, as well as the ventral neuroectoderm of P. tepidariorum embryos. This not only hints at a conserved dual role of Pax2/5/8 orthologs in arthropod sense organ development but suggests that in chelicerates, Pax2 could have acquired the role usually played by Pax6. For the other paralog, Pt-Pax2.2, expression was detected in the brain, but not in the lateral eyes and the expression pattern associated with sensory hairs differs in timing, pattern, and strength. To achieve a broader phylogenetic sampling, we also studied the expression of both Pax2 genes in the haplogyne cellar spider Pholcus phalangioides. We found that the expression difference between paralogs is even more extreme in this species, since Pp-Pax2.2 shows an interesting expression pattern in the ventral neuroectoderm while the expression in the prosomal appendages is strictly mesodermal. This expression divergence indicates both sub- and neofunctionalization after Pax2 duplication in spiders and thus presents an opportunity to study the evolution of functional divergence after gene duplication and its impact on sense organ diversification.
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INTRODUCTION

Paired box (Pax) family transcription factors are among the oldest genetic toolkit components required for animal development, as they were likely already present in the last common ancestor of metazoans (Hoshiyama et al., 1998). Among their diverse functions, Pax genes are best known for their involvement in neurogenesis. Many studies have confirmed this role to be well conserved across metazoans (Kozmik et al., 2003; Kozmik, 2005; Scherholz et al., 2017). Seminal work in this area suggested that the Pax gene Pax6 is a key player in eye development in both vertebrates and insects (Quiring et al., 1994). Moreover, the high sequence conservation between these distant groups was pointedly proven when murine Pax6 was shown to be able to induce ectopic eye formation in the fruit fly Drosophila melanogaster (Halder et al., 1995). While these findings suggest that Pax6 was involved in sense organ development in the last common ancestor of bilaterians, the subsequent discovery of a Pax6-related gene expressed in the developing eyes of a cubozoan jellyfish points to an even deeper conservation (Kozmik et al., 2003). Indeed, phylogenetic studies suggest that all extant Pax genes evolved by duplication from a single Ur-Pax gene, whose singular descendent PaxB is still present in poriferans (Hill et al., 2010). Successive duplication events of PaxB then gave rise to the diversity of Pax genes present in cnidarians and bilaterians today. Current phylogenetic analyses group bilaterian Pax genes into seven main subfamilies: Pax1/9, Pax2/5/8, Pax3/7, Pax4/6/10, Pox neuro, Pax eyegone, and Paxa/β (Hill et al., 2010; Franke et al., 2015; Friedrich, 2015). They are all characterized by the presence of a unique N-terminal sequence, encoding the DNA-binding Paired domain (PD) (Bopp et al., 1986). Two other motifs, the homeodomain and octapeptide sequence, are exclusive to certain Pax gene subfamilies and thus serve as criteria for their classification. The C-terminal homeodomain acts as a second DNA-binding domain in Pax3/7 and Pax4/6 group genes (Frigerio et al., 1986). Severely truncated remnants of the homeodomain are also observed in some Pax2/5/8 group genes (Bopp et al., 1986; Plachov et al., 1990; Fu and Noll, 1997). Finally, the octapeptide sequence, a highly conserved stretch of eight amino acids of unknown function, is located in between the two binding domains of Pax1/9, Pax2/5/8, and Pax3/7 group genes (Burri et al., 1989; Dressler et al., 1990).

Previous studies showed that the two subfamilies Pax6 and Pax2/5/8 are closely related and have a shared ancestry to cnidarian PaxB (Hill et al., 2010). This close phylogenetic relationship between Pax6 and Pax2 is also reflected in their role during development, especially regarding a functionally conserved transcriptional regulation of crystallin genes required for eye development (recently discussed in Charlton-Perkins et al., 2021). A wealth of functional information on Pax2 and Pax6 stems from studies on vertebrates, where both genes were duplicated multiple times, giving rise to Pax5 and Pax8 (originating from Pax2) and Pax4 and Pax10 (duplicates of Pax6) (Wada et al., 1998; Feiner et al., 2014). Together, the vertebrate Pax2/5/8 genes are crucial for eye development, forming the optic stalk and enabling generation of glial cells along the optic nerve tract (Torres et al., 1996). Unlike Pax6, however, Pax2/5/8 group genes appear to be related to sense organs in general, as they are also implicated in development of the inner ear, where they control growth and morphology of the cochlea (Burton et al., 2004). Surprisingly, apart from their role in sense organ development, Pax2/5/8 genes also take part in forming the vertebrate excretory system. The ureters as well as the genital tract are dependent on Pax2 for their formation and as a result, Pax2-deficient mice fail to form kidneys altogether (Torres et al., 1995). Data from lophotrochozoan species support a conserved function of Pax2 in sense organ development. In the marine gastropod Haliotis asinina, Pax2 is expressed in the geosensory statocysts and the (adult) eyes (O’brien and Degnan, 2003). Similarly, the chiton Acanthochitona crinita shows expression in larval chemosensory organs, while in the cephalopod Idiosepius notoides, expression is found in the CNS and optic ganglia during development (Wollesen et al., 2015). In contrast, there are no peer-reviewed studies indicating a function or at least expression of Pax2 in the excretory system of any lophotrochozoan species.

Given the importance of Pax2 for sense organ formation in vertebrates, mollusks and even cnidarians and poriferans, data on its expression during arthropod development is surprisingly scarce and almost entirely exclusive to insects, especially D. melanogaster. In fruit fly embryos, Pax2 is expressed in the developing CNS (Hirth et al., 2003). Pax2 gene function during late embryogenesis was studied using the two mutant lines sparkling and shaven (sv), named in accordance with their phenotypes, as these lines carry mutations in the enhancer regions of the fruit fly Pax2 gene, which modularly control expression in two different tissues (Fu et al., 1998). During larval and pupal development, Pax2 is expressed in the eye imaginal discs, where it controls development of the cone and primary pigment cells of the ommatidia (Fu and Noll, 1997; Charlton-Perkins et al., 2011). Additionally, a spot-like epithelial expression of Pax2 during pupal development is related to sensory hair formation, in particular to the formation of the shaft bearing (trichogen) and glial sheath (thecogen) cell (Kavaler et al., 1999). Thus, functional studies of the Pax2 ortholog in D. melanogaster confirm a conserved dual role of Pax2 in the eye as well as external sense organ development. To date, there is only a single study reporting the developmental expression pattern of Pax2 in another arthropod, the parasitoid wasp Nasonia vitripennis (Keller et al., 2010). In late embryos of N. vitripennis, Pax2 is expressed anteriorly, in tissues that the authors speculate to be presumptive head structures. However, since neither larval nor pupal expression patterns were included in the publication, this statement remains hypothetical. The iBeetle-Base, an online database for RNAi-induced phenotypes in the red flour beetle Tribolium castaneum, reports larval bristles to be missing with a penetrance of over 80% following pupal injection of Pax2 RNAi-constructs (TC003570) into the mother (Dönitz et al., 2015). Unfortunately, developmental expression patterns for T. castaneum Pax2 are not available. A tissue-specific transcriptome search in developmental stages of the ostracod crustacean Euphilomedes carcharodonta revealed expression of Pax2 in developing eyes (Sajuthi et al., 2015). To our knowledge, this is the only publication reporting expression of Pax2 in a non-insect arthropod to date. Taken together, these results tentatively point to a possible functional conservation of Pax2 across arthropod CNS, sense hair and eye development, but not excretory system formation. While studies from non-insect arthropods are lacking to strengthen this hypothesis, there is information on embryonic Pax2 expression in tardigrades and velvet worms, which represent the closest living relatives to arthropods. In early embryos of the tardigrade Hypsibius exemplaris, Pax2 is expressed in the trunk ganglia and legs (Smith et al., 2018). During embryonic development of the velvet worm Euperipatoides rowelli, however, Pax2 is expressed along the ventrolateral ectoderm and later adjacent to the walking legs in a segmental fashion, which the authors interpret as nephridial openings (Franke et al., 2015). In summary, data from arthropods and sister groups suggest a role of Pax2 in the developing CNS and PNS, including eyes and sensory hairs. However, a potentially conserved role of Pax2 in the excretory system for most bilaterians remains to be investigated. Altogether, the sparse availability of data from arthropods, especially from non-insect species, impedes a definitive statement on how Pax2 function evolved in this phylum.

This is in stark contrast to other key developmental genes like Pax6, which has been intensively studied in a range of arthropods, including beetles, springtails, millipedes, spiders, and horseshoe crabs (Prpic, 2005; Blackburn et al., 2008; Yang et al., 2009; Luan et al., 2014; Samadi et al., 2015; Schomburg et al., 2015; Hou et al., 2016). As a member of the Chelicerata, the sister group to all other arthropods, spiders are particularly interesting in this regard. Moreover, they also evolved several unique morphological innovations, like silk glands, spinnerets, the patella, and several novel sense organs, like lyriform organs and trichobothria, which are in turn closely linked to key behavioral innovations like silk production, stridulation, web building, and vibrational communication. Interestingly, a previous genomic study found evidence for a whole genome duplication event in the lineage leading to arachnopulmonates, the group encompassing spiders and scorpions (Schwager et al., 2017). Gene duplications are predicted to fuel evolution by providing gene copies serving as new genetic material, which can then evolve via sub- or neofunctionalization. It is thus of particular interest to study the evolution of Pax family genes in a spider, to first observe whether paralogs are present and, if so, how they diverged from their original functions. With the establishment of the cobweb spider Parasteatoda tepidariorum as a model system for chelicerate development over the last years (Hilbrant et al., 2012), Pax2 should be an obvious candidate for expression analysis.

Unfortunately, several publications on the expression of key developmental genes neglected or failed the identification of Pax2 in P. tepidariorum. Although there are in-depth studies of spider eye development, both in P. tepidariorum and the large Mexican wandering spider Cupiennius salei, which included expression patterns of major eye transcription factors such as Pax6, Pax2 was left out entirely (Samadi et al., 2015; Schomburg et al., 2015). Even a large-scale transcriptomic search of homeobox-containing transcription factors across chelicerates, covering spiders, scorpions, pseudoscorpions, a harvestman and a tick, did not identify a Pax2 ortholog in any of the included species (Leite et al., 2018). The most likely explanation for this is that Pax2 orthologs escaped previous identification attempts because of their severely truncated or completely absent homeodomain, a typical feature of Pax2 genes (Bopp et al., 1986; Dressler et al., 1990; Plachov et al., 1990). Pax2 expression in chelicerates is thus currently entirely unknown, despite its significance for arthropod sense organ evolution and development. Its dual role in eye and external sense organ development, mainly studied in the fruit fly, makes it an even more interesting candidate to analyze in different spider species, especially since both eyes and sense organs show a great diversification in spiders in terms of their number, function, and distribution along the body (Foelix, 1996; Barth, 2004; Barth and Stagl, 2004; Ganske and Uhl, 2018; Schacht et al., 2020).

To fill this gap, we searched for Pax2 genes in two spider species from different groups, the entelegyne common house spider P. tepidariorum, and the haplogyne cellar spider Pholcus phalangioides. Pax2 is present as two paralogs in these species, which is, as suggested by phylogenetic analyses an ancestral feature of spiders and scorpions. We analyzed the expression of these two Pax2 paralogs during embryonic development in both spiders. Pax2.1 and Pax2.2 are both expressed in the ventral neuroectoderm (VNE), as well as in the embryonic appendages, where they are likely associated with developing sensory hairs. Expression in embryonic appendages differs between the two paralogs, with Pax2.1 showing a stronger and earlier expression than Pax2.2 in P. tepidariorum. Expression differences between the two paralogs are even more obvious in P. phalangioides. While Pp-Pax2.1 is ubiquitously expressed in the early developing appendages, before eventually becoming restricted to the characteristic spot-like pattern similar as in P. tepidariorum, Pp-Pax2.2 expression in appendages is restricted to the mesoderm. Furthermore, in both species Pax2.1, but not Pax2.2, is expressed in the developing lateral eyes, which are most likely homologous to the compound eyes of insects present in D. melanogaster (Paulus, 1979; Spreitzer and Melzer, 2003; Schomburg et al., 2015). Taken together, these expression differences between Pax2 paralogs argue for sub- or neofunctionalization following their proposed split in the last common ancestor of spiders and scorpions.



MATERIALS AND METHODS


Animal Cultivation

P. tepidariorum embryos were raised in the lab from the original genome line stock (received from Göttingen). P. phalangioides embryos were obtained from females wild caught in lower saxony. Stock keeping was mainly performed as described previously (Turetzek et al., 2016; Turetzek and Prpic, 2016) except that stocks were kept at room temperature and with natural light in the laboratory.



Gene Cloning

Pax2 candidates were cloned with gene specific primers (Supplementary Table 1) from cDNA [either SMARTer RACE cDNA (P. phalangioides) or SMARTer cDNA (P. tepidariorum), both Clontech, Mountain View, CA, United States] synthesized from RNA of a combination of all embryonic stages isolated with either TRIzol (Invitrogen) or Quick-RNA Tissue/Insect Kit (Zymo Research). Gene fragments were cloned into the Pjet1.2 plasmid using the CloneJET PCR Cloning Kit (Thermo Fisher Scientific).



Phylogenetic Analysis

Pax2 ortholog candidates for the spiders P. tepidariorum and P. phalangioides were identified using the D. melanogaster sv protein sequence (CG11049). We performed this BLAST search in the previously published genome of P. tepidariorum (Schwager et al., 2017) available via the i5k BLAST database1 and the previously described P. phalangioides developmental transcriptome (Janssen et al., 2015; Leite et al., 2018). For both species we found two genes with high sequence similarity, aug3.g12456 and aug3.g762 for P. tepidariorum and c56107_g1 and c100802_g1 for P. phalangioides indicated by the two lowest e-value hits. In addition, we also used D. melanogaster protein sequences for Pax2, Pax6, Poxn, and Poxm [accessed from Uniprot (Q59DN9, O18381, P23758, and P23757) (The UniProt Consortium, 2015)] to BLAST against the P. tepidariorum genome. In total, we identified nine candidate sequences with an e-value lower than e-50, all of which were confirmed as Pax gene candidates for further analysis by a reciprocal BLAST (back-BLAST) against D. melanogaster and Danio rerio. These P. tepidariorum candidate sequences were then used to identify similar sequences in several other species, covering the arthropod phylogeny (Cao et al., 2013; Conzelmann et al., 2013; Schwager et al., 2017; Vizueta et al., 2017; Liao et al., 2019; Pechmann, 2020; Liu et al., 2021) as well as lophotrochozoan and vertebrate species. From these, only unique proteins with an e-value lower than e-50 were kept for the phylogenetic analysis. A full species list with source references is shown in Supplementary Table 2.

This preliminary phylogenetic analysis in total included 148 full-length protein sequences, nine P. tepidariorum Pax candidates identified in this study as well as previously published spider Pax family genes (Schoppmeier and Damen, 2005; Samadi et al., 2015; Schomburg et al., 2015) plus their potential homologs from a range of bilaterians (summarized in Supplementary Table 2). Alignment was performed using Clustal OMEGA (Sievers et al., 2011) with standard parameters (nexus file is available in Supplementary Data Sheet 1). Phylogenetic tree building was performed using MrBayes version 3.2.6 (Ronquist and Huelsenbeck, 2003). Mixed amino acid substitution models were tested, and the Jones model (Jones et al., 1992) was chosen and used to generate topological convergence using metropolis coupling. The analysis was stopped due to time limitations after 3,000,000 generations reaching an average standard deviation of split frequencies of 0.029. A total number of 12.002 trees were written in two files (6,001 trees per file of which 4,501 were sampled).

In a second phylogenetic analysis only a subset of closely related Pax subfamilies was used (Pax2/5/8, Pax6, and poxn). Using the candidates for the respective groups recovered from P. tepidariorum, D. rerio Pax2/5/8 as well as D. melanogaster Pax2, poxn, and Pax6 orthologs were used to search for similar sequences in more chelicerate genomes including the xiphosuran Limulus polyphemus, and the spiders Argiope bruennichi (Sheffer et al., 2021), Stegodyphus dumicola (Liu et al., 2019) and Araneus ventricosus (Kono et al., 2019). Again, only unique hits with an e-value threshold lower than e-50 were kept (except for the xiphosuran L. polyphemus, for which only hits lower than e-100 were kept because of the large number of candidate hits). The resulting candidate protein sequences were again confirmed by reciprocal BLAST. Full-length protein sequences of all chelicerate Pax2/5/8, Pax6, and poxn proteins were aligned (same parameters as above, nexus file available as Supplementary Data Sheet 2). Again, MrBayes version 3.2.6 (Ronquist and Huelsenbeck, 2003) was used to generate topological convergence using metropolis coupling after amino acid substitution models testing, while the Jones model (Jones et al., 1992) was chosen. After 514,000 generations, an average standard deviation of split frequencies below 0.01 was achieved. A total number of 2,058 trees were written in two files (1,029 trees per file of which 772 were sampled). The respective 50% majority rule consensus trees are shown in Figure 1 and Supplementary Figures 1, 2. Consensus trees were visualized from the MrBayes nex.con.tre output file using the software Geneious (version 11.1.5, Biomatters). The annotation of the respective subfamilies was done using Adobe Illustrator 2020 version 24.0 for Apple Macintosh.
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FIGURE 1. Phylogenetic analysis and protein alignment of selected Pax genes. (A) Bayesian Markov chain Monte Carlo analysis depicted as unrooted 50% majority rule consensus tree. Branch lengths indicate expected substitutions per site. Labels at the tree edges represent clade credibility values, which are a measure of the posterior probability of each clade in the tree. Turquoise indicates the PAX2/5/8 cluster (D. melanogaster ortholog is shaven), purple shading marks Pax6 ortholog group (D. melanogaster ortholog is eyeless), and the Poxn cluster is highlighted in gray. The arachnopulmonate specific Pax2.1 and Pax2.2 groups within the Pax2/5/8 cluster are highlighted with dark turquoise circles. (B) Protein alignment of selected sequences (Dm ey, D. melanogaster eyeless (purple); Mm Pax2, M. musculus Pax2; Dm sv, D. melanogaster shaven; Pp Pax2.1, P. phalangioides Pax2.1; Pt Pax2.1, P. tepidariorum Pax2.1; Pp Pax2.2, P. phalangioides Pax2.2; Pt Pax2.2, P. tepidariorum Pax2.2 (turquoise). PAX domain, as well as octapeptide and homeobox domains are highlighted and shown in detail. Species abbreviations and accession numbers or genomic and transcriptomic resources are summarized in Supplementary Table 2.




Whole Mount in situ Hybridization and Imaging

Whole mount in situ hybridization was performed as previously described (Prpic et al., 2008) with minor modifications explained below. For the staining we used fixed P. tepidariorum and P. phalangioides embryos of developmental stages coinciding with CNS and sense organ development (starting from germ band stage until late ventral closure, a few representatives of younger stages were also included per staining reaction). Staging of the two spider species was performed based on previously published descriptions of embryonic development (Mittmann and Wolff, 2012; Turetzek and Prpic, 2016). The published whole mount in situ hybridization protocol was slightly modified by omitting the treatment with proteinase K prior to hybridization. Another difference was that two different staining detection methods were used. One half of the embryos was stained with NBT/BCIP (ROTH) in the dark until a specific staining was detected, while the other half was stained overnight with FAST RED Tablets (Biotrend/Kem-En-Tec) according to manufacturer’s guidelines. After whole mount in situ hybridization using the colorimetric detection method with NBT/BCIP, embryos were additionally stained with SYTOX-Green (Invitrogen) to label cell nuclei. These embryos were then imaged using a combination of white light and green channel with a Leica M205 FA binocular equipped with a Qimaging Micropublisher 5.0 RTV camera. Images of dissected appendages stained with NBT/BCIP were captured using a Zeiss Axioplan with a Manta G609C camera (Alited Vision Technologies). Embryos stained with FAST RED after whole mount in situ hybridization were incubated with DAPI (Merck) to visualize cell nuclei. These embryos were either flat mounted as a whole by removing the yolk, or appendages were removed by using a fine pair of Dumont forceps (Fine Science Tools) and minutes/insect pins. Samples were then mounted on a slide with 90% glycerol (in PBS) containing DABCO ® (ROTH) as an antifading agent. FAST RED samples were imaged using the Leica Sp5 confocal laser scanning microscope performed at the “Center for Advanced Light Microscopy” (CALM). Maximum projections of confocal stacks were generated with FIJI (Schindelin et al., 2012). Brightness and contrast of the digital images were adjusted with Adobe Photoshop version 2020 for Apple Macintosh.




RESULTS


Duplicated Pax2 Genes in Parasteatoda tepidariorum and Pholcus phalangioides

While the Pax family gene Pax6 is well studied in many arthropod species (Prpic, 2005; Blackburn et al., 2008; Yang et al., 2009; Luan et al., 2014; Samadi et al., 2015; Schomburg et al., 2015; Hou et al., 2016), the closely related Pax2 gene with equally interesting roles in neurogenesis is not well analyzed in arthropods. A previous study investigating the evolution of the homeobox genes in arachnids already showed that Pax3/7 and Pax4/6 group genes were duplicated multiple times in spiders and scorpions (Leite et al., 2018). Unfortunately, no chelicerate Pax2 gene was identified, which was also the case for two other studies focusing on the genetic basis of eye development in spiders (Samadi et al., 2015; Schomburg et al., 2015). We were able to identify two candidate homologs, aug3.g762 and aug3.g12456 in the current genome version of P. tepidariorum (Schwager et al., 2017). Due to their expression in the eye and appendage sense organ primordia comparable to insects, as well as their conservation between both spider species (explained below), Pt-aug3.g762 is referred to as Pt-Pax2.1, while the paralog Pt-aug3.g12456 is termed Pt-Pax2.2. Both proteins show high sequence similarity to the D. melanogaster Pax2 ortholog sv and the Pax2/5/8 proteins from the zebrafish D. rerio. These orthologs presumably escaped previous identification attempts due to their degraded homeodomain protein sequence (Figure 1B), a common feature of Pax2/5/8 group genes (Bopp et al., 1986; Dressler et al., 1990; Plachov et al., 1990). Furthermore, we identified two genes (c56107_g1 and c100802_g1) with high sequence similarity to the D. melanogaster Pax2 ortholog in the de novo assembled developmental embryonic transcriptome of the haplogyne cellar spider P. phalangioides (Janssen et al., 2015; Leite et al., 2018). These genes align well with the two Pax2 candidates from P. tepidariorum, with c56107_g1 (Pp-Pax2.2) being similar to Pt-Pax2.2 and c100802_g1 (Pp-Pax2.1) to Pt-Pax2.1. These four spider Pax2 candidates align well which each other and also with other Pax genes like Mus musculus Pax2 as well as the Pax6 ortholog eyeless and Pax2 ortholog sv from D. melanogaster (Figure 1B). The paired box domain shows the highest sequence similarity, with only some amino acid changes between mouse, fruit fly and spiders. Especially in the first half of the paired box domain, all Pax2 homologs share a higher sequence similarity compared to D. melanogaster Pax6. For the two Pax2 paralogs from both spiders, the entire paired box domain is identical with only one exception. We find a Pax2.1 specific change from Valine to Methionine following the highly conserved GRPLPD sequence (this exchange is also present in all other Pax2.1 paralogs from spiders and scorpions Supplementary Data Sheets 1–3). Also, the Pax2 specific octapeptide motif is 100% identical for all six Pax2 orthologs shown in the alignment (Figure 1B). The homeobox domain is, as expected, only fully present in D. melanogaster eyeless, but is truncated in all Pax2 orthologs. Overall, there is a higher sequence similarity between the four spider homologs, and to the corresponding paralog than there is to the Pax2 sequences from mouse and D. melanogaster. These results indicate that P. tepidariorum Pt-Pax2.1 (aug3.g762) and Pt-Pax2.2 (aug3.g12456) as well as P. phalangioides Pp-Pax2.2 (c56107_g1) and Pp-Pax2.1 (c100802_g1) represent duplicated Pax2 spider orthologs.



Phylogenetic Analysis Reveals Independent Pax2 Duplication Events in Chelicerates

To further confirm the duplication of Pax2 in spiders we performed a thorough phylogenetic analysis (nexus alignment file available as Supplementary Data Sheet 1, phylogenetic reconstruction in Supplementary Figures 1, 2 and summarized in Supplementary Table 2). In agreement with the BLAST results and the alignment, Pt-Pax2.1, Pt-Pax2.2 as well as Pp-Pax2.1 and Pp-Pax2.2 are grouped together with all other Pax2/5/8 orthologs from vertebrates, the annelid Platynereis dumerilii, onychophorans, the myriapod Glomeris marginata as well as insects (turquoise Supplementary Figures 1, 2). The tree also reveals that the chelicerate Pax2 duplication has most likely no common origin with the vertebrate duplication events, because the vertebrate Pax2, Pax5, and Pax8 genes are grouped together and are clearly separated from the spider Pax2 orthologs. Focusing on the chelicerate Pax2 family genes, it is apparent that their duplication most likely occurred before the split of entelegyne and haplogyne spiders, because Pt-Pax2.1 and Pp-Pax2.1 form one spider specific Pax2.1 cluster, grouping together with sequences from the entelegyne spider species Stegodyphus mimosarum and the haplogyne spider Dysdera silvatica. Interestingly, the two scorpion Pax2 homologs from Mesobuthus martensii (MMA39209) (Cao et al., 2013) and Centruroides sculpturatus (CSCU020632) form a group with all Pax2.1 spider orthologs. Like Pax2.1, all Pax2.2 sequences from haplogyne and entelegyne spiders are grouped together and also form a cluster with three sequences from the xiphosuran Tachypleus tridentatus (Liao et al., 2019). A second scorpion Pax2 sequence is only present for M. martensii (MMA31600) and does not cluster with any of the spider Pax2 groups. Thus, this large analysis strongly supports both P. tepidariorum as well as the P. phalangioides candidates as Pax2 orthologs, which arose from a shared duplication event in the lineage leading to spiders. Where and how many duplication events occurred in chelicerates, however, is difficult to resolve and more thorough sequencing, especially in scorpions, is needed.

We therefore performed a second phylogenetic analysis, containing Pax2 candidates from more chelicerate species (Figure 1A). In this analysis, chelicerate Pax2 candidates again cluster together with the insect, onychophoran and vertebrate Pax2 orthologs (turquoise Figure 1A), while all other candidates are grouped with either poxn or Pax6 (purple and gray Figure 1A, respectively). This supports the results from the reciprocal BLAST and first phylogenetic analysis. In Figure 1A, the chelicerate sequences are again distinctly separated from insect and onychophoran Pax2 orthologs. The only exception is XP022672742.1 from the mite Varroa destructor, which is positioned outside the chelicerate and insect clusters, but still shows an overall closer alliance to arthropods than to vertebrates. Similarly, as observed in the first phylogenetic analysis, the spider Pax2 homologs split into two clusters, Pax2.1 and Pax2.2. The xiphosuran sequences form a separate Pax2 group, containing three sequences from T. tridentatus and four from L. polyphemus, suggesting several independent duplication events in xiphosurans. The Pax2.1 cluster again contains both Pt-Pax2.1 and Pp-Pax2.1, which further divide into entelegyne and haplogyne Pax2.1 clusters, resolving all other spider sequences. Only a single xiphosuran sequence, originating from L. polyphemus (XM013920080.1) is grouped into this Pax2.1 cluster, but this is most likely caused by the partial and short protein sequence. The amino acid residue following the conserved GRPLPD sequence of L. polyphemus XM013920080.1 is an Isoleucine, which neither fits with the amino acid exchange of arachnopulmonates Pax2.1 nor Pax2.2. A similar exchange to Isoleucine is, however, observed in other L. polyphemus Pax2 candidate genes (XM013925118.1 and XM013929420.1) (see Supplementary Data Sheet 2) and thus more an indicator for complications by rapidly evolving xiphosuran sequences and the partial character of the protein than against for the position of this protein in the arachnopulmonate Pax2.1 cluster. Interestingly, in this new phylogenetic analysis, the two scorpion proteins from M. martensii (Mma39209 and Mma31600) do cluster together with the respective spider Pax2.1 and Pax2.2 groups. To further validate the grouping of spider and scorpion homologs into two separate Pax2 clusters we performed even another phylogenetic analysis using only well-alignable regions of the identified chelicerate Pax2 proteins (Supplementary Data Sheet 3 and Supplementary Figure 8). Fittingly, this additional phylogenetic analysis highly supports grouping of the scorpion MMa39209 and CSCU020632 proteins with the spider Pax2.1 cluster and MMa31600 with Pax2.2. This suggests that the Pax2 paralogs most likely evolved through the whole genome duplication (Schwager et al., 2017) ancestral to arachnopulmonates.



Conserved Spider Pax2.1 Expression Domains

As Pax2 genes are known for their important role in neurogenesis, we wanted to test if the spider Pax2 paralogs might also be involved in developing neural tissues and sense organs. Based on data from the two distinct mutant phenotypes shaven and sparkling in D. melanogaster (Fu and Noll, 1997; Kavaler et al., 1999; Hirth et al., 2003), RNAi phenotypes in the red flour beetle T. castaneum (Dönitz et al., 2015) and expression patterns in the jewel wasp N. vitripennis (Keller et al., 2010) Pax2 is known to be a conserved factor required for the development of arthropod sense organs, having a dual role in developing eyes and external sense organs. Therefore, we investigated the expression of the two Pax2 paralogs in the entelegyne spider P. tepidariorum and the haplogyne spider P. phalangioides. While both Pax2 paralogs showed expression during embryonic stages of both species, especially in the head region, the ventral nervous system and the developing appendages, timing of expression as well as expression pattern dynamics and localization differed between paralogs and between species.

Pt-Pax2.1 expression starts around the first signs of brain differentiation (stage 10). In the head, Pt-Pax2.1 is expressed bilaterally symmetric in the non-neurogenic ectoderm, lateral to the forming lateral furrow, presumably in the field which later gives rise to the lateral eyes (red arrowhead, Figures 2A,E and red ellipse Figure 3A). This lateral expression stays unaltered (Figures 2F,G, arrowhead) until the non-neurogenic ectoderm starts to overgrow the brain during dorsal closure (stage 13). At this stage, the initial single field of Pt-Pax2.1 expression broadens (red arrowhead, Figure 2H and red ellipse Figure 3B) and divides, giving rise to three spots of expression during prosomal ventral closure (stage 14) (red arrowheads Figure 2L). In the haplogyne spider, Pp-Pax2.1 is similarly expressed in the region of the developing lateral eyes (red arrowhead, Supplementary Figures 3D–F), similar to Pt-Pax2.1.
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FIGURE 2. Pax2.1 (aug3.g762) expression in P. tepidariorum embryos. Expression of Pt-Pax2.1 is detected beginning with brain differentiation (Stage 10, A,E,I) and expression stays throughout inversion (Stage 11, B,F,J), dorsal (Stage 13, C,G,K) and early and late ventral closure (stage 14, D,H,L). (A–D) Ventral view of embryos in different developmental stages. Pt-Pax2.1 is expressed in prosomal and opisthosomal appendages (white and blue arrowheads, respectively) and the ventral neuroectoderm (white arrows). (E–H) Frontal view. Pt-Pax2.1 is expressed in the head lobes next to the lateral furrow (red arrowheads E–G) during brain differentiation, inversion, and dorsal closure (stages 10–13). Later during ventral closure (Stage 14) Pt-Pax2.1 is expressed in the lateral eye primordia [red arrowhead in (H) depicting the primordial cluster, three red arrowheads in (L) depicting the three distinct eye primordia]. (I–K) Ventral view of the developing opisthosoma. Pt-Pax2.1 is expressed in the opisthosomal ventral neuroectoderm (white arrows) and developing opisthosomal appendages (blue arrowheads). Anterior is to the left in all panels, all images show ventral aspect, except (E–H,L) which are in frontal aspect. Dotted half circles indicate the anterior furrow in the prechelceral head lobes. Lb, labrum; Pe, Posterior end; O1–O5, Opisthosomal segments 1–5; Prosomal appendages: Ch, chelicerae; Pp, pedipalps; L1–L4, 1st–4th walking leg. Dark blue, NBT/BCIP staining showing specific Pt-Pax2.1 expression; Cyan, nuclear Sytox staining.
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FIGURE 3. Detailed embryonic Pt-Pax2.1 expression in the head. Red ellipses mark Pt-Pax2.1 expression domains in the eye primordia throughout embryonic development, white dotted line marks the anterior furrow in the head lobes. Left panels (A–A”) show the right anterior half of an embryo including the head lobes and prosomal segments until the second leg segment during early embryogenesis coinciding with brain differentiation (stage 10). Pt-Pax2.1 is expressed in the developing lateral eye primordia next to the lateral furrow (red ellipse) ventral neuroectoderm (arrows, see also Supplementary Figure 7B for VNE specific Z-projection), and in proximal and distal spots in the appendages (arrowheads, see also Supplementary Figure 7A for appendage specific Z-projection). (B–B”) Head and right appendages (chelicera, pedipalp, L1) during mid-ventral closure (stage 13.1 late) showing diffused Pt-Pax2.1 gene expression in the appendages and as patches in the developing eyes. Flat mounted preparations; anterior is to the left in all panels. Cyan is nuclear DAPI staining; magenta is Pt-Pax2.1 specific expression detected with FAST RED. Lb, labrum; Sto, stomodeum. Prosomal appendages: Ch, chelicerae; Pp, pedipalps; L1, 1st walking leg. Scale bar represents 50 μm.


In addition, Pax2.1 paralogs in both spiders are expressed in the developing ventral neuroectoderm (white arrow in Figures 2, 3 and Supplementary Figures 3, 7), the only difference being that the prosomal ventral neuroectodermal expression is weaker and less prominent during later stages in P. tepidariorum compared to P. phalangioides. In the prosomal and opisthosomal appendages, Pt-Pax2.1 expression starts during brain differentiation (stage 10) (white and blue arrowheads in Figures 2–4 and Supplementary Figure 7). In the chelicerae, Pt-Pax2.1 is expressed in three distinct regions, most prominently in the distal tip and as two spots and later two clusters in the medial region (Figures 3, 4A,D). In the pedipalps, Pt-Pax2.1 expression is more dynamic. It also starts in three clusters, one at the distal tip, one in the gnathendite and one at the dorsal proximal rim (white arrowhead, Figures 3A, 4B and Supplementary Figure 7). While the initial distal expression cluster broadens until ventral closure (Stage 13), nearly covering a third of the distal pedipalp (Figure 4E), the proximal expression cluster is refined, giving rise to two single spots (white arrowheads, Figure 4E). In addition, two similar expression spots arise in the medial area of the pedipalp (magenta arrowhead, Figure 4E), while the expression in the gnathendite slightly broadens. In the legs, Pt-Pax2.1 is expressed in only one distal cluster early on (white arrowhead, Figures 2A,B, 3A, 4C and Supplementary Figure 7), while a spot-like expression is present later on in the four distal leg segments (tibia, metatarsus, tarsus, and the claw) as well as proximally, on the ventral side (white arrowheads, Figures 2C,D, 4F). A similar spot-like expression is present in the opisthosomal appendages (blue arrowheads, Figures 2D,I–K). For the cellar spider P. phalangioides, Pp-Pax2.1 expression in the appendages starts ubiquitously (Supplementary Figures 3A,I) and later resolves during ventral closure, showing a spot-like expression throughout the entire walking leg with clusters in the femur and distal thickening of the walking legs, as well as in the developing spinnerets (white arrowhead, Supplementary Figures 3C,J). Taken together, the Pax2.1 paralog is expressed in three distinct neural tissues, the lateral eyes, external sense organs on the appendages, as well as the developing ventral neuroectoderm in the prosoma and opisthosoma. Apart from slight differences in the expression dynamics and timing, the expression patterns (except for the P. phalangioides late femoral expression) are comparable for the two spiders analyzed here, suggesting a conserved role of Pax2 in the development of neural tissues, in a strikingly similar fashion to its dual role in sense organ development shown in D. melanogaster (Fu and Noll, 1997; Kavaler et al., 1999; Hirth et al., 2003).
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FIGURE 4. Embryonic Pt-Pax2.1 expression in prosomal appendages. Left panels show Pt-Pax2.1 expression during brain differentiation (stage 10). Panels on the right show expression during dorsal closure (stage 13). Top row (A,A’,D,D’) shows Pt-Pax2.1 domains in the dissected chelicerae (Che). Center row (B,B’,E,E’) shows Pt-Pax2.1 expression in dissected pedipalps (Ped). Bottom row (C,C’,F,F’) shows expression in dissected walking leg(s) (Leg). White arrowheads indicate expression clusters throughout development, and magenta arrowheads mark newly emerged pedipalpal medial expression domains. Early Pt-Pax2.1 expression in the chelicera is present as two medial spots and a distal domain. While the distal domain stays in later stages, the two medial spots slightly broaden and diffuse. In the pedipalp Pt-Pax2.1 expression starts in three patches, one in the gnathendite, one in the proximal ventral side and one domain in the distal tip, similar to the expression in the walking leg. Later the expression in the gnathendite and distal tip broadens, the proximal patch splits and two spot-like expression domains arise in the medial part of the pedipalp. In the walking leg expression starts in the distal leg region, which broadens during development. Later Pt-Pax2.1 expression covers all distal leg segments both as large domain but also spot-like patterns. In the proximal part a spot-like domain appears. Cyan is nuclear DAPI staining; magenta is Pt-Pax2.1 specific expression detected with FAST RED. Scale bar represents 50 μm.




Diverged Expression of Spider Pax2.2

Expression of Pt-Pax2.2 starts around the same time as Pt-Pax2.1 but is much weaker. The earliest expression of Pt-Pax2.2 is present in the brain (black arrowhead, Figure 5E) and the VNE (white arrow, Figures 5A,I) but no expression is detected just slightly before that stage (Supplementary Figure 5). Starting during inversion and retraction (stage 11 and 12), expression in the VNE and brain (Figures 5F,G,J,K) is getting stronger. Expression in the neurogenic region of the brain is dynamic. While in one lobe, two spots of Pt-Pax2.2 expression are present, the more posterior spot seems to have split in the other head lobe, giving rise to three expression spots (black arrowhead, Figure 6A). After the non-neurogenic tissue has overgrown the brain, Pt-Pax2.2 is again only expressed in two spots in the brain (black arrowhead Figure 6B’) and as a weak cluster on the left side of the head, not coinciding with the developing eyes (red ellipses Figures 6B–B”). In the haplogyne spider, Pp-Pax2.2 is expressed in faint half-circles in the ventral neuroectoderm (white arrow in Supplementary Figure 4), while no expression is present in the brain throughout development.
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FIGURE 5. Pt-Pax2.2 (aug3.g12456) expression during embryogenesis. Leftmost panels (A,E,I) show embryos during early brain differentiation stages (Stage 10), the panels in the middle show embryos during inversion (Stage 11, B,F,J) and between retraction and dorsal closure (Stage 12/13, C,G,K), while the rightmost panels (D,H) show embryos during early ventral closure (Stage 14.1). (A–D) Embryos shown in ventral (or lateral ventral) aspect. Pt-Pax2.2 is expressed in the ventral neuroectoderm (white arrows), and later in the prosomal and opisthosomal appendages (white and blue arrowheads, respectively). (E–H) Pt-Pax2.2 expression domains in the head lobes (black arrowhead) shown in embryos in frontal view. (I–K) Opisthosomal view showing Pt-Pax2.2 expression in the opisthosomal ventral neuroectoderm (white arrows) and opisthosomal appendage, the developing spinneret on O4 (blue arrowhead). Anterior is to the left in all panels, all images show ventral aspects, except (E–H) which are in frontal aspect and (B) shown in ventral-lateral view. Dotted half circles indicate the anterior furrow in the prechericeral head lobes. Lb, labrum; Pe, Posterior end; O1–O5, Opisthosomal segments 1–5; Prosomal appendages: Ch, chelicerae; Pp, pedipalps; L1-L4, 1st to 4th walking leg. Dark blue, NBT/BCIP staining showing specific Pt-Pax2.2 expression; cyan, nuclear Sytox staining.
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FIGURE 6. Detailed Pt-Pax2.2 expression in the anterior embryo. Anterior is to the left in all panels. Left panels (A–A”) show Pt-Pax2.2 expression during late retraction of the embryo (Stage 12) in the ventral neuroectoderm (white arrows), the appendages (arrowheads), and in the brain (black arrowheads). During this stage the dynamic expression in the neurogenic part of the head lobes later giving rise to the brain is detectable. While in one half of the head only two expression domains are visible in the other half already three distinct expression domains are present. Pt-Pax2.2 expression in the pedipalps and walking legs is present in one proximal and one medial domain as well as in a spot-like pattern in the distal tip. Dotted line indicates anterior furrow in the head lobes. Right panels (B–B”) show Pt-Pax2.2 expression later in embryos during ventral closure (Stage 14), present as two spots in the brain (black arrowheads), as well as in two clusters at the lateral rim of the head (red ellipses). Expression in the prosomal appendages is still present but more diffuse. Lb, labrum. Prosomal appendages: Ch, chelicerae; Pp, pedipalps; L1, 1st walking leg. Cyan is nuclear DAPI staining; magenta is Pt-Pax2.2 specific expression detected with FAST RED. Scale bar represents 50 μm.


The expression pattern in the appendages also differs between the two paralogs. Pt-Pax2.2 expression starts during inversion (stage 11) whereas Pt-Pax2.1 expression begins earlier during stage 9/10. Pt-Pax2.2 expression in the pedipalps and walking legs starts in three areas, two broad clusters in the proximal and medial region and as two or three distal spots (white arrowheads, Figures 5B, 6A, 7A,B). During later development, this expression remains in the same regions, but gets more diffuse (Figures 5D,H, 6B, 7C,D). Likewise, expression in the chelicerae is ubiquitous and diffuse (Figures 5, 6A,B). In the prosomal appendages of P. phalangioides, Pax2.2 is exclusively expressed in the mesoderm, starting once the appendages start to grow (white arrowhead, Supplementary Figures 4A,G). This mesodermal Pp-Pax2.2 expression stays throughout development (Supplementary Figures 4B,H) but slightly decreases during ventral closure (white arrowhead, Supplementary Figures 4C,I). In summary, in contrast to the conserved expression of Pax2.1, the Pax2.2 paralog has only kept the conserved expression in the ventral neuroectoderm but is not detected in the developing eyes in any of the spider species observed in this study. In addition, Pax2.2 not only diverged from its paralog, but also shows more differences between spider species, especially in the appendages.
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FIGURE 7. Pt-Pax2.2 expression in pedipalps and walking legs during late embryogenesis. Panels on the left (A,A’,B,B’) show dissected prosomal appendages during inversion and/or retraction stage (stage 11/12). Right panels (C,C’,D,D’) show appendage preparations from ventral closure stage (stage 14). Upper panels (A,A’,C,C’) show Pt-Pax2.2 expression in dissected pedipalps (Ped), note most proximal region of the pedipalp was lost during dissection. Lower panels (B,B’,D,D’) show Pt-Pax2.2 expression in dissected walking legs. During inversion and retraction of the embryo Pt- Pax2.2 is expressed three region of the pedipalps and walking legs. While the proximal (missing for the pedipalp, please see Figure 4A) and medial expression domain has a broad and more diffuse appearance, the expression in the distal tip of these prosomal appendages has a spot-like pattern. During later stages the expression fades and becomes even more diffuse also in the distal part. Cyan is nuclear DAPI staining; magenta is Pt-Pax2.2 specific expression detected with FAST RED. Scale bar represents 50 μm.





DISCUSSION


Independent Pax2 Duplication Events in Chelicerates

As paired box transcription factors are some of the oldest genetic toolkit components and play conserved dominant roles in neurogenesis across metazoans, they represent prime candidates to study the evolution of gene regulatory networks involved in neurogenesis and sense organ development. Interestingly, a genomic study of the common house spider P. tepidariorum revealed that spiders most likely underwent a whole genome duplication (Schwager et al., 2017). Several studies on gene duplication in spiders showed its importance for evolving novel phenotypes or altering development by bringing new genetic material to key developmental processes like appendage development, eye formation, body patterning, and segmentation (Pechmann et al., 2011, 2015; Khadjeh et al., 2012; Schomburg et al., 2015; Turetzek et al., 2016, 2017). Since not a single Pax2 ortholog has been identified in any spider species so far, we analyzed several genomic and transcriptomic resources to investigate whether this Pax family member might have been entirely lost in spiders or if it diverged drastically after a duplication event. We identified two spider Pax2 orthologs that form a Pax2/5/8 specific cluster in majority consensus trees including several Pax family genes (Figure 1A and Supplementary Figures 1, 2). These analyses also provided information on the evolution of this family and the timeframe of duplication events. We found multiple Pax2 gene copies not only in the two spiders observed here but also in other haplogyne and entelegyne spiders, as well as in scorpions and horseshoe crabs. Because all vertebrate Pax2/5/8 proteins are forming a cluster separate from the insect and chelicerate orthologs, it is unlikely that the duplicated Pax2 genes in chelicerates and vertebrates share a common origin and were lost in insects (Figure 1A and Supplementary Figure 1). Except for one partial sequence from the horseshoe crab L. polyphemus, which might not contain sufficient sequence information to be grouped properly, all horseshoe crab sequences are forming a separate Pax2 cluster (Figure 1A and Supplementary Figure 8). All scorpion and spider Pax2 orthologs on the other hand group together in a Pax2.1 cluster and a Pax2.2 cluster, which is further supported by a shared amino acid exchange in the paired box domain (Figure 1B). Thus, the Pax2 gene duplications in horseshoe crabs seem to have evolved independently from other chelicerates. Our analysis predicts one duplication event in the last common ancestor of spiders and scorpions (and thus most likely at the base of Arachnopulmonata), as well as at least three duplication events in horseshoe crabs. Interestingly, within scorpions we only detected a Pax2.2 paralog in M. martensii, but not in C. sculpturatus. This is not necessarily contradicting our hypothesis, as the duplicated protein might have been lost in this scorpion species or escaped our analysis because of the quality of the C. sculpturatus genome assembly and annotation. In general, additional high-quality genomes of arachnopulmonates are needed to resolve duplication events in this group more comprehensively. Nevertheless, recent studies on whole genome duplication events in chelicerates report both a shared whole genome duplication in the lineage leading to scorpions and spiders (Schwager et al., 2017), and three whole genome duplications in xiphosurans (Nong et al., 2021), supporting our interpretation. Interestingly, the other Pax family member Pax6, for which several studies in other arthropods also identified two paralogs, seems not to be the product of an arachnopulmonate specific duplication but could indeed date back to the last common ancestor of arthropods. Our phylogenetic analysis supports this hypothesis by suggesting that the arthropod Pax6 orthologs eyeless (ey) and twin of eyeless (toy) predate the separation of the main arthropod groups alive today (Yang et al., 2009; Keller et al., 2010; Samadi et al., 2015). This is in line with the results inferred from the large consensus tree (Supplemental Figures 1, 2), showing separate clusters of the two Pax6 paralogs (note that the support values are not as high as for most of the other Pax clusters). Our second phylogenetic analysis (Figure 1A), which focuses on a subset of insect, vertebrate and arachnopulmonate Pax family members including Pax6 supports this hypothesis as well, as two separate Pax6 clusters are present both containing insect and arachnopulmonates Pax6 duplicates. It should, however, be noted that our analysis focused on the evolution of Pax2 paralogs, and that comprehensive studies including Pax6 orthologs from representatives of all major arthropod groups are needed to further elucidate the duplication events of other Pax genes. Nevertheless our results are also consistent with recent findings that ey and toy are genetically redundant and orchestrate an arthropod-wide conserved gene regulatory network module involved in arthropod ocular head segment formation (Friedrich, 2017).



Conserved Role of Pax2

Arthropods are extremely diverse and have adapted to a multitude of different ecological niches, which is prominently reflected in the large repertoire of sense organs present in this group. Despite this diversity, most sense organs develop in a very stereotypical fashion. This is especially true for external sense organs, which arise from a single precursor cell or cell cluster which subsequently undergoes a defined number of divisions controlled by a conserved genetic toolkit (Ghysen and Dambly-Chaudiere, 1989; Hartenstein, 2005; Biffar and Stollewerk, 2015; Klann et al., 2021). Thus, studying external sense organ development in various arthropods is important to answer the question how this great diversity could evolve under such restrictive developmental conditions. For instance, D. melanogaster Pax2 occupies a key developmental role in neurogenesis. In the fruit fly, Pax2 has a dual role in sense organ development, as it is both necessary for eye development (Fu and Noll, 1997) and involved in cell divisions required to form external sense organs (Fu et al., 1998; Kavaler et al., 1999). One of the most famous examples of a conserved role of Pax genes in sense organ development is certainly Pax6, which is required for brain and especially eye development. Pax6 orthologs from a wide range of species including sponges, cnidarians and vertebrates were shown to be able to rescue mutant Pax6 phenotypes in D. melanogaster or even induce development of ectopic eyes (Halder et al., 1995; Kozmik et al., 2003; Hill et al., 2010), while their expression is lacking in developing lateral eyes in chelicerates (Blackburn et al., 2008; Schomburg et al., 2015). Contrary to Pax6, functional studies of Pax2 orthologs from arthropods other than D. melanogaster are only available for the beetle T. castaneum (Dönitz et al., 2015), and data for non-insect arthropods are missing entirely. Spiders are especially fitting to amend this deficit, since many of their unique behaviors, like web building, catching prey, communication, courtship, and stridulation, are heavily dependent on mechanoreception and vision (Foelix, 1996). Consequently, spiders possess a wealth of mechanoreceptive sense organs all over their body, among them several unique structures like trichobothria, which detect minute airflows and the extremely sensitive groups of slit sense organs, the lyriform organs (Pringle, 1955; Foelix, 1996; Barth, 2004; Barth and Stagl, 2004; Patil et al., 2006; Morley et al., 2016; Ganske and Uhl, 2018). Spider eyes have diversified in a similar manner, as they were adapted for the varied environments and ecological niches occupied by these animals (Foelix, 1996; Miether and Dunlop, 2016; Morehouse et al., 2017; Morehouse, 2020). We were thus interested which role the Pax2 duplicates might play in the development of eyes and other sense organs in spiders, and if the two identified paralogs replace Pax6 in chelicerate eye development and might be linked to diversification of the spider sense organ repertoire. We were able to show that the two Pax2 paralogs are expressed in the developing ventral neuroectoderm, brain, eyes, and appendages in spiders. We identified prominent expression in the brain and ventral neuroectoderm, which suggests a conserved role in neurogenesis. In addition, the dual role in eye and external sense organ development initially described for the fruit fly Pax2 ortholog seems to be conserved in spiders as well. Both Pax2 paralogs from P. tepidariorum, as well as one paralog from P. phalangioides are expressed in the developing appendages in a manner most likely associated with sense organ development. While one copy of the gene shows a more diverged expression compared to the literature, expression of the other paralog is very conserved and seemingly linked to both eye and external sense organ development on the appendages. We therefore termed this paralog Pax2.1.



Pax2.1 Is a Promising Candidate for Spider Eye Development

Previous studies on the retinal determination network in P. tepidariorum found that the four pairs of eyes develop from two initial eye primordial fields near the anterior and lateral furrow in the non-neurogenic head region during early embryogenesis (Schomburg et al., 2015). While the medial eyes arise from an anterior field, the three lateral eyes develop from one unique field of cells, which splits into three primordia during later embryonic development. Similar to Pax2, many of the other retinal determination network genes were found to be duplicated and as every eye type expresses a unique combination of these transcription factors, it was hypothesized that these duplications might indeed have been beneficial for the diversification of spider eyes. We find that the spatial and temporal expression pattern of Pax2.1 in P. tepidariorum is comparable to that of previously identified retinal determination genes. This suggests that the lateral eyes are not only defined by dachshund 2 and six3.2, but also by Pax2.1, while sine oculis 2 and dachshund 1 further define only the anterior lateral eyes and sine oculis 1 and eyes absent are required for the development of all eyes. Comparisons between the two entelegyne spiders P. tepidariorum and C. salei revealed subtle differences in the use of transcription factor combinations required for the development of the different eye types (Samadi et al., 2015; Morehouse et al., 2017). Our finding that the Pax2.1 paralog shows a comparable expression in all three lateral eyes of the more distantly related haplogyne spider P. phalangioides and P. tepidariorum thus hints at a conserved role in the specification of lateral eyes in spiders. All other genes with specific expression in lateral eyes, namely six3, otx or dachshund are either absent in the lateral eyes of one of the entelegyne spiders previously studied or were shown to express different paralogs (Samadi et al., 2015; Schomburg et al., 2015; Morehouse et al., 2017). Thus Pax2.1 is so far the first retinal determination candidate gene with a conserved expression in all lateral eyes in more than one spider species. This conserved expression is especially interesting since the lateral eyes of spiders are suggested to be homologous to the compound eyes of other arthropods (Paulus, 1979; Spreitzer and Melzer, 2003; Schomburg et al., 2015). Curiously, Pax6 seems to play a less prominent role in spider eye development, which might further point to the importance of Pax2. In C. salei the secondary eyes (lateral eyes) develop in absence of Pax6 expression (Samadi et al., 2015) and only the median eyes (principal) were hypothesized to depend on Pax6. Even more striking, in P. tepidariorum Pax6 expression is exclusively observed in the neurogenic ectoderm of the developing brain but never in any eye primordial field (Schomburg et al., 2015). Thus, it was assumed that the only function of Pax6 in this species might be the specification of the non-neurogenic ectoderm, indicated by a short expression observed very early in the anterior head rim before germband formation. A study in the horseshoe crab L. polyphemus also found that the late embryonic lateral eyes develop from areas free of Pax6 expression (Blackburn et al., 2008). Therefore, it would be interesting to study the role of Pax2 and Pax6 genes, their interaction with the other conserved retinal determination genes like six3 and eyes absent regarding eye diversification in chelicerates in more detail using functional studies. The absence of Pax6 expression from developing eyes and its expression in the developing brain of chelicerates nicely aligns with the hypothesis that the role of Pax6 in eye development might be the result of a conserved role in brain differentiation which was then co-opted for eye development. This is in contrast to the previous hypothesis about an overall conserved role of Pax6 in bilaterian eyes, which are morphologically and developmentally clearly not homologous structures (Harris, 1997; Luan et al., 2014). Our finding that Pax2 might be the predominant transcription factor for chelicerate lateral eye development indeed fits very well to previous conclusions that Pax6 and Pax2 transcription factors have interchangeable functions, especially for crystallin gene expression (Kozmik et al., 2003; Suga et al., 2010; Charlton-Perkins et al., 2021). Our findings on the Pax2 duplication and its expression bridge the gap and show that Pax2 and Pax6, as descendants of the ancestral PaxB gene, can indeed change their role in eye and brain development and furthermore provide evidence for a high level of divergence after duplication.



Pax2 Expression in External Sense Organs

Comparatively little is known about the development of non-visual sense organs in arachnids, as published data is restricted to a few studies on proneural gene function in the entelegyne spider C. salei. As explained above, hair-like external sense organs and lyriform organs cover the whole spider body, especially the appendages and are of major importance for spider specific behaviors. Previous studies revealed a great diversity in number, distribution, morphology, and function of these appendage sense organs (Foelix, 1996; Barth, 2004; Barth and Stagl, 2004; Ganske and Uhl, 2018; Schacht et al., 2020). We thus started to investigate candidate genes with known roles in sense organ development. While most of the genes required for the specification of neural clusters and lateral inhibition seem to be well conserved in C. salei (Stollewerk, 2002; Gold et al., 2009; Doeffinger et al., 2010) and P. tepidariorum (data not shown), many downstream factors did not reveal a sense organ specific expression in the appendages (data not shown). Pax2 is unique in this regard, as it acts downstream of early sense organ development and yet shows a very distinct expression pattern in the developing appendages. In both species, at least one of the Pax2 paralogs is first expressed in clusters of cells along the appendages, which later refine to a more spot-like pattern which likely represents single sense organs. This expression suggests a role in both the pre-determination of the neural sense organ clusters usually performed by proneural genes (achaete scute and atonal complex genes), as well as an involvement in the specification of the different sense organ cells (sensory neuron and accessory cells). The latter role would fit to its function in D. melanogaster, where it is required downstream of the Notch signaling pathway involved in the asymmetric cell division of the sense organ precursor cell and controls cell fate determination and differentiation toward the shaft and sheath cells (Kavaler et al., 1999). In P. tepidariorum, the strongest expression of Pax2.1 is detected in the distalmost segments of the pedipalps, chelicerae and walking legs. A previous study on the distribution of sense organs in this spider revealed that chemosensory setae aggregate on the distal segments of the appendages (especially on tibia, metatarsus and tarsus of 1st walking leg), while mechanosensory setae and slit sense organs are present on every segment (Schacht et al., 2020). This suggests that Pax2 might be involved in chemosensory hair specification in P. tepidariorum.

Taken together, the observed expression in the two spiders presented here hints to a conserved role of Pax2 in neurogenesis, especially in the development of eyes, other sense organs and the ventral nervous system in arthropods. The high level of conservation is in line with results from tardigrades (Smith et al., 2018) and insects (Fu et al., 1998; Kavaler et al., 1999; Keller et al., 2010), where Pax2 is also shown to have a role in the development of eyes, brain, and nervous system.



Pax2 Is Not Linked to the Excretory System in Spiders

In contrast to the conserved expression in the CNS and peripheral sensory nervous system, we could not find evidence for a role of Pax2 in the excretory organ system in spiders. This is in stark contrast to findings in the velvet worm E. rowelli (Franke et al., 2015) that neither identified Pax2 expression in the eyes nor the developing ventral nervous system. Although the authors report a segmental expression pattern at the base of each leg pair and later also in the terminal anal segment, they interpret this as ectodermal expression surrounding the segmental nephridial anlagen. This is especially noteworthy as velvet worms, together with tardigrades, are the sister group to arthropods and thus occupy an especially interesting phylogenetic position. In vertebrates, Pax2/5/8 genes are involved in the development of the excretory system, as has been shown in the zebrafish D. rerio, the African claw frog Xenopus laevis and the mouse M. musculus (Nornes et al., 1990; Krauss et al., 1991; Heller and Brändli, 1999). Since its role in nervous system development seems to be well conserved throughout metazoans, this raises the question, whether Pax2 plays a role in excretory system development in invertebrate animals as well. Expression studies in the lancelet Branchiostoma floridae, a non-vertebrate chordate, have confirmed Pax2 expression in the developing metanephridia (Kozmik et al., 1999). Tunicates are now known to be more closely related to vertebrates than lancelets, but do not possess an elaborate excretory system, and hence it is unsurprising that studies on Pax2 expression in the tunicates Ciona intestinalis and Oikopleura dioica mostly focus on nervous system expression (Mazet et al., 2003; Bassham et al., 2008). Thus, it seems that the involvement of Pax2 in excretory system development at least dates back to the last common ancestor of chordates. Outside of the phylum Chordata, however, the study of E. rowelli is the only peer reviewed publication reporting Pax2 expression in developing nephridial tissue (Franke et al., 2015). A somewhat comparable segmental embryonic expression of Pax2 was reported in an unidentified species of the leech genus Helobdella (Lang, 2010), but there are presently no studies following up this finding and discussing it more in detail. In addition, especially in onychophorans it is hard to distinguish if the segmental expression close to the limbs is indeed linked to the development of the nephridial anlagen. Functional studies would be required to confirm that this expression is not involved in neurogenesis of the ventral neuroectoderm. Furthermore, the Pax2/5/8 expression shown in Franke et al. (2015) seems to be very weak and images showing the area of the developing eyes, as shown for the other Pax genes, are missing. Since Pax2 is involved in neurogenesis and eye development in nearly all species studied so far, but its role in excretory system development is apparently restricted to chordates, the most parsimonious hypothesis regarding its expression in velvet worms is that Pax2 was lost from neurogenesis and eye development in this group and gained an independent role in nephridia development. Another explanation could be that the expression of Pax2 in E. rowelli is not correlated with the developing nephridia but the nervous system. Another Pax gene, pox neuro, was analyzed in E. rowelli as well and its expression was also interpreted to be in the precursors of nephridial anlagen (Franke et al., 2015). Therefore, we investigated the expression of pox neuro in P. tepidariorum as well. Similar to Pax2, the spider pox neuro ortholog (aug3.g26228) is expressed as segmental spots especially in the developing opisthosoma (Supplementary Figure 6). Since spiders do not possess any excretory systems coinciding with such a segmental pattern in the posterior body half, we would interpret this expression, as suggested for Pax2, to be associated with the developing ventral neuroectoderm. This interpretation is favorable as it has been shown that pox neuro plays a role in CNS and VNS development in D. melanogaster (Dambly-Chaudière et al., 1992). Thus, our study supports the hypothesis that Pax2 orthologs have a conserved role in neurogenesis and eye development across metazoans, while its role in excretory system formation needs to be studied further.



Diverged Expression After Duplication

Similar to other studies in spiders covering genes for eye formation, appendage development, body patterning and segmentation, we found Pax2 to be duplicated in spiders and the resulting paralogs to be divergently expressed (Pechmann et al., 2010, 2015; Schomburg et al., 2015; Turetzek et al., 2016, 2017; Schwager et al., 2017; Leite et al., 2018; Paese et al., 2018; Oda and Akiyama-Oda, 2020). Following a duplication, one copy of the gene usually keeps the conserved function, while the other copy either evolves an entirely novel function or takes over part of the initial function. This is in line with the theory that gene duplications are a probable explanation for the generation of novel genes and that division of different functions between genes ultimately facilitates evolution of novel phenotypes (Ohno, 1970). The two outcomes of this scenario are termed sub- and neofunctionalization. In the case of Pax2, the role of the paralogs is especially interesting as this gene was shown to have pleiotropic functions in several important developmental processes. As for many other examples we found that only one copy, Pt-Pax2.1, kept the conserved expression in the developing lateral eyes and appendage sense organs, which is conserved in both spiders studied. Previous analyses found that most of the retinal determination genes are duplicated, which nicely fits to the duplication of Pax2 observed in this study and is also in line with the existence of a whole genome duplication, which probably occurred in the last common ancestor of arachnopulmonates (Schwager et al., 2017). Interestingly, for most of the retinal determination genes both paralogs are still expressed in the developing eyes but are expressed in different eye types, which paralog is expressed in which eye type, however, varies between species (Samadi et al., 2015; Schomburg et al., 2015). This hints at sub- or neofunctionalization after duplication, which is most probably also linked to the evolution of eye diversification observed in arachnids. In contrast to the other retinal determination genes, we did not find any eye specific expression of the second Pax2 paralog. While Pax2.2 in the haplogyne spider P. phalangioides is only weakly expressed in the head, Pt-Pax2.2 has distinct brain expression domains. Thus, the Pax2 paralogs from the common house spider have diverged expression in the head, while Pt-Pax2.1 most likely kept the conserved role being required for eye development. Nevertheless, both paralogs still showed expression patterns in the developing ventral neuroectoderm and the developing appendages. The exact expression in these tissues, however, again diverged between paralogs in both species. This suggests a subfunctionalization of the several original Pax2 pleiotropic functions in spiders, which are split between paralogs after duplication, especially regarding its conserved function in the eyes, which is kept by only one copy, while the expression in the ventral neuroectoderm is kept by both paralogs. Although a general expression in the ventral neuroectoderm is found for the two paralogs in both spider species, the concrete pattern differs between paralogs and also between species. The expression divergence in the appendages is even more drastic. In P. tepidariorum Pax2.1 is expressed in several domains, starting in the proximal and distal most segments (coxa and tarsus) and later becoming stronger, also being present in the metatarsus and tibia of the walking legs. Its paralog, Pt-Pax2.2, is expressed weaker and starting already with 3–4 domains and thus in more segments (the developing coxa, femur, and tarsus and later also metatarsus and tibia), however this expression quickly is getting diffuse. The early expression of Pt-Pax2.2 is thus more similar to the early Pp-Pax2.1 expression which is also present in four broad domains. Later Pp-Pax2.1 expression, however, is comparable to Pt-Pax2.1, and shows spot like pattern suggesting a role in developing sense organs. Interestingly, Pp-Pax2.1 has a strong expression in the femur, which has not been observed for the other species so far. A study on the lyriform organs on the pedipalps of different spiders showed that haplogyne pholcid spiders like P. phalangioides only have two of these organs on the femur of the pedipalps compared to entelegyne spiders, which have several, especially in the distal part (Patil et al., 2006). The hypothesis emerges that Pax2 might be required for the specification of different sense organs in the different species, chemosensory setae in P. tepidariorum and, among others, lyriform organs in P. phalangioides.

Although the P. tepidariorum Pax2 paralogs are not identical in their expression, the early expression in the appendages suggests a role in sense organ development for both paralogs. This is different for the Pax2 paralogs in the haplogyne spider P. phalangioides. Pp-Pax2.2 is never expressed in a spot-like pattern, but instead exclusively in the mesoderm of the developing appendages. Such a specific mesodermal expression is in other species usually observed for the Pax family member pox meso. Previous studies showed that pox meso has a conserved expression in the developing somatic mesoderm of fly embryos and in the appendages of the onychophoran E. rowelli (Bopp et al., 1989; Franke et al., 2015). Interestingly, P. phalangioides seems to have lost the pox meso ortholog (Supplementary Figures 1, 2). Even an additional search in the P. phalangioides transcriptome using insect pox meso protein sequences did not reveal any pox meso candidate (data not shown). This loss of pox meso seems to have only occurred in P. phalangioides and not in other haplogyne or entelegyne spiders. It would thus be interesting to study Pax2 paralog expression in more spider species to reveal if this novel mesodermal expression is a species- specific neofunctionalization or if the roles of the different Pax genes are less fixed than originally thought. Functional studies will help to elucidate if Pax2 represents an example of a gene which is still evolving after duplication and to reveal a potential role of these paralogs for species specific differences in eye morphology, appendage development, and sense organ repertoire.

In general, similarly to previously studied duplications of important developmental transcription factors, our study suggests that paralogs are free to evolve somewhat distinct or even novel functions. A known example of neofunctionalization after gene duplication in spiders is the gene dachshund. The dachshund duplication happened ancestrally in arachnopulmonates and its new role in specifying the patella segment is at least conserved among spiders (Turetzek et al., 2016). As another example, the gene homothorax was duplicated in a more recent spider specific event and the new paralog shows rapid diversification of expression, different for all spider species investigated (Turetzek et al., 2017). With the duplication of Pax2 we report yet another scenario. The Pax2 paralogs most likely duplicated before the split of arachnopulmonates and thus represent an evolutionary old duplication, similar to dachshund. By comparing paralog expression patterns within and between species we revealed signs of both sub- and neofunctionalization, indicated by losing expression in the eye, but on the other hand gaining different novel expression domains (in the brain in P. tepidariorum and mesodermally in the appendages of P. phalangioides). Interestingly, in contrast to dachshund, these novel Pax2 expression domains are not conserved between species.




CONCLUSION

In conclusion, Pax2 seems to have a conserved role for CNS, eye, and sense organs formation in arthropods and might have replaced Pax6 as the key gene to induce lateral eye development in chelicerates. In addition, the level of paralog divergence and its conservation between different spider species does not necessarily depend on the age of the duplication event.
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Supplementary Figure 1 | Unrooted 50% majority rule consensus tree calculated by MrBayes to identify spider Pax2 orthologs. Six main clusters can be identified, namely PAX2/5/8 (D. melanogaster shaven ortholog, turquoise), PAX6 (D. melanogaster eyeless ortholog, purple), PAX3/7 (D. melanogaster gooseberry ortholog, blue), PAXɑ (orange), POXN (gray), and PAX1/9 (D. melanogaster pox meso ortholog, yellow). Branch lengths indicate expected substitutions per site. Labels at the tree edges represent clade credibility values, which are a measure of the posterior probability of each clade in the tree. A full list with species names and accession number is available in Supplementary Table 2. Note: Pt-Pax6.2 is clustering with the Paxɑ group (orange) because the used accession number only represented a partial sequence of the protein and hence does not cluster with the other Pax6 orthologs. In fact, Pt-aug3.g19451 is the protein sequence of the previously identified gene (see Schomburg et al., 2015) and does indeed cluster with the other Pax6 orthologs. Species abbreviations and accession numbers or genomic and transcriptomic resources are summarized in Supplementary Table 2.

Supplementary Figure 2 | Rooted 50% majority rule consensus tree calculated by MrBayes to identify spider Pax2 orthologs similar as in Supplementary Figure 1 provided for better visibility of posterior probabilities and names. Species abbreviations and accession numbers or genomic and transcriptomic resources are summarized in Supplementary Table 2.

Supplementary Figure 3 | Embryonic expression of Pp-Pax2.1 in P. phalangioides. (A–C) Ventro-lateral view; Pp-Pax2.1 is expressed in the ventral neuroectoderm (white arrows), and in the tip of walking legs, as well as opisthosomal segments (white arrowheads). (D–F) Frontal view; the red arrowheads depict the expression of Pp-Pax2.1 in the eye primordia. (G–J) Light micrographs of flat mounted appendages. (G) Ubiquitous expression in chelicera, and (H) dot-like expression in pedipalp. (I,J) Walking legs at different developmental stages. (J) At later stages, when the legs are fully elongated, expression is still dot-like throughout the leg with two prominent clusters in the femur and the distal tip. Asterisks depict non-specific staining of the developing cuticle. Ch, chelicerae; Pp, pedipalps; L1-L4, 1st to 4th walking leg. Dark blue is NBT/BCIP Pp-Pax2.1 specific staining, Cyan is nuclear staining (Sytox signal and white light).

Supplementary Figure 4 | Pp-Pax2.2 is expressed in the appendages and the ventral neuroectoderm in P. phalangioides. (A–C) White arrowheads indicate Pp-Pax2.2 expression in the walking legs. (A,D) In younger stages (during prosomal appendage growth) and later during inversion (B,E) Pp-Pax2.2 is expressed throughout the mesoderm of the developing appendages (C,F) Pp-Pax2.2 expression weakens in the distal appendages during dorsal closure. (D–F) Pp-Pax2.2 is expressed in half circles in the ventral neuroectoderm (white arrows in E), but not in the brain at any point during embryogenesis. (G–I) Prosomal appendages flat mounted highlighting the mesodermal expression of Pp-Pax2.2. Asterisks depict non-specific staining. (A–F) Anterior is to the left; (A–C) orientation is ventro-lateral; (D–F) depicts the same embryos (for each developmental stage, respectively) in frontal aspects. Ch, chelicerae; Pp, pedipalps; L1-L4, 1st to 4th walking leg. Dark blue is NBT/BCIP Pp-Pax2.1 specific staining, Cyan is nuclear staining (Sytox signal and white light).

Supplementary Figure 5 | No Pt-Pax2.2 expression in head lobes and appendages during very early brain differentiation (onset of stage 10). Neural invagination sites are clearly visible in head lobes (A) and VNE (B). No expression can be detected in head lobes (A’). (A,B) Is nuclear DAPI staining, (A’,B’) is FAST RED signal (no signal) staining Pt-Pax2.2. (A”,B”) Are overlays of (A,A’,B,B’), respectively.

Supplementary Figure 6 | Whole mount embryos showing Pt-poxn (aug3.g26228) expression. Pt-poxn is expressed in the VNE of opisthosomal segments, starting in the first two opisthosomal segments during brain differentiation (stage 10) (white arrows in A,D). During inversion and retraction (stage 11 and 12) Pt-poxn is expressed as small dots in the VNE of each opisthosomal segment which continues during dorsal and ventral closure (C,F). Ch, chelicerae; Pp, pedipalps; L1-L4, 1st to 4th walking leg. Dark blue is NBT/BCIP Pt-poxn specific staining, Cyan is nuclear staining (Sytox signal and white light).

Supplementary Figure 7 | Separated Z-projections of Pt-Pax2.1 expression during brain differentiation (Stage 10). Red ellipses mark Pt-Pax2.1 expression domains in the eye primordia white dotted line marks the anterior furrow in the head lobes for orientation. Left panels (A–A”) show the upper anterior half of the same embryo as shown in Figure 3A Pt-Pax2.1 is expression is visible in the developing lateral eye primordia next to the lateral furrow (red ellipse) and in proximal and distal spots in the appendages (arrowheads). (B–B”) Same embryo as in Figures 3A–A” this time the lower half Z-stack was projected to visualize Pt-Pax2.1 the expression in the VNE (arrows). Flat mounted preparations; anterior is to the left in all panels. Cyan is nuclear DAPI staining; magenta is Pt-Pax2.1 specific expression detected with FAST RED. Scale bar represents 50 μm.

Supplementary Figure 8 | Unrooted 50% majority rule consensus tree calculated by MrBayes. For this phylogenetic analysis only alignable regions of the protein sequences of the previously identified chelicerate Pax2 candidates were used (accessible as nexus file in Supplementary Data Sheet 3). The Jones amino acid substitution model was used to calculate 18 trees in 2 files of which 14 were sampled after reaching an average standard deviation of split frequencies of 0.00918 after 4,000 generations. Similar to the phylogenetic analysis in Figure 1, using the full-length protein sequences, this phylogenetic analysis also groups the spider and scorpion Pax2 candidates into two separate arachnopulmonate Pax2 clusters, Pax2.1, and Pax2.2.

Supplementary Table 1 | List of gene specific primer used to clone gene fragments of Pax2.1 and Pax2.2 of P. tepidariorum and P. phalangioides.

Supplementary Table 2 | Full lists of sequence information including species, accession number/Transcript ID and source used for phylogenetic analysis in Supplementary Figures 1, 2 (Sheet1:PAX148) and Figure 1 (Sheet2:PAX65). Ordered for Pax subfamilies indicated by same colour code as in used in Supplementary Figures 1, 2.


FOOTNOTES

1https://i5k.nal.usda.gov/webapp/blast/
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