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Editorial on the Research Topic
 Recent advances in museomics: revolutionizing biodiversity research





Introduction

Museomics, a term coined by Drs. Stephan Schuster and Webb Miller in ~2009, refers to “the large-scale analysis of the DNA content of museum collections” (http://mammoth.psu.edu/museomics.html). Although such DNA studies existed before the term was first used, “museomics” highlighted the importance of specimens in biological studies.

Specimens in natural history collections (NHCs) have been collected for hundreds of years to document the spatial and temporal occurrences of species. It is estimated that NHCs worldwide house 3 billion specimens (Soberon, 1999). These specimens preserve a wealth of information, such as morphological and genetic data on the identity and phylogenetics of species, biogeographic and ecological data, and even biographical information of the collectors, and the contributions of NHCs extend well-beyond organismal biology research to fields such as public health (Suarez and Tsutsui, 2004; Cook et al., 2020) and education (Ellwood et al., 2020; Lendemer et al., 2020; National Academies of Sciences Engineering and Medicine, 2020). NHCs are valuable resources with unknown future potential, and there are countless examples of research made possible that was not the goal of the original collector (Heberling et al., 2019; Miller et al., 2020). We provide three examples. First, Moritz et al. (2008) compared modern specimens of small mammals to those collected ~100 years prior to document how climate change caused the distributions of some species to shift in elevation. Second, bird egg collections in museums were instrumental in showing the role of DDT in causing egg-shell thinning that adversely affected raptor and pelican populations (Ratcliffe, 1967; Hickey and Anderson, 1968). Lastly, Freelance et al. (2022) stress the importance of properly designing captive breeding programs, since the sensory organs of the endangered Lord Howe Island stick insect (Dryococelus australis) differed between wild specimens (>100 years old) and individuals bred in captivity. Given the accelerated rate of biodiversity loss, the role of NHCs will increase in prominence by being an archive of genetic and phenotypic diversity across space and time for many species that have gone extinct or where populations have vanished.

Similarly in terms of unexpected potential, the advent of DNA sequencing technology opened up new avenues for specimen-based research. Modern specimen preparation now includes special steps to preserve DNA/RNA in tissues (e.g., freezing or placing tissues in ethanol or other storage media) for genetic studies, while previously there were no special efforts to preserve the DNA. There are challenges working with these materials, such as DNA naturally degrading over time and the DNA of formalin-fixed specimens being cross-linked with proteins and other DNA (Raxworthy and Smith, 2021). Advances in laboratory methods and new sequencing technologies (e.g., high throughput short-read sequencing) have facilitated improvements in our ability to recover and sequence DNA from museum specimens.

There are four primary sources of DNA that we discuss here: ancient DNA (aDNA), historical DNA (hDNA), modern DNA, and archival DNA (Raxworthy and Smith, 2021). DNA extracted from samples that died under natural circumstances and were later recovered from the field are referred to as aDNA. Familiar examples of aDNA include samples obtained from species such as mammoths and cave bears, which can be quite old and are often >200 years in age. In contrast, DNA extracted from formalin-fixed or ethanol-fixed specimens that were preserved and stored in museum collections is referred to as hDNA (these specimens are usually <200 years old). DNA extracted from tissue samples specifically prepared with genetic analysis in mind is referred to as modern DNA and is usually <40 years old. Archival DNA refers to hDNA and modern DNA stored in museum specimens. The first studies from researchers using the word “museomics” sequenced mitochondrial genomes from the aDNA in hair of the extinct Siberian mammoth (Gilbert et al., 2008) and Tasmanian tiger (Miller et al., 2009).

This Research Topic is a collection of studies highlighting advances in museomics, both in demonstrating applications and refining methodologies. Some applications demonstrated in this Research Topic include using DNA barcoding of a degraded whale sample to identify it to subspecies (Ren et al.), obtaining data from a holotype to verify the existence of an undescribed rodent genus (Castañeda-Rico et al.), obtaining DNA from hundreds of herbarium specimens to elucidate the phylogeography of the genus Dalbergia (Sotuyo et al.), and using target capture to understand the phylogenetic placement of two rare shark species (Agne, Naylor et al.). These studies are diverse in the DNA type used (hDNA and modern DNA), taxa studied, objectives, and approaches. A variety of factors have been identified that affect the performance of sequencing DNA from specimens, and a major goal of museomics is to develop a set of best practices to maximize success (Raxworthy and Smith, 2021). Efforts are being made to document and understand these factors (e.g., Irestedt et al., 2022), and this Research Topic was initiated to further this cause. As an overview of this Research Topic, we identify several factors being addressed across the articles (Figure 1). Following the terminology of Roycroft et al., we organize these factors temporally in the research process as pre-sequencing and post-sequencing (Figure 1). This list of factors is not exhaustive, but rather highlights those that are addressed in this Research Topic. We note that findings in different studies may contradict each other, highlighting the dynamic state of the field and the need for more exhaustive research on this topic.
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FIGURE 1
 Factors that influence the data-quality and success of museomic studies, addressed in this Research Topic. Factors are organized temporally in the research process: pre-sequencing and post-sequencing.




Pre-sequencing

Pre-sequencing factors dealt with in these studies are either related to the specimen or methodological advances to improve our ability to obtain DNA from historical collections.


Specimen-related factors

Four specimen-related factors are addressed: taxa, tissue type, age, and preservation history. A diversity of taxa was targeted across studies (mammals, insects, gastropods, bony fish, cartilaginous fish, reptiles, sponges, polychaetes, crustaceans, amphibians, plants, arachnids, birds), with mammals being the most frequent focal group (six studies). Agne, Preick et al. included samples from nine classes of animals and found lower success with crustaceans, insects, and cartilaginous fish, and higher success with sponges, gastropods, polychaetes, and amphibians. Another study on gastropods (Clewing et al.) noted that mollusks can be difficult to work with because their tissues are high in mucopolysaccharides, which can hinder DNA extraction.

Several studies compared the performance of different tissue types. In a study of wolf specimens comparing tissue types (jaw bone, nasal bone, skin), skin had the best performance and should be preferred because it is less destructive to the specimen (Pacheco et al.). In contrast, Roycroft et al. found in their mammal study that DNA extraction from toe pad and bone tissue performed better than with skin.

The importance of the age of specimens was commonly explored in these studies, with both types of archival DNA (hDNA and modern DNA) investigated across studies. The oldest specimen included was 192 years old (Agne, Preick et al.). Some studies found a negative correlation between age and DNA yield (Bernstein and Ruane; Hawkins et al.; Roycroft et al.), while others found no relationship (Nunes et al.; Pacheco et al.; Pavlek et al.).

Preservation history is an important factor that can be difficult to evaluate because the entire preservation process is usually not fully documented. Frozen tissue, as expected, preserves DNA better than other methods (Speer et al.). Agne, Preick et al. found that dry specimens performed better than wet across a variety of taxa, while Nunes et al. found the opposite for insects where ethanol-preserved specimens performed better than dry papered and pinned specimens. Variation within preservation types, obscuring trends, is potentially confounded by the time between euthanization and preservation (Speer et al.).



Lab work-related factors

Three lab work-related factors are target loci, DNA extraction protocol, and method of library preparation.

For target loci, four major approaches were used—target capture, barcoding, shotgun sequencing, and cDNA sequencing. The approach used was largely determined by the objective of the study. One common theme is that the loci targeted are short in length, due to the tendency of DNA to fragment over time in historical and ancient tissues.

For DNA extraction, Hawkins et al. compared four methods (spin column, spin column with aDNA modifications, magnetic beads, and phenol chloroform) and found that the spin column and phenol chloroform methods outperformed magnetic beads. The spin column with aDNA modifications retained smaller fragments but took more time and was more expensive. Taking into consideration performance, cost, time, and toxicity, they recommended the spin column method.

For library preparation, Roycroft et al. compared the performance of single and dual barcoded library indexing strategies. They found that sequencing performance was better with dual barcoded libraries, having more reads and lower heterozygosity (=less cross contamination) compared to single barcoded libraries.




Post-sequencing

Post-sequencing factors addressed in these studies are related to the bioinformatic approaches.


Bioinformatic approaches

Two bioinformatic approaches were addressed in these studies: database and mapping approach.

Databases are important in genetic studies, especially when identifying an unknown sample or determining its evolutionary relationship with other taxa. Existing data in a database may affect the resolution of genetic analyses. Nakazato and Jinbo compared two commonly used DNA databases (GenBank and BOLD) and found that data for barcode loci are not the same in each database, despite each database importing from each other. This finding highlights the need of researchers to cross reference databases for relevant data.

To identify the genetic location of sequence reads and compare homologous loci, a mapping approach can be used. Erroneous read mapping can impact the results of a population genetics study, such as estimation of selection or genetic parameters. Roycroft et al. compared the effect of two different mapping approaches (sample-specific historical de novo assembly vs. high-quality “closest sister” de novo assembly) and found that data quality was better when mapping to a high-quality “closest sister” de novo assembly.




Other specimen-based research

Lastly, we note one study that in the strict sense may not qualify as “museomics”, since it is not a genetic study. Balmaki et al. studied plant-pollinator relationships by preparing pollen slides, taking photographs, and using an artificial neural network to help in identification. This approach, compared to metabarcoding, had greater resolution when identifying plant species. We include this study in the Research Topic because it exemplifies the spirit of developing novel research uses of specimens.



Conclusion

In the early 1900s, natural history museums were recognized as an “indispensable feature of modern civilization” due to the growing public interest in nature, their recognition of evolutionary trends in nature, and concerns regarding disappearing biodiversity (Farrington, 1915). Despite their popularity and importance (Allmon, 1994; Suarez and Tsutsui, 2004), NHCs are currently facing a survival crisis of their own due to shrinking budgets (Dalton, 2003; Gropp, 2004; Pennisi, 2020). To survive, NHCs need to find creative ways to publicize and acknowledge the usefulness of specimens and their data (Schindel and Cook, 2018; Miller et al., 2020; National Academies of Sciences Engineering and Medicine, 2020). Some ideas proposed are to develop an “extended specimen network” digitizing and linking all associated data to a specimen (Lendemer et al., 2020) and to recognize NHCs as coauthors on research articles (Rouhan et al., 2017). We are heartened to see museomics helping to expand interest in specimen-based research while showcasing the importance of natural history collections, and we look forward to seeing how newly developed technologies are used to study existing specimens.
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Museum material is an important source of metadata for past and recent biological events. With current sequencing technologies, it is possible to obtain historical DNA (hDNA) from older material and/or endangered species to answer taxonomic, systematic, and biogeographical questions. However, hDNA from museum collections is often highly degraded, making it difficult to assess relationships at or above the species level. We therefore studied two probably extinct gastropod species of the genus Laevicaspia, which were collected ∼140 years ago in the Caspian Sea, to map “standard” mitochondrial and nuclear markers and assess both the sequencing depth and the proportion of ambiguous sites as an indicator for the phylogenetic quality of the NGS data. Our study resulted in the first phylogenetically informative mitochondrial and nuclear markers for L. caspia. Assessment of both sequencing depth (mean coverage) and proportion of ambiguous sites suggests that our assembled consensus sequences are reliable for this species. In contrast, no informative gastropod-specific DNA was obtained for L. conus, likely due to a high degree of tissue digestion and contamination with non-gastropod DNA. Nevertheless, our results show that hDNA may in principle yield high-quality sequences for species-level phylogenetic analyses, which underlines the importance of museum collections as valuable archives of the biological past.

Keywords: historical DNA, museomics, Gastropoda, Caspian Sea, mapping, mitochondrial makers, nuclear markers


INTRODUCTION

Biological collections in museums represent archives of the recent and remote past, providing a variety of metadata that allow to address a wide range of research questions (e.g., Bakker et al., 2020; Miralles et al., 2020). In recent years, advances in molecular technology have enabled access to valuable genetic and genomic resources from both comparatively old ethanol- and formalin-fixed or dry materials (Bi et al., 2013; Hykin et al., 2015; Ruane and Austin, 2017; Derkarabetian et al., 2019; Kehlmaier et al., 2020; Card et al., 2021; Ernst et al., 2021; Orlando et al., 2021; Raxworthy and Smith, 2021). DNA from museum materials is often highly degraded (i.e., represented as ultrashort fragments) and sometimes cross-linked with proteins or other DNA fragments and thus difficult to access (see e.g., Card et al., 2021; Orlando et al., 2021; Raxworthy and Smith, 2021). Moreover, the corresponding DNA sequences may contain a high number of read errors, which usually makes population-level analyses infeasible. However, even small amounts of genetic (and genomic) information can still be valuable when placing individual species in a phylogenetic context (e.g., Guschanski et al., 2013; Fabre et al., 2014). This is of particular importance when the taxon of interest has gone extinct in the wild and/or its habitat is no longer accessible.

A prime example is the endemic Pontocaspian molluscan fauna that evolved in the Caspian Sea, the Black Sea, and the Aral Sea region. It has suffered from major anthropogenic disturbances since the mid-twentieth century and is facing a severe biodiversity crisis (Wesselingh et al., 2019). A large share of the c. 55–99 endemic species (see Wesselingh et al., 2019; Gogaladze et al., 2021) declined in abundance or completely vanished in the course of human activities in the last century, and have been replaced by invasive species. This affected both relatively large and highly abundant species such as the Caspian bivalves Dreissena caspia and D. elata, but also microgastropod species with restricted ranges such as Laevicaspia spp. (Hydrobiidae, Pyrgulinae). The latter genus comprises a total of 12 species, of which 10 are endemic to the Caspian Sea and 2 to the Black Sea (Wesselingh et al., 2019). However, with the exception of L. lincta from the Black Sea (Wilke et al., 2007), none of these species have been found alive recently and are thus only known from the fossil record and older museum materials (Gogaladze et al., 2021).

The lack of comparative genetic data not only complicates taxonomic decisions. More importantly, it makes the reconstruction of biogeographic patterns and evolutionary processes—such as the timing and causes of faunal separation between the Black Sea and Caspian Sea taxa—very difficult. Given the lack of recent material for these tiny species from the Caspian Sea, the question arises whether degraded historical DNA (hDNA; Raxworthy and Smith, 2021) from old museum collections is of sufficient quality to assess relationships at or above the species level. Mollusks might be particularly problematic as their soft bodies are typically rich in mucopolysaccharides, which hamper DNA isolation (Jaksch et al., 2016; Adema, 2021).

In this study, we therefore subjected two ∼140-year-old museum specimens of Laevicaspia from the Caspian Sea, L. caspia (Eichwald, 1838) and L. conus (Eichwald, 1838), to next-generation sequencing (NGS) protocols, which were developed for ancient and heavily degraded DNA. Specifically, we aimed to (i) map “standard” mitochondrial and nuclear markers from quality-filtered reads that are frequently used for taxonomic assignments and (ii) evaluate whether the quality of the NGS data is sufficient to establish reliable DNA barcode references and thus to provide robust phylogenetic information of potentially extinct taxa.



MATERIALS AND METHODS


Materials

The ∼140-year-old specimens of Laevicaspia caspia and L. conus (Hydrobiidae, Pyrgulinae) were provided by the Zoological Institute of Russian Academy of Science (ZIN RAS), St. Petersburg, Russia (lot no. 4387/5 and 4614/4, respectively). Laevicaspia caspia was collected by O.A. Grimm in the Caspian Sea, ∼20 km off the eastern coast of Kazakhstan at a depth of ∼74 m (coordinates 43.28°N/51.05°E) on 9 July 1876. The individual of L. conus was collected by O.A. Grimm in the Caspian Sea, offshore near the city Baku at a depth of ∼11 m (geographical coordinates are not available) on 10 July 1874. In recent years, both specimens were stored in ethanol. However, it is not known in which fixative the individuals were originally preserved.

Genomic DNA was extracted from c. 3 mm3 of soft tissue using the GEN-IAL All-tissue DNA-Kit (GEN-IAL GmbH, Troisdorf, Germany) basic protocol for forensic material. The final DNA pellet was dissolved in 50 μL TE buffer. DNA concentration and average fragment length were measured with a Qubit Fluorometer High Sensitivity assay kit (Invitrogen, Carlsbad, CA, United States) and a TapeStation High Sensitivity D1000 assay kit (Agilent, Santa Clara, CA, United States), respectively (Supplementary Figures 1, 2). A final amount of 12.9 ng (L. caspia) and less than 0.2 ng (L. conus) of extracted DNA with average fragment lengths between 50 and 75 bp were converted into single-indexed, single-stranded Illumina sequencing libraries (see Gansauge and Meyer, 2013; Korlević et al., 2015), including the removal of uracil residues by uracil-DNA glycosylase (UDG) treatment. An Illumina MiSeq platform (Illumina, San Diego, CA, United States) housed at the Senckenberg Natural History Collections Dresden (Germany) was used for shotgun sequencing (75 bp paired-end reads), with each specimen being processed in its own private sequencing run.



Quality Control and Data Preparation

Raw reads were quality-checked and filtered using a previously established analytical pipeline (see Kehlmaier et al., 2017, 2019; Stelbrink et al., 2019). Adapters were trimmed with Skewer version 0.2.2 (Jiang et al., 2014), reads were merged (minimum length = 35 bp), filtered for quality (minimum Q-score = 20, corresponding to a base call accuracy of 99%), and duplicates were removed using BBMap version 37.241 (Bushnell, 2014). Per base sequence quality (i.e., base call accuracy) and read length distribution of trimmed (but unmerged) reads was analyzed and visualized using FastQC 0.11.9.2



Genomic Analysis

For the mitogenome assembly (see Table 1), the filtered reads (reduced readpool) were mapped against eight gastropod mitogenomes using Geneious Prime version 2021.1.1.3 Because no mitogenome is publicly available for the family Hydrobiidae, we chose the following representatives of the superfamily Truncatelloidea: (1) Bithynia leachii (Bithyniidae; GenBank acc. no. MT410857; N/A = locality unknown), (2) Caecum sp. (Caecidae; MT877093; Belize), (3) Oncomelania hupensis hupensis (Pomatiopsidae; NC_012899; China), (4) O. h. robertsoni (Pomatiopsidae; NC_013187; China), (5) Potamopyrgus antipodarum (Tateidae; MG979468; New Zealand), (6) Potamopyrgus estuarinus (Tateidae; GQ996415; N/A), (7) Stenothyra glabra (Stenothyridae; MN548735; China), and (8) Tricula hortensis (Pomatiopsidae; NC_013833; China). Geneious Prime settings used for the mitogenome mapping were: sensitivity = medium-low sensitivity/fast; 5 iterations; annotation similarity = 25%. Finally, the consensus sequence was generated using the default settings (threshold for highest quality = 60%; call Sanger heterozygotes > 50%).


TABLE 1. Mitogenome mapping for L. caspia and L. conus.

[image: Table 1]
In addition, single-gene mapping was performed (see Table 2) against standard genetic markers used for phylogenetic analyses (see phylogenies of truncatelloids of Wilke et al., 2013; Delicado et al., 2019; Layton et al., 2019). Overall, we focused on the following three mitochondrial and five nuclear gene fragments: (1) mitochondrial cytochrome c oxidase subunit I (COI), (2) mitochondrial small subunit ribosomal RNA (SSU rRNA, 12S), mitochondrial large subunit ribosomal RNA (LSU rRNA, 16S), (4) nuclear small subunit ribosomal RNA (SSU rRNA, 18S), (5) nuclear large subunit ribosomal RNA (LSU rRNA, 28S), (6) nuclear internal transcribed spacer 1 (ITS1), (7) nuclear internal transcribed spacer 2 (ITS2), and (8) nuclear histone 3 (H3). For the selection of gene fragments, we chose those seed reference sequences that were as closely related as possible, depending on the availability in GenBank (e.g., for COI, Laevicaspia lincta from the Azov Sea in Russia was selected; see Table 2). Settings for the single-gene fragment mapping in Geneious Prime were as follows: sensitivity = medium-low sensitivity/fast; 5 iterations. The consensus sequences were generated using the following settings: threshold for highest quality = 60%; call “N” if coverage < 2; call Sanger heterozygotes > 50%. Ambiguous sites (i.e., “N”) at the beginning and end of each sequence were removed afterward (see Table 2 for trimmed sequence lengths).


TABLE 2. Overview of achieved gene fragments for Laevicaspia caspia and L. conus (for the latter, only the mapping results are shown).
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Phylogenetic Analysis

In order to place these two species in a phylogenetic context, we compiled a reduced multigene dataset (COI, 16S, and 18S) from Wilke et al. (2007). The dataset included Hydrobia acuta (Hydrobiinae; France; GenBank acc. no.: AF278808, AY222659, AF367680) and Pseudamnicola lucensis (Pseudamnicolinae; Italy; AF367651, AF478394, AF367687) as outgroup and the following taxa belonging to the Pyrgulinae: Dianella thiesseana (Greece; AY676127, AY676121, AY676125), Falsipyrgula pfeiferi (Turkey; EF379296, EF379312, EF379283), Laevicaspia lincta (=Euxinipyrgula milachevitchi; Russia; EF379290, EF379306, EF379280), Laevicaspia lincta (=Turricaspia sp.; Ukraine; EF379294, EF379310, EF379282), Laevicaspia lincta (=Micromelania lincta; Romania; EF379292, EF379308, EF379281), Ohridopyrgula macedonica (North Macedonia; EF379287, EF379302, EF379278), Pyrgula annulata (Italy; AY341258, AY676122, AY676124), and Xestopyrgula dybowskii (North Macedonia; EF379289, EF379304, EF379279). The 16S and 18S partitions were aligned with the MAFFT web service (Katoh and Toh, 2008; Katoh and Standley, 2013) with default settings, and best-fit substitution models for each partition were selected using jModelTest 2.1.4 (Darriba et al., 2012). Bayesian inference (BI) was performed as implemented in MrBayes 3.2.6 (Ronquist et al., 2012), with two independent MCMC searches running for 1,000,000 generations and sampling each 500th tree. A burn-in of 50% was applied a posteriori.




RESULTS


Quality of Reads

A total of 37,339,378 (L. caspia) and 39,219,244 (L. conus) raw reads (read pairs) was generated in the two sequencing runs. The per base sequence quality was comparatively high for both untrimmed and trimmed reads. However, because the majority of trimmed reads was very short, i.e., ≤ 35 bp (c. 69.4% for L. caspia and 52.2% for L. conus; Figure 1), only c. 20.0% (L. caspia) and 45.1% (L. conus) of the read pairs could be joined in BBMap. After quality filtering, a total number of 6,036,414 (L. caspia) and 5,282,339 (L. conus) reads and thus only c. 16.2% (L. caspia) and 13.5% (L. conus) of the total reads sequenced could be used for subsequent analyses.


[image: image]

FIGURE 1. Fragment length distribution (in bp) of trimmed and quality-filtered reads (reduced readpool) of both Laevicaspia species.




Mitogenome Mapping

Eight truncatelloid mitogenomes were used to map the reduced readpool of L. caspia and L. conus. For L. caspia, the highest mean coverage (157.4) and second-highest maximum coverage (5,109) was obtained using the mitogenome data of Oncomelania hupensis hupensis (NC_012899; China) as seed reference (see Figure 2 and Table 1). Thereby, 10,548 reads from the reduced readpool could be assembled, covering 35.3% of the reference sequence and parts of the following five genes: COI (cytochrome c oxidase subunit 1; 84% similarity), 12S (small subunit rRNA), 18S (large subunit rRNA), ND2 (NADH-ubiquinone oxidoreductase chain 2), and ATP8 (ATP synthase protein 8). Neither the number nor the coverage of mapped tRNAs were examined here, although they were also found by the mapping algorithm. A similar number of genes was obtained when the reduced readpool was mapped against Tricula hortensis from China (NC_013833; see Table 1). For the Oncomelania hupensis hupensis mapping, the high coverage was, however, mainly due to an overrepresentation of mapped reads against ND2 starting at position 15,016. When this 778 bp-long fragment was removed, maximum and mean coverages were considerably lower (32 and 1.5, respectively; Figure 2). The lowest mean coverage (0.3), as well as coverage of the reference sequence (3.6%), was obtained with the mitogenome data of Caecum sp. (MT877093; Belize). For all other selected reference mitogenomes, mean and maximum coverage ranged from 1.8–21.0 to 15–5,175, respectively. This was sometimes a result of overrepresented mapped genes such as 16S, cyt b, and ND2. The coverage of these reference sequences was between 38.2 and 45.1% (for details see Table 1). For L. conus, considerably fewer reads (5–301) were mapped against all mitogenomes selected (Table 1). We therefore did not analyze these results in detail.
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FIGURE 2. Mitogenome mapping using Geneious Prime (version 2021.1.1). (A) Seed reference mitogenome (O. h. hupensis: GenBank acc. no. NC_012899) where the highest coverage could be achieved, (B) Assembled data for Laevicaspia caspia (10,548 out of 6,036,414 reads; maximum coverage = 5,109; mean coverage = 157.4, see also Table 1) including a shell image of the sequenced individual (shell height = c. 12.4 mm), (C) Illustration of mitogenome coverage. Note that the overrepresented 778 bp fragment of ND2 (marked with a hatched rectangle) has been removed (see text for details).




Single-Gene Mapping

All selected “standard” genetic markers used for molecular phylogenies of truncatelloids could be successfully mapped using the reduced readpool of L. caspia (see Table 2). Mean and maximum coverage of the three mitochondrial markers (COI, 12S, and 16S) ranged from 3.0–5.1 to 6–11, respectively. Mean and maximum coverage of the four nuclear gene fragments (18S, 28S, ITS2, and H3) was considerably higher with values ranging from 13.8–68.7 to 22–105, respectively. The proportion of ambiguous sites (“N”) in the trimmed consensus sequence was used as an additional quality measure of the respective gene fragment. Thereby, the mitochondrial markers showed a generally higher N-content (0.14–0.97%) compared to the nuclear markers (0.00–0.10%), with COI having the highest (0.97%) and 28S, ITS2, and H3 having the lowest values (0.00%).

In contrast, the single-gene mapping was not successful for L. conus, similar to the mitogenome mapping (see above). Accordingly, only 18S and 28S could be mapped, though with a very low number of assembled reads (92 and 115, respectively; see Table 2). We therefore did not analyze these mapping results further. However, we applied a megablast search (as implemented in Geneious Prime; settings: nr/nt, maximum hits = 1) to the reduced readpool for fragments >100 bp (N = 365,445). Accordingly, 28,143 hits were found, of which 10,283 had a query coverage of 100%, i.e., a fragment length of 100 bp. In total, 1,490 unique organisms were found that mainly belong to bacteria (Supplementary Figure 3).



Phylogenetic Analysis

Due to the different mapping success, only sequence information from L. caspia could be used in the phylogenetic analyses. Accordingly, L. caspia from the Caspian Sea represents a genetically distinct lineage and forms a highly supported (Bayesian posterior probability, BPP = 1.00) clade within the Pyrgulinae, together with Falsipyrgula pfeiferi from Lake Egirdir (Turkey) and three individuals of Laevicaspia lincta sampled from different localities in the Black Sea basin (see Supplementary Figure 4).




DISCUSSION

Leveraging genomic resources from historical museum material is a promising tool for addressing research topics related to the fields of biodiversity, conservation, taxonomy, and systematics, particularly for species that are rare or even extinct. Depending on age, tissue amount, and condition of the museum material, and the quality of generated sequences, complete mitogenomes and various nuclear loci of interest may, in principle, be assembled from raw sequencing data (e.g., Raxworthy and Smith, 2021). However, such analyses might be problematic in mollusks due to their high mucopolysaccharide content (Jaksch et al., 2016; Adema, 2021). Here, we used ∼140-year-old hydrobiid microgastropod specimens of Laevicaspia caspia and L. conus to map “standard” mitochondrial and nuclear markers for taxonomic assignments. We further assessed both the sequencing depth (mean coverage) as well as the proportion of ambiguous sites as an indicator of the phylogenetic quality of the NGS data.

The main problem in generating genomic information for both Laevicaspia species was probably not the DNA isolation and sequencing itself, but the preservation condition of the source tissue. Despite the overall high per base sequence quality, the reduced readpool was dominated by a large share of short DNA fragments and thus a low number of merged reads. Therefore, it was not possible to assemble a complete or near-complete mitogenome, although a high-quality mitogenome was previously generated for another ∼80-year-old freshwater gastropod specimen using the same laboratory pipeline in the same laboratory (see Stelbrink et al., 2019). However, applying our mitogenome and single-gene mapping approach, we were able to assemble taxonomically and phylogenetically informative mitochondrial and nuclear markers such as COI, 16S, and 18S (see e.g., Wilke et al., 2007), at least for L. caspia (Supplementary Figure 4). In contrast, virtually none of our mapping strategies were successful for L. conus. It is very likely that the specimen of this species was preserved under such poor conditions that the already small amount of tissue was too heavily digested and thus fragmented and further contaminated with non-gastropod DNA during decomposition (e.g., Raxworthy and Smith, 2021).

For assessing the reliability of the consensus sequences in L. caspia, we compared both the mean coverage as well as the proportion of ambiguous sites (see Table 2). The coverage of the mitochondrial target fragments was by an order of magnitude lower compared to the nuclear genes of interest and also considerably lower than the mean coverage of the previously published near-complete mitogenome of the paludomid gastropod Pseudocleopatra dartevellei (Stelbrink et al., 2019). We assume that this is related to the conditions under which the material was preserved. However, it would require a larger sequencing approach with several (fresh and old) samples to make a reliable statement. Similarly, given the higher mean coverage, the proportion of ambiguous sites was negligible for the nuclear fragments (<0.1%), whereas this ratio was higher, yet very low, for the mitochondrial markers (<1%). Overall, both factors—the moderate to high mean coverage together with the low amount of ambiguous sites—indicate that our assembled consensus sequences are reliable and can be used for taxonomic and phylogenetic purposes at the species level.

In summary, our pipeline using a set of single-gene and mitogenome seed reference sequences allowed us to map several phylogenetically relevant markers for L. caspia. These loci enabled us to provide the first DNA barcode sequences of this genus for the Caspian Sea. This will allow researchers to calculate genetic distances to other relatives, and to infer the phylogenetic position of this probably extinct species within the Pyrgulinae. Importantly, despite the relatively poor quality of our data, we here present information about an endangered ecosystem (e.g., Prange et al., 2020), whose endemic fauna is under increasing human pressure (e.g., Wesselingh et al., 2019).
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A growing number of publications presenting results from sequencing natural history collection specimens reflect the importance of DNA sequence information from such samples. Ancient DNA extraction and library preparation methods in combination with target gene capture are a way of unlocking archival DNA, including from formalin-fixed wet-collection material. Here we report on an experiment, in which we used an RNA bait set containing baits from a wide taxonomic range of species for DNA hybridisation capture of nuclear and mitochondrial targets for analysing natural history collection specimens. The bait set used consists of 2,492 mitochondrial and 530 nuclear RNA baits and comprises specific barcode loci of diverse animal groups including both invertebrates and vertebrates. The baits allowed to capture DNA sequence information of target barcode loci from 84% of the 37 samples tested, with nuclear markers being captured more frequently and consensus sequences of these being more complete compared to mitochondrial markers. Samples from dry material had a higher rate of success than wet-collection specimens, although target sequence information could be captured from 50% of formalin-fixed samples. Our study illustrates how efforts to obtain barcode sequence information from natural history collection specimens may be combined and are a way of implementing barcoding inventories of scientific collection material.
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INTRODUCTION

The growing interest in accessing DNA of natural history wet-collection specimens, which have long been recalcitrant regarding DNA analyses, is reflected in increasing numbers of publications reporting sequencing of this highly fragmented DNA (e.g., Lyra et al., 2020; Rancilhac et al., 2020; Scherz et al., 2020; Hahn et al., 2021; Straube et al., 2021a,b). Combining ancient DNA extraction methods, single stranded DNA library construction and short-read high throughput sequencing technology allows for obtaining DNA sequences of museum specimens at unprecedented scales (e.g., Hahn et al., 2021; Straube et al., 2021a). In taxonomy, unlocking DNA sequence information from rare and extinct species as well as type material is of particular interest. Numerous described species are only known from few, aged museum specimens and often re-collection efforts are hindered by several factors such as extensive sampling efforts, conservation concerns, politically instable situations in countries of origin or simply rareness of the species in question. However, rare species described from remote localities are of special concern in conservation, directing the attention to museum specimens as potential alternative DNA sources for taxonomic evaluation as basis for conservation efforts. Besides their undoubted importance for taxonomic research (e.g., Lyra et al., 2020; Rancilhac et al., 2020; Scherz et al., 2020; Straube et al., 2021b), type specimens may as well represent the only representatives of a rare or extinct species. Most of such specimens lack a phylogenetically close reference genome, but for taxonomy, barcode genes for species delimitation are generally sufficient as references for phylogenetic placement of species’ haplotypes. In these circumstances, DNA sequences from type material can play a key role.

Ancient DNA methods have paved the way for accessing DNA sequence information from archival samples, including formalin-fixed wet-collection samples (Stiller et al., 2016; Gansauge et al., 2017; Straube et al., 2021a), even on the genome level (Hahn et al., 2021). These approaches are laborious and time consuming, however. As shown previously in Straube et al. (2021a), the level of target DNA in initial test-sequencing datasets may be low. Shotgun sequencing of such DNA libraries then becomes inefficient in terms of associated costs necessary to attain coverage levels allowing for reconstructing specific barcode loci. Target gene capture as alternative can be an additional costly and time-intensive step, especially when a second round of capture is performed which has been shown to increase sequencing success (e.g., Li et al., 2013, 2015; Templeton et al., 2013; Springer et al., 2015; Paijmans et al., 2016). In an effort to increase efficiency and decrease overall costs for target capture of sample specific barcode markers in museum specimens, we report here on the design and successful application of an RNA bait set targeting taxonomically useful barcode markers in a variety of natural history collection samples of different phyla. Undergoing this process, we also aim to detect factors that may have an impact on the capture success such as different target regions, tissue type, fixation history, and genetic distance between bait and target sequences.



MATERIALS AND METHODS

We obtained 37 samples including dried bone, teeth, and soft tissue samples as well as muscle and skin from wet-collection specimens. Representatives of the following classes were included: Demospongiae, Gastropoda, Polychaeta, Malacostraca, Insecta, Actinopterygii, Chondrichthyes, Amphibia, and Reptilia. The investigated samples range in age from 25 to 192 years (Supplementary Table 1). Along with the tissue samples, we obtained information on the samples using a standardised sample sheet (Supplementary Table 2). The requested information relates to the age, fixation, and preservation details as far as available, target barcode loci, bait sequences to capture specific barcode loci, reference genomes and taxonomic history of the sample. DNA was extracted from samples listed in Supplementary Table 1 following the different DNA extraction treatments described in Straube et al. (2021a) based on the ancient DNA extraction protocol specified in Dabney et al. (2013) using a GuSCN based extraction buffer (Rohland et al., 2004). Subsequently, single stranded DNA libraries were prepared for each sample following the protocol by Gansauge et al. (2017). For obtaining information on the presence of target DNA, test-sequencing as described in Straube et al. (2021a) was performed. Independent of presence of endogenous DNA, target capture was subsequently performed for all samples to test if the limited information of the test-sequencing data may fail to detect endogenous DNA even though it is present in the DNA library.

For target capture of barcode loci, specific bait sequences and reference genomes provided partially by our collaborators, but mostly obtained from public resources (Supplementary Table 3) were sent to Arbor Biosciences® and split into a mitochondrial and a nuclear bait set. For both sets of sequences, 80 nt, 3x tiled baits were designed. While the mitochondrial baits were not further processed bioinformatically, the nuclear baits were filtered in two steps. First, baits were blasted to reference genomes from available most closely related species (Supplementary Table 1). Any bait that had blast hits to a region of the genome that was greater than 25% soft-masked for repeats was removed. The second filtering step was based on the number of bait hits and the predicted melting temperatures between the bait and those blast hits to detect the number of binding sites a bait may have, which ultimately resulted in the exclusion of 97 nuclear baits. A final set of 2,492 mitochondrial and 530 nuclear RNA baits was produced. Target capture was performed for each sample listed in Supplementary Table 1 following the manufacturer’s protocol for N = 2 samples. For the remaining 35 samples a target-gene enrichment protocol based on the Mybaits-manual-v3 was used, which is cost-reducing and requires less of RNA baits per sample compared to the recommended amount but maintaining the same level of target capture success (Huang et al., 2021). For both protocols, we used an in-solution hybridisation temperature of 65°C for 24 h. The capture was performed twice including a second amplification of libraries after the first round of target capture. Optimal number of amplification cycles was estimated for each library by performing a qPCR. DNA libraries were double-indexed during amplification and sequenced as described in Paijmans et al. (2017). Sequencing was performed on an Illumina Nextseq 500 sequencing platform, using 500/550 High Output v2.5 (75 cycles, Illumina 20024906) kits (75 bp single-end reads). All laboratory steps as well as sequencing was conducted in the molecular laboratories of the AG Hofreiter at the University of Potsdam. At least three million sequencing reads were targeted for each sample to gain sufficient coverage of target markers. Sequencing reads available after target capture underwent quality checking and trimming as in Straube et al. (2021a) and were subsequently used to reconstruct the target barcode loci using mapping and consensus sequence generation in BWA-ALN v.0.7.17 (Li and Durbin, 2009) and Bcftools v.1.9 (Li, 2011). We used either the bait sequences or phylogenetically closer reference sequences which became available after bait production (Supplementary Table 4). Afterwards, consensus sequences were analysed for phylogenetic position and classification.

We tested for correlation between the completeness of target genes after hybridisation capture and the phylogenetic distance of RNA bait sequences to target consensus sequences (p-distances). Therefore, each target consensus sequence was aligned to the appropriate bait sequence as listed in Supplementary Table 1 using Mafft v.7.49 (Katoh et al., 2002) and resulting p-distances were calculated using MEGA v.11.0.10 (Kumar et al., 2016). If several bait sequences were available for aligning to a genetic locus of a species, the reference with the smallest p-distance to the consensus sequence was used. For correlation analysis, Pearson’s correlation coefficient was calculated, and a t-test was performed. Specimens with too low endogenous DNA content to create a consensus sequence after target capture were not included in the analysis. We further tested for correlation between sequencing depth and completeness as described above.



RESULTS

After test-sequencing, we detected endogenous DNA in most of our samples (91.9%; Supplementary Table 1). For samples that showed no endogenous DNA after test sequencing, target capture attempts failed. Available sequencing data after target capture ranged from 391,964 to 12,195,369 raw reads and 91,101 to 10,611,372 reads after trimming. Trimmed reads including PCR duplicates that mapped to the reference sequences ranged between 0 and 69.23% (Supplementary Table 4). We were able to capture DNA sequence information of target barcode loci from 84% of our samples (Figure 1), 73.52% for mitochondrial and 94.28% for nuclear target genes, respectively. The completeness of all nuclear barcode loci is 85.15% and higher than that of the mitochondrial loci, the completeness of which is 72.25% (Figure 1). The best results in terms of consistency and sequence completeness were obtained from the crocodilian bone and dry skin samples with an average consensus sequence completeness of 98.31%. For wet-collection material we obtained sequence information for 86.2% of the target genes and an average sequence completeness of 71.74%. Similar differences are observed when comparing the different materials of the Demospongiae samples, with an average consensus sequence completeness of 55.02% for the wet collection tissues and 74.38% for the dried tissues, respectively. Three of the ten specimens for which formalin fixation is assumed resulted in target gene completeness above 75% (Figure 1). The Mollusca samples in particular showed a high target sequence completeness with an average of 96.12% in all five target loci tested.
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FIGURE 1. Completeness of target genes after hybridisation capture. Dry material is indicated in bold, all other samples originate from wet-collection specimens. Assumed formalin-fixation before wet-collection preservation of specimens is indicated by an asterisk.


The p-distance, defined as proportion of different nucleotides per total numbers of nucleotides compared, was on average 7.62% (range between 0 and 56.80%) and did not correlate with the target gene completeness (Pearson correlation coefficient: r = −0.20; p = 0.0). We found similar results when calculating the correlation coefficient for mitochondrial and nuclear data separately (Pearson correlation coefficient: r = −0.40; p = 0.49 for mitochondrial data; r = −0.22; p = 0.21 for nuclear data). A correlation between sequencing depth and target marker completeness was not detected (r = 0.29).



DISCUSSION

In this report, we present results from a target capture experiment using a mixed bait set covering specific taxa across several animal phyla (Porifera, Annelida, Mollusca, Arthropoda, and Chordata) set on a range of museum collection samples. We were able to obtain sequence information for 75% of all samples which is promising to be useful sequence information for phylogenetic placement of specimens. The obtained sequences will further be used for sample specific phylogenetic analyses. For the samples of the classes Demospongiae, Gastropoda, Polychaeta and Amphibia, we received consistently high sequence completeness (Figure 1 and Supplementary Table 4). Above all, dry crocodilian material (tooth and bone) that are up to 100 years old (Supplementary Table 1) have shown to be a reliable source of DNA. Several samples of the classes Malacostraca, Insecta and Chondrichthyes targeted for mitochondrial and nuclear loci show low capture success. The single actinopterygian sample failed, which may have been due to long-term formalin preservation (N. Schnell pers. comm.). Although our results imply that target capture of nuclear markers outperforms capture of mitochondrial markers, the differences are likely introduced by samples with a generally low completeness of target sequences. In cases where both nuclear and mitochondrial markers were captured, similar results regarding the target sequence completeness were obtained (Figure 1). In general, wet-collection specimens showed poorer results compared to dry material. Water in ethanol solutions used for long-term storage intensifies hydrolysis (Lindahl, 1993) and may have contributed to our results.

To overcome potential disadvantages of large phylogenetic distances between bait and target sequences, a second round of target capture, as performed herein, can increase capture efficiency (e.g., Li et al., 2013; Paijmans et al., 2016). In this study, the p-distances between the bait sequences and the completeness of the consensus sequences are not correlated, which might be different if all consensus sequences were complete and should be investigated in further studies. Further experimental optimisation such as hybridisation temperature and time may allow for increasing capture efficiency in samples with low or no target gene completeness. However, our study also includes samples that should have small phylogenetic distances between bait and target sequences (e.g., Etmopterus spp., Figure 1). We were able to recover the complete mitochondrial marker sequence from only a single of these specimens (E. pycnolepis). As insufficient sequencing effort can be ruled out, reasons for the failure of the remaining samples could be related to fixation and preservation induced DNA damage. Details on the fixation history of most samples are poorly known (Supplementary Table 1), however, formalin has severe DNA damaging effects (Hoffman et al., 2015). Different ways of formalin fixation can also play a role in the success of DNA recovery (e.g., Paireder et al., 2013) ultimately influencing the amount and complexity of available target DNA for the target capture experiment. Besides these factors degradation and associated short DNA fragment size may have impeded the mapping attempts (Huson et al., 2007).

An alternative to commercially purchased RNA baits as used in this study are home-made DNA baits using PCR products of amplified target markers for DNA bait library production (González Fortes and Paijmans, 2019). In general, bait production for a small sample number targeting a single or few barcode markers of phylogenetically close taxonomic units is costly and inefficient. A combination of taxon-specific bait sequences for target capturing widely different taxa can overcome these limitations and enables the simultaneous sequencing of several phylogenetically distant taxa of interest. Our approach allows for cost-sharing between collection subsections and paves the way for implementing barcoding inventories in natural history collections, for example barcoding inventories of type specimens.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: 10.6084/m9.figshare.19619052.



ETHICS STATEMENT

Ethical review and approval was not required for the animal study because no living animals were collected or examined. DNA samples were taken solely from museum specimens.



AUTHOR CONTRIBUTIONS

NS and MH designed the study. SA and NS performed the laboratory work under supervision of MP. SA analysed the data under supervision of NS and MH. NS and SA wrote the manuscript with contributions from all authors. All authors contributed to the article and approved the submitted version.



FUNDING

This work was funded by the German Research Foundation (DFG; project number 351649567 to NS and MH within the DFG SPP 1991 “Taxon-Omics”). The publication of this article was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation; Project No. 491466077).



ACKNOWLEDGMENTS

We would like to sincerely thank our colleagues for entrusting us with their valuable samples and for their support with compiling the reference sequence set: Dirk Erpenbeck (LMU), Steffen Roth (UM), Justine Siegwald (UM), Nataliya Budaeva (UM), Frank Glaw (ZSM), Gavin Naylor (UF), Nalani Schnell (MNHN), Ralf Thiel (UH), Simon Weigmann (Elasmo-Lab), Michael Raupach (ZSM), Claudia Koch (ZFMK), Silke Schweiger (NHMW), and Axel Barlow (UWB). We would also like to thank the HPC team at the University of Potsdam for creating and maintaining the university’s server on which we ran some of our analyses.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fevo.2022.909846/full#supplementary-material



REFERENCES

Dabney, J., Knapp, M., Glocke, I., Gansauge, M. T., Weihmann, A., Nickel, B., et al. (2013). Complete mitochondrial genome sequence of a Middle Pleistocene cave bear reconstructed from ultrashort DNA fragments. Proc. Natl. Acad. Sci. U.S.A. 110, 15758–15763. doi: 10.1073/pnas.1314445110

Gansauge, M. T., Gerber, T., Glocke, I., Korlević, P., Lippik, L., Nagel, S., et al. (2017). Single-stranded DNA library preparation from highly degraded DNA using T4 DNA ligase. Nucleic Acids Res. 45:e79. doi: 10.1093/nar/gkx033

González Fortes, G., and Paijmans, J. L. (2019). “Whole-genome capture of ancient DNA using homemade baits,” in Ancient DNA. eds S. Beth, B. Axel, D. H. Peter, H. Michael, L. A. P. Johanna, and E. R. S. André (New York: Humana Press), 93–105. doi: 10.1007/978-1-4939-9176-1_11

Hahn, E. E., Alexander, M. R., Grealy, A., Stiller, J., Gardiner, D. M., and Holleley, C. E. (2021). Unlocking inaccessible historical genomes preserved in formalin. Mol. Ecol. Resour. [Epub ahead of print]. doi: 10.1111/1755-0998.13505

Hoffman, E. A., Frey, B. L., Smith, L. M., and Auble, D. T. (2015). Formaldehyde crosslinking: a tool for the study of chromatin complexes. J. Biol. Chem. 290, 26404–26411. doi: 10.1074/jbc.R115.651679

Huang, J. M., Yuan, H., and Li, C. H. (2021). Protocol for Cross-species Target-gene Enrichment. Bio. 101:e1010606. doi: 10.21769/BioProtoc.1010606

Huson, D. H., Auch, A. F., Qi, J., and Schuster, S. C. (2007). MEGAN analysis of metagenomic data. Genom. Res. 17, 377–386. doi: 10.1101/gr.5969107

Katoh, K., Misawa, K., Kuma, K. I., and Miyata, T. (2002). MAFFT: a novel method for rapid multiple sequence alignment based on fast Fourier transform. Nucleic Acids Res. 30, 3059–3066. doi: 10.1093/nar/gkf436

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870–1874. doi: 10.1093/molbev/msw054

Li, C., Corrigan, S., Yang, L., Straube, N., Harris, M., Hofreiter, M., et al. (2015). DNA capture reveals transoceanic gene flow in endangered river sharks. Proc. Natl. Acad. Sci. U.S.A. 112, 13302–13307. doi: 10.1073/pnas.1508735112

Li, C., Hofreiter, M., Straube, N., Corrigan, S., and Naylor, G. J. P. (2013). Capturing protein-coding genes across highly divergent species. BioTechniques 54, 321–326. doi: 10.2144/000114039

Li, H. (2011). A statistical framework for SNP calling, mutation discovery, association mapping and population genetical parameter estimation from sequencing data. Bioinformatics 27, 2987–2993. doi: 10.1093/bioinformatics/btr509

Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 25, 1754–1760. doi: 10.1093/bioinformatics/btp324

Lindahl, T. (1993). Instability and decay of the primary structure of DNA. Nature 362, 709–715. doi: 10.1038/362709a0

Lyra, M. L., Carolina, A., Lourenço, C., Pinheiro, P. D. P., Pezzuti, T. L., Baêta, D., et al. (2020). High-throughput DNA sequencing of museum specimens sheds light on the long-missing species of the Bokermannohyla claresignata group (Anura: Hylidae: Cophomantini). Zool. J. Linnean Soc. 190, 1235–1255. doi: 10.1093/zoolinnean/zlaa033

Paijmans, J. L. A., Baleka, S., Henneberger, K., Taron, U. H., Trinks, A., Westbury, M. V., et al. (2017). Sequencing single-stranded libraries on the Illumina NextSeq 500 platform. arXiv. [preprint]. doi: 10.48550/arXiv.1711.11004

Paijmans, J. L. A., Fickel, J., Courtiol, A., Hofreiter, M., and Förster, D. W. (2016). Impact of enrichment conditions on cross-species capture of fresh and degraded DNA. Mol. Ecol. Resour. 16, 42–55. doi: 10.1111/1755-0998.12420

Paireder, S., Werner, B., Bailer, J., Werther, W., Schmid, E., Patzak, B., et al. (2013). Comparison of protocols for DNA extraction from long-term preserved formalin fixed tissues. Anal. Biochem. 439, 152–160. doi: 10.1016/j.ab.2013.04.006

Rancilhac, L., Bruy, T., Scherz, M. D., Pereira, E. A., Preick, M., Straube, N., et al. (2020). Target-enriched DNA sequencing from historical type material enables a partial revision of the Madagascar giant stream frogs (genus Mantidactylus). J. Nat. Hist. 54, 87–118. doi: 10.1080/00222933.2020.1748243

Rohland, N., Siedel, H., and Hofreiter, M. (2004). Nondestructive DNA extraction method for mitochondrial DNA analyses of museum specimens. Biotechniques 36, 814–821. doi: 10.2144/04365ST05

Scherz, M. D., Rasolonjatovo, S. M., Köhler, J., Rancilhac, L., Rakotoarison, A., Raselimanana, A. P., et al. (2020). ‘Barcode fishing’ for archival DNA from historical type material overcomes taxonomic hurdles, enabling the description of a new frog species. Sci. Rep. 10:19109. doi: 10.1038/s41598-020-75431-9

Springer, M. S., Signore, A. V., Paijmans, J. L. A., Vélez-Juarbe, J., Domning, D. P., Bauer, C. E., et al. (2015). Interordinal gene capture, the phylogenetic position of Steller’s sea cow based on molecular and morphological data, and the macroevolutionary history of Sirenia. Mol. Phylogenet. Evol. 91, 178–193. doi: 10.1016/j.ympev.2015.05.022

Stiller, M., Sucker, A., Griewank, K., Aust, D., Baretton, G. B., Schadendorf, D., et al. (2016). Single-strand DNA library preparation improves sequencing of formalin-fixed and paraffin-embedded (FFPE) cancer DNA. Oncotarget 7:59115. doi: 10.18632/oncotarget.10827

Straube, N., Lyra, M. L., Paijmans, J. L. A., Preick, M., Basler, N., Penner, J., et al. (2021a). Successful application of ancient DNA extraction and library construction protocols to museum wet collection specimens. Mol. Ecol. Resour. 21, 2299–2315. doi: 10.1111/1755-0998.13433

Straube, N., Preick, M., Naylor, G. J. P., and Hofreiter, M. (2021b). Mitochondrial DNA sequencing of a wet-collection syntype demonstrates the importance of type material as genetic resource for lantern shark taxonomy (Chondrichthyes: Etmopteridae). R. Soc. Open Sci. 8:210474. doi: 10.1098/rsos.210474

Templeton, J. E., Brotherton, P. M., Llamas, B., Soubrier, J., Haak, W., Cooper, A., et al. (2013). DNA capture and next-generation sequencing can recover whole mitochondrial genomes from highly degraded samples for human identification. Investig. Genet. 4:26. doi: 10.1186/2041-2223-4-26


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Agne, Preick, Straube and Hofreiter. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	ORIGINAL RESEARCH
published: 30 June 2022
doi: 10.3389/fevo.2022.893088





[image: image]

Maximizing Molecular Data From Low-Quality Fluid-Preserved Specimens in Natural History Collections

Justin M. Bernstein1* and Sara Ruane2

1Department of Biological Sciences, Rutgers University – Newark, Newark, NJ, United States

2Life Sciences Section, Negaunee Integrative Research Center, Field Museum, Chicago, IL, United States

Edited by:
Jimmy McGuire, University of California, Berkeley, United States

Reviewed by:
Alex Pyron, George Washington University, United States
Jairo Arroyave, National Autonomous University of Mexico, Mexico

*Correspondence: Justin M. Bernstein, jmbernst223@gmail.com

Specialty section: This article was submitted to Phylogenetics, Phylogenomics, and Systematics, a section of the journal Frontiers in Ecology and Evolution

Received: 10 March 2022
Accepted: 30 May 2022
Published: 30 June 2022

Citation: Bernstein JM and Ruane S (2022) Maximizing Molecular Data From Low-Quality Fluid-Preserved Specimens in Natural History Collections. Front. Ecol. Evol. 10:893088. doi: 10.3389/fevo.2022.893088

Over the past decade, museum genomics studies have focused on obtaining DNA of sufficient quality and quantity for sequencing from fluid-preserved natural history specimens, primarily to be used in systematic studies. While these studies have opened windows to evolutionary and biodiversity knowledge of many species worldwide, published works often focus on the success of these DNA sequencing efforts, which is undoubtedly less common than obtaining minimal or sometimes no DNA or unusable sequence data from specimens in natural history collections. Here, we attempt to obtain and sequence DNA extracts from 115 fresh and 41 degraded samples of homalopsid snakes, as well as from two degraded samples of a poorly known snake, Hydrablabes periops. Hydrablabes has been suggested to belong to at least two different families (Natricidae and Homalopsidae) and with no fresh tissues known to be available, intractable museum specimens currently provide the only opportunity to determine this snake’s taxonomic affinity. Although our aim was to generate a target-capture dataset for these samples, to be included in a broader phylogenetic study, results were less than ideal due to large amounts of missing data, especially using the same downstream methods as with standard, high-quality samples. However, rather than discount results entirely, we used mapping methods with references and pseudoreferences, along with phylogenetic analyses, to maximize any usable molecular data from our sequencing efforts, identify the taxonomic affinity of H. periops, and compare sequencing success between fresh and degraded tissue samples. This resulted in largely complete mitochondrial genomes for five specimens and hundreds to thousands of nuclear loci (ultra-conserved loci, anchored-hybrid enrichment loci, and a variety of loci frequently used in squamate phylogenetic studies) from fluid-preserved snakes, including a specimen of H. periops from the Field Museum of Natural History collection. We combined our H. periops data with previously published genomic and Sanger-sequenced datasets to confirm the familial designation of this taxon, reject previous taxonomic hypotheses, and make biogeographic inferences for Hydrablabes. A second H. periops specimen, despite being seemingly similar for initial raw sequencing results and after being put through the same protocols, resulted in little usable molecular data. We discuss the successes and failures of using different pipelines and methods to maximize the products from these data and provide expectations for others who are looking to use DNA sequencing efforts on specimens that likely have degraded DNA.

Life Science Identifier (Hydrablabes periops): urn:lsid:zoobank.org:pub:F2AA44 E2-D2EF-4747-972A-652C34C2C09D.

Keywords: formalin, Hydrablabes, museum genomics, Natricidae, natural history collections, phylogenomics, snakes, systematics


INTRODUCTION

Advances in DNA sequencing technologies have allowed for the rapid accumulation of genomic or subgenomic datasets with thousands of loci. These datasets have provided opportunities to determine genomic correlates of phenotypic traits (Card et al., 2019; Stuckert et al., 2021), understand the links between recombination landscapes and genetic diversity (Schield et al., 2020), and reconstruct evolutionary histories in megadiverse groups (Hime et al., 2021). Research on the latter topic in particular, focusing on the discipline of systematics, has included continuously growing datasets to discover undescribed diversity in poorly studied taxa (Weinell and Brown, 2018), time-calibrate the diversification of extant groups (Álvarez-Carretero et al., 2021), and infer historical biogeography in comparative frameworks to better understand patterns of biodiversity (de Bruyn et al., 2014). However, these research findings are only possible due to the now-common practice of explicitly preserving fresh tissues upon collection of study organisms for subsequent DNA/RNA analyses. There remain large gaps of knowledge for thousands of organisms only known from museum specimens in natural history collections, often collected before practices of tissue preservation and DNA extraction. For centuries, vertebrates have been fixed using formalin or ethanol (Simmons, 2014), degrading the DNA by shearing, cross-linking, and deamination/depurination (Zimmermann et al., 2008; Campos and Gilbert, 2012; Do and Dobrovic, 2015), typically leading to DNA quality insufficient for sequencing, especially for systematic studies. The current era of genomics has been met with several protocols to obtain useable DNA from these intractable museum specimens (e.g., Rohland et al., 2004; Hykin et al., 2015; Ruane and Austin, 2017; O’Connell et al., 2021; reviewed in Ruane, 2021). As a result, the taxonomic identity and phylogenetic placement of poorly known snakes (Allentoft et al., 2018; Deepak et al., 2018), lizards (Hykin et al., 2015; McGuire et al., 2018), frogs (Rancilhac et al., 2020), salamanders (Pyron et al., 2022), crustaceans (France and Kocher, 1996), spiders (Wood et al., 2018), and birds (McCormack et al., 2016) have been successful, and with some studies on birds (Linck et al., 2017; Tsai et al., 2019) and mammals (Roycroft et al., 2021) obtaining levels of informativeness adequate to determine biogeographic histories and extinction patterns. Studies involving ‘museum genomics’ research involve materials from traditional museums and cryogenic collections, as well as the respective supporting infrastructure (Card et al., 2021). In this study, we use the term ‘museum genomics’ to refer to the more focused goal of obtaining useable DNA from often intractable, preserved museum specimens, which has undoubtedly created new directions for what is possible with DNA from voucher specimens and allowed us to leverage these data for biodiversity knowledge and evolutionary inference. However, many attempts at these endeavors still result in less than optimal (and frequently unusable) results, and studies often only report the successes that are obtained, leaving expectations of data quality, processing, and manipulation as a black box in such efforts.

While often viewed as a single task, the success of acquiring DNA from preserved museum specimens and obtaining DNA raw reads of sufficient quality for systematic studies each present separate difficulties. Hot alkali treatments (Campos and Gilbert, 2012; Hykin et al., 2015), heavy use of proteinase-K (Ruane and Austin, 2017), and development of digestion buffers (Allentoft et al., 2015) have all been used with varying success to break formalin cross-links and retrieve DNA from fixed specimens. However, different tissues (e.g., skin, liver, muscle, and bone) may yield varying DNA concentrations upon extraction (Appleyard et al., 2021; Zacho et al., 2021), and the lysis of soft tissue using enzymes like proteinase-K may be unsuccessful depending on the age, storage conditions, and preservation history of the source tissue. Even if DNA is extracted from intractable specimens, decreases in number and uneven distribution of mapped reads to reference genomes (Hykin et al., 2015; Allentoft et al., 2018), short fragment lengths, and low numbers of loci (Ruane and Austin, 2017) are commonly reported. Reduced-quality DNA from museum specimens is expected, but issues when using bioinformatic pipelines, the efficacy of using different types of loci and approaches for locus acquisition, and expectations of phylogenetic placements are seldom discussed. Additionally, when bioinformatic-related problems arise using published software, not all researchers have the expertise to edit, troubleshoot, or modify the source code. Predicting the analytical difficulties from museum genomics studies and understanding how data from degraded DNA can be processed will allow for higher success rates in understanding the biological histories of taxa only known from natural history collections. With increased global extinction rates (Pimm et al., 2014; De Vos et al., 2015) due to anthropogenic-related causes, it is important to elucidate the systematics and biodiversity of poorly-studied, yet ecologically important, groups or taxa that are rare or even possibly extinct.

Snakes are an excellent system for studying evolutionary processes (Esquerré et al., 2020; Schield et al., 2020; Westeen et al., 2020; Burbrink et al., 2021), and the utilization of preserved museum specimens has expanded our knowledge on both extant and extinct diversity (Ruane and Austin, 2017; Allentoft et al., 2018; Zacho et al., 2021). Southeast Asia in particular includes a diverse assemblage of snakes with multiple endemic lineages, many concentrated in biodiversity hotspots, which have been affected by the region’s complex geological history (Hall, 2009; de Bruyn et al., 2014). Borneo, one of the largest islands in the world, harbors 160+ species of snakes, including multiple species that are only known from one to a few museum specimens and for which almost no natural history information is available (Stuebing et al., 2014; Das, 2018; Uetz et al., 2021). One such taxon is Hydrablabes, a genus consisting of two small-sized, aquatic snake species endemic to Borneo: Hydrablabes periops and Hydrablabes praefrontalis. Although the former species is more frequently encountered, Hydrablabes representation in natural history collections worldwide is lacking, with less than 10 and 0 specimens of each taxon in United States institutions, respectively. While these species are currently considered members of the family Natricidae, which contains hundreds of Old and New World aquatic species, they have also been hypothesized to belong to Homalopsidae (Murphy and Voris, 2014), a smaller family of mostly aquatic, mildly venomous snakes, also found across Southeast Asia. Much of Borneo’s herpetofauna and its respective natural history is still in the midst of being fully described and understood (Quah et al., 2019; Das and Wong, 2021; Fukuyama et al., 2021). Indeed, Southeast Asia’s undescribed diversity promises exciting discoveries, but it is equally worrisome that this diversity may disappear before ever being discovered (Sodhi et al., 2004; Strang and Rusli, 2021). Studying the systematics of rare snakes such as Hydrablabes can act as a first step in filling in the current knowledge gaps in the known biodiversity and evolutionary processes of Southeast Asia.

Here, we extract and sequence the DNA of homalopsid snakes from several natural history collections, and two specimens of H. periops from the Field Museum of Natural History (FMNH), as part of an ongoing study on homalopsids. We use a high-throughput target capture approach to sequence ultraconserved elements (UCEs; Faircloth et al., 2012), anchored hybrid enrichment loci (AHEs; Lemmon et al., 2012), and nuclear protein-coding genes (NPCGs) commonly used in squamate (lizards and snakes) phylogenetic studies via the SqCL v2 probe set from Singhal et al. (2017a,b). We use multiple pipelines and methods to isolate nuclear and mitochondrial loci to (i) maximize the utility of data obtained from museum specimens that would otherwise be considered ‘failed’ sequencing attempts, (ii) compare sequencing results between fresh and degraded tissue samples, (iii) place H. periops in a molecular phylogeny for the first time amongst all major extant snake lineages, and (iv) test competing taxonomic hypotheses for the familial designation of Hydrablabes (Natricidae vs. Homalopsidae). We focus on the failures/difficulties encountered pre- and post-sequencing, and make suggestions for future studies working with degraded DNA so as to increase expectations of error during project workflow and maximize the success of museum genomics for phylogenetic studies.



MATERIALS AND METHODS


Sample Collection and Morphological Identification

For the homalopsids, we obtained 115 fresh liver/muscle samples and 41 degraded (39 liver/muscle; 2 bone) tissue samples from several natural history museums (Supplementary Table 1). Additionally, we extracted liver tissue from two specimens of H. periops from the herpetology collection of the Field Museum of Natural History (specimens FMNH 158616, 251051; Supplementary Table 1). These H. periops specimens were collected by the late Mr. William Hosmer in 1964 (FMNH 158616) and Curator Emeritus at the FMNH, the late Dato Dr. Robert F. Inger, respective collaborators from the Field Research Team of Sabah Parks, Malaysia and Datin Tan Fui Lian in 1993 (FMNH 251051). Although not generated and used comparatively in this study, we note that computed tomography (CT) scans of FMNH 251051 are available on the MorphoSource repository (ark: /87602/m4/415178). To confirm the taxonomic identity of the specimens of H. periops, we conducted morphological examinations and compared those to species accounts in the literature (Mocquard, 1890; Stuebing et al., 2014). We looked at the following characters: color pattern; total length (TtL); tail length (TL), measured from the cloaca to the tip of the tail; snout-vent-length (SVL), measured from the tip of the rostral scale to the vent; TL:TtL ratio; dorsal scale rows (DSR) at 10 scales behind the head (anterior), midbody (half of the total length), and 5 scales anterior to the cloaca (posterior); number of subcaudal scales; number supraocular, preocular, subocular, and postocular scales; number of supralabial and infralabial scales; temporal scale formula; and the state of the prefrontal scales (divided vs. complete); morphological data can be found in Supplementary Table 2. While we only attempted molecular work from two of the FMNH specimens, we also obtained morphological data of a third H. periops specimen (FMNH 146230) and report it here. Our sampling also includes molecular data, as part of an in-progress study (Bernstein et al., unpublished data), from 115 fresh and 41 degraded samples of homalopsid snakes; we also included 3 viperids (Bothrops moojeni and Bothrops pauloensis), a colubrid (Chironius exoletus), a dipsadid (Philodryas olfersii), and an elapid (Micrurus brasiliensis) from Singhal et al. (2017b) as outgroups (Supplementary Table 1). While all of the tissues in our study have been stored in natural history museums, we use the terms ‘museum specimens,’ ‘degraded,’ and ‘intractable’ interchangeably to refer specifically to historic, fixed specimens with degraded DNA. We reference the homalopsids, viperids, colubrid, and dipsadid to draw quantitative and qualitative comparisons between degraded and fresh samples when attempting to recover nuclear and mitochondrial DNA, test the hypothesis of H. periops being a member of Homalopsidae, and help establish expectations for museum genomics studies. However, we limit our phylogenetic results and corresponding discussion on the H. periops samples.



Museum Specimen DNA Extraction and Sequencing

Total genomic DNA (gDNA) was extracted using published protocols for target capture sequencing of museum specimens (Ruane and Austin, 2017). This method uses a heated alkali buffer solution and a modified protocol of Qiagen® DNeasy Blood and Tissue kits to increase the gDNA yield from intractable specimens. Briefly, 100–200 mg liver tissue was cut into 15–25 mg pieces and washed in distilled water for 6 h to remove excess ethanol. Tissue was then pulverized or cut up to a mashed consistency. We then added ∼25–50 mg of the tissue to a 2-mL microcentrifuge tube with 300 μL of preheated (98°C) ATL buffer, and incubated the samples at 98°C for 15 min. The tubes were then cooled on ice for 2 min. Finally, we added 40 μL of proteinase-K to the samples and digested them for 48–72 h at 65°C, vortexing samples periodically and adding more proteinase-K if undigested tissue was visible. We then followed the post-digestion steps from the Qiagen® DNeasy Blood and Tissue kits protocol, except with two 100-μL final AE elution steps, rather than a single 200-μL elution. Different extraction attempts on the same sample were combined to increase the total gDNA per sample. Two of the samples were extracted from bone (122 and 14 mg), and we followed published protocols for obtaining DNA from hard tissue (Allentoft et al., 2015, 2018), with the exception that we used Qiagen® DNeasy Blood and Tissue kits after the proteinase-K digestion step. All DNA extractions were performed in an area isolated from fresh DNA work, on surfaces that were sterilized with bleach, and with UV-sterilized equipment and filter pipette tips. We used a Qubit 3 fluorometer (high sensitivity; Thermo Fisher Scientific: Invitrogen) to quantify the DNA yield of all extractions. Genomic DNA was sent to Daicel Arbor Biosciences (Ann Arbor, MI, United States) and optimized for target capture using the SqCL v2 probe set (Singhal et al., 2017b) for UCEs, AHEs, and NPCGs. To increase the likelihood of recovering reads from each sample, we had a small percentage of the non-captured libraries spiked into the sequencing pool to increase the number of bycatch molecules, thus increasing the chance of obtaining mitochondrial DNA (mtDNA) from our museum samples. The final sequencing pool for the degraded samples was prepared by combining the enriched (85%) and unenriched (15%) pools. Samples were sequenced on the Illumina NovaSeq 6000 platform on partial S4 PE150 lanes. Raw fastq files for the two specimens of H. periops have been deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) under the BioProject Accession Number PRJNA796637. The raw fastq files for the fresh and museum homalopsid specimens and outgroups are deposited under the SRA BioProject Accession Number PRJNA792597, PRJNA667001, and PRJNA382381 (see Supplementary Table 1 for note on data availability for PRJNA792597).



Bioinformatics

We checked the quality of raw reads using FastQC (Andrews, 2010) and tested for contamination with FastQ Screen (Wingett and Andrews, 2018). To trim adapters and barcodes, we used illumiprocessor (Faircloth, 2011; Lohse et al., 2012; Del Fabbro et al., 2013) with default settings, and then assembled paired-end reads using SPAdes (Bankevich et al., 2012) in the Phyluce v1.7.1 (Faircloth, 2016) pipeline for processing UCEs. We also used Assembly By Short Sequences (ABySS; Simpson et al., 2009), separately, with k-mer values set to 30 and 60, to determine if more loci can be recovered. However, both assemblers achieved comparable run statistics, so we continued with using SPAdes, which averages over multiple k-mer values, as it is conveniently integrated into Phyluce. To test the hypothesis if H. periops is a homalopsid, we included H. periops into a dataset of homalopsid snakes and outgroup taxa (see Supplementary Table 1). We created DNA alignments for each locus following the workflow for Phyluce. Many of our museum samples had a high number of raw reads (>10–15 million); due to computational constraints, we used seqtk1 to subsample the raw data from these samples to 3.5 million reads from each pair (7 million total). To align our H. periops samples with homalopsid samples, alignments of homologous nucleotide sites for each locus were edge-trimmed with Gblocks, and data matrices were created for each locus that contained at least 75% of the taxa in the dataset.

Because Phyluce yielded poor final phylogenetic results for the museum specimens (see Section “Concatenated and Species Tree Analyses”), we also extracted individual loci from the cleaned and trimmed raw data using Geneious v11.1.5. We tested a few approaches to compare their success of recovering targeted loci. Some of these approaches involved the use of a pseudoreference genome consisting of SqCL concatenated loci (with 10 ambiguous bases [Ns] between each locus) from one of the fresh homalopsids or the Myanophis thanlyinensis (Homalopsidae) reference genome from Köhler et al. (2021), hereafter ‘pseudoreference’ and ‘reference genome,’ respectively. Our approaches include: (i) mapping the trimmed and cleaned raw reads to the pseudoreference, (ii) BLASTing (Basic Local Alignment Search Tool) the trimmed and cleaned raw reads to the pseudoreference, (iii) mapping the unaligned.loci file of each individual (containing fastas of all individual loci) from Phyluce to the pseudoreference, (iv) BLASTing the unaligned.loci file from Phyluce to the pseudoreference, and (v) mapping the trimmed and cleaned raw reads to the reference genome. BLAST databases containing the pseudoreference and references were created using the ‘Add sequence database’ function in Geneious (Figure 1). All mapping and BLAST methods were performed under default parameters. For BLAST, Megablast (5 iterations) was used so that only matches with high similarity were returned. Our goal was to find the most efficient way to retrieve loci for the museum samples, thus we considered methods that took >24 h per sample to take too long (this is especially important if done on computer clusters that have time constraints) and aborted the process. We test these approaches using two degraded samples as preliminary runs: (raw reads for Calamophis ruuddelangi RMNH.RENA 47517 and Gyiophis maculosa KU 92395 = ∼30 million reads each; unaligned.loci files for C. ruuddelangi and G. maculosa containing 1,527 and 2,016 loci, respectively), and then ran the rest of the samples using the approach that retrieved loci in the shortest amount of time and with the highest success. All approaches were run on a Digital Storm PC with a 64-bit operating system, x64-based processor, 16 cores, and 40 GB RAM allocated to Geneious for computation.
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FIGURE 1. Workflow for museum genomics in this project. (A) Three approaches for mitochondrial mapping to a reference genome (left) and five for nuclear locus acquisition using mapping and BLAST (right). Phyluce = unaligned.fasta file from Phyluce pipeline; R1/R2 = *.R1.fastq.gz and *.R2.fastq.gz files for raw reads. (B) Read statistics for DNA yield (Qubit) and total number of raw reads obtained by age of specimen (year collected), DNA yield, and total genomic DNA used for sequencing (gDNA). Red arrow shows data point for Hydrablabes periops FMNH 251051 (Qubit = ∼6.0 ng/μl), arrow positioned along axis corresponding to respective X-axis and Y-axis values.


To increase the robustness of our phylogenetic results and determine if H. periops is a homalopsid, natricid, or a member of another family of snake, we used data from previously published studies to create additional DNA alignments based on our loci obtained (see Section “Read and Locus Acquisition”). We used the 50 longest UCEs of homalopsids (Bernstein et al., unpublished data) obtained from Geneious (see Section “Read and Locus Acquisition”) to create a UCE-only alignment with H. periops and homalopsid snakes (plus outgroups). We also created alignments using AHEs from almost all lizard and snake families using the data from Burbrink et al. (2019, 2020) and a multilocus dataset from several genera of natricids (and one outgroup colubrid) from Deepak et al. (2021a) and other studies (Alfaro and Arnold, 2001; de Queiroz et al., 2002; Nagy et al., 2005; Guo et al., 2012, 2019; McVay and Carstens, 2013; Pyron et al., 2013; Kindler et al., 2014; McVay et al., 2015; Alencar et al., 2016; Ren et al., 2019; Lalronunga et al., 2020; Deepak et al., 2021b) consisting of two mitochondrial genes (cytochrome b [cyt-b], NADH-ubiquinone oxidoreductase chain 4 [ND4]), and one nuclear gene [Brain Derived Neurotrophic Factor (BDNF)]. We used the AHEs from Burbrink et al. (2021) as a pseudoreference to identify the same loci from this and our study. Specimen metadata from other published or in-progress studies can be found in Supplementary Table 1.

To obtain mtDNA from museum specimens, we tried three methods: (i) mitochondrial baiting and iterative mapping using MITObim (Hahn et al., 2013), (ii) mitogenomic data extraction using MitoFinder (Allio et al., 2020), with metaSPAdes (Nurk et al., 2017) used as the assembler, and (iii) mapping raw reads to a mitochondrial reference genome in Geneious, all under default parameters. Both MITObim and MitoFinder require mitochondrial reference genomes to extract loci, thus we used a Hypsiscopus plumbea (Homalopsidae) mitochondrial genome (Genbank accession: DQ343650; Yan et al., 2008). We used this reference for our mapping approach in Geneious as well. We used the ‘Highest Quality’ consensus option in Geneious, which only creates consensus sequences out of mapped reads using high-quality chromatograms.

All loci obtained through Geneious were manually incorporated into DNA alignments from Phyluce by using the ‘Multiple Align’ tool in Geneious. We left these alignments untrimmed, which has been found to achieve the best phylogenetic results in studies using UCEs (Portik and Wiens, 2021). We used the lm function in the stats package in R (R Core Team, 2021) to graph linear model relationships of (i) number of raw reads obtained and (ii) number of nuclear loci recovered, with the age of specimen (years since collected), DNA yield, and total gDNA used for sequencing. We used the same methods to determine trends between the number of raw reads and base pairs (in bp and percentage) of museum specimen reads that mapped to the mtDNA reference genome. We note that our linear models are heavily influenced by FMNH 251051 due to its high DNA yield and sequencing success compared to other specimens (see Section “Results”). We leave this specimen out of our analyses due to it being an outlier, but as it represents an important piece of information in regards to museum genomics success, linear regressions with and without this specimen can be found in Supplementary Figures 1, 2.



Phylogenetic Analyses

To determine the phylogenetic placement of H. periops using loci obtained from the Phyluce pipeline, we reconstructed a phylogeny by concatenating the alignments with the ‘phyluce_align_concatenate_alignments’ command and then used this as input for IQ-TREE v1.6.12 (Nguyen et al., 2015) under a GTR+G substitution model and with 1,000 bootstrap replicates. Due to high levels of missing data from formalin specimens and failed phylogenetic reconstruction with the loci obtained from Phyluce (see Section “Read and Locus Acquisition”), we ran species tree analyses, taking gene-tree-species-tree discordance into account, selectively choosing AHEs and UCEs with minimal missing data (see below).

For the species tree analysis using the multilocus dataset (cyt-b, ND4, and BDNF), we used Bayesian inference in StarBEAST2 (Ogilvie et al., 2017) under a birth-death evolutionary model, partitioning each alignment using the best partitioning scheme determined by PartitionFinder2 (Lanfear et al., 2017). We ran the model for 50 million generations, inferred and marginalized site models for our analysis using the ‘bModelTest’ plugin (Bouckaert and Drummond, 2017), and used an uncorrelated lognormal clock rate to allow branch rate heterogeneity. We assessed the convergence of our runs in Tracer v1.7 (Rambaut et al., 2018), discarding 25% of the run as burn-in, and considered effective sample sizes (ESS) > 200 to indicate sufficient sampling of parameter space. In addition to the StarBEAST2 tree, we reconstructed gene trees and a concatenated tree for cyt-b, ND4, and BDNF in IQ-TREE, searching for the best nucleotide model for each dataset with ModelFinder (Kalyaanamoorthy et al., 2017). Branch support was assessed by 1,000 ultrafast (UF) bootstrap iterations and SH-aLRT tests (Guindon et al., 2010; Hoang et al., 2018); relationships with UF bootstraps and SH-aLRT tests ≥95 and ≥80, respectively, were considered to be well-supported.

Because we had more loci in our AHE (n = 33) and UCE (n = 50) alignments compared to the multilocus dataset, and Bayesian approaches can be computationally demanding, we used polynomial time species tree reconstruction in ASTRAL-III (Zhang et al., 2018) for divergence date estimation. ASTRAL-III uses individual gene trees as input, so we built genealogies with the UCEs and AHEs. Gene trees were created using IQ-TREE with the same parameters used for the multilocus dataset loci. The individual AHE and UCE trees were used as input for our species tree analysis in ASTRAL-III (Zhang et al., 2018), under default parameters. Relationships with Bayesian posterior probabilities (Bpp) ≥ 0.95 are considered strongly supported. As mentioned above, Bayesian methods can be a computationally difficult task with high numbers of loci, so we used treePL v1.0 (Smith and O’Meara, 2012) to estimate divergence times of our AHE dataset, which has the highest familial-level sampling. This software uses a semi-parametric penalized likelihood approach to estimate rates of gene evolution on branches of a concatenated input tree. We created a concatenated alignment of our AHEs and obtained a phylogeny using the parameters described above, with the exception that a GTR+G+I model was used. We used the ‘thorough’ and ‘prime’ commands to find the optimal parameters of our treePL analysis and to ensure the analysis ran until convergence. To identify the optimal smoothing parameter, which affects the rate variation penalty across the tree, we used the random subsample and replicate cross-validation (RSRCV) function. To calibrate the divergence times, we used squamate fossils that have been described and used in previous studies (Jones et al., 2013; Alencar et al., 2016; Zaher et al., 2018; Burbrink et al., 2020; see Supplementary Table 3). Although we date the entire tree, we focus on the Natricidae given our phylogenetic results, discussed below.




RESULTS


Read and Locus Acquisition

Despite extremely low yields of DNA during extraction (see Supplementary Table 1), we were successful in sequencing many of the targeted museum specimens. Using Phyluce, we were able to recover 9–3,889 loci (median [M] = 403) from the museum (intractable) samples. However, these locus alignments were significantly smaller and contained fewer samples than loci obtained from fresh specimens, with DNA alignments from fresh samples and museum samples being 224–2,633 (average [[image: image]] = 845.8) and 10–864 ([image: image] = 121.5), respectively. The alignments with degraded samples only contained an average of 6.7 (out of 43) formalin specimens across all alignments. Using alternative approaches, all mapping and BLASTing of raw reads to the pseudoreference and reference genomes took >24 h, and thus were terminated. When mapping the loci from these unaligned.loci files of C. ruuddelangi and G. maculosa, the analyses took, respectively, 17 and 10 seconds (s) to map 1,819 and 1,248 loci to the pseudoreference (remaining loci had no match). While these were faster, some loci that mapped to the pseudoreference spanned more than one gene, albeit rarely. When using the BLAST approach of the unaligned.loci files to the pseudoreference, run time took 60 s for C. ruuddelangi (2,016 recovered loci) and 45 s for G. maculosa, (1,800 recovered loci). Because BLASTing the Phyluce unaligned.loci file to the pseudoreference recovered more loci (and the DNA sequence of each locus is conveniently created in a separate file), we use this approach and considered it the most efficient. We note that despite two rounds of cleaning and trimming of adapter sequences, tens to hundreds of loci from museum specimens contained portions of adapters, which were trimmed off when we BLASTed sequences. No clear correlations were observed between DNA yield, specimen age, or raw reads obtained (Supplementary Figure 1).

BLASTing the unaligned.loci file to the pseudoreference retrieved a total of 25,126 UCEs, 1,657 AHEs, and 199 nuclear genes across all 43 museum specimens (Supplementary Table 4). Locus lengths (bp) ranged from 28–1,627 ([image: image]/M = 218.84/152) for UCEs, 28–1,988 ([image: image]/M = 156.37/94) for AHEs, and 34–1,225 ([image: image]/M = 233.47/120.5) for nuclear genes. The two specimens of H. periops we sequenced did not yield similar numbers of loci: we obtained 5 loci (44–75 bp) from the older specimen FMNH 158616, and 3,530 loci (33–1,532 bp; [image: image]/M = 292.5/218) from the more recently collected specimen FMNH 251051. This latter sample contained 275 loci that were ≥500 bp, and this specimen was used to determine Hydrablabes phylogenetic placement amongst other snake lineages. Taking all of our museum specimens into account, we recovered UCEs, AHEs, and NPCGs ≥ 250 bp for 25, 18, and 9 specimens, respectively (Figure 2A). We found positive relationships between DNA yield with the number of AHEs and NPCGs obtained, but not UCEs (Figure 2B). These patterns were also seen when comparing total gDNA used for sequencing with the number of loci obtained. Contrarily, there was no correlation between the number of loci obtained and the age of the specimen (Figure 2B). Graphs with lines, R2, and p-values from linear models are in Supplementary Figures 1, 2.
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FIGURE 2. Nuclear loci recovered from pseudoreference BLASTing. (A) Number of individuals that yielded UCEs, AHEs, and NPCGs ≥ 250 bp. Numbers above bars represent the range of number of loci recovered amongst all individuals. (B) Graphs showing the relationships of the number of UCEs (top), AHEs (middle), and NPCGs (bottom) and specimen age (year collected), DNA yield (Qubit), and total genomic DNA used for sequencing (gDNA). Red arrow shows data point for H. periops FMNH 251051 (Qubit = ∼6.0 ng/μl), arrow positioned along axis corresponding to respective Y-axis values. Complete list of all nuclear loci and lengths for each specimen is in Supplementary Table 4.


All approaches for obtaining mitochondrial DNA from H. periops FMNH 158616 failed. However, attempts for FMNH 251051 were successful, depending on which approach was used to isolate mitochondrial bycatch. MITObim failed to extract any loci from the raw read data, while MitoFinder was successful in extracting 70 unique sequences of 15 mtDNA genes, across seven museum specimens (Supplementary Table 5). These sequences range from 162 to 1,785 bp ([image: image]/M = 898.3/914). Our most successful attempts to obtain mtDNA was using Geneious. Our mapping method of raw reads to the mitochondrial genome of Hypsiscopus plumbea resulted in a near-complete mitochondrial genome of the more recently collected H. periops specimen, mapping ∼1.17 million reads (15,649 non-ambiguous [A, C, T, G] bp), obtaining whole or partial coverage of every gene, control region, and tRNA (except tRNA-Phe). Out of the 43 museum specimens sequenced in this study, 27 specimens had at least one read mapped to the H. plumbea mitochondrial reference genome, with >1,000 reads mapped for 9 of these specimens (Supplementary Table 6). We recovered a range of 0.72–98.95% (126–17,215 bp) of the mitochondrial genome (reference = 17,397 bp). For five specimens, we obtained near-complete mitochondrial genomes, with >85% of the genome sequenced with almost all protein-coding genes, tRNAs, control regions, and the replication origin (Figure 3A). We observed no relationship between age or total gDNA with the number of non-ambiguous bp mapped to the mtDNA reference, number of raw reads mapped to the mtDNA reference, or percent of mtDNA genome sequenced (Figure 3B and Supplementary Figure 1). This was also seen when comparing DNA yield to the number of raw reads mapped to the mtDNA reference. However, DNA yield had a positive relationship with the number of bp mapped to the reference and percent of mtDNA genome sequenced (Figure 3B). Graphs with lines, R2, and p-values from linear models are in Supplementary Figures 1, 2.
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FIGURE 3. Mitochondrial mapping results from Geneious. (A) Mapped loci from specimens genera in order include Calamophis, Brachyorrhos, Hydrablabes, Ferania, Mintonophis, Hypsiscopus, and Miralia with ≥25% of the whole mitochondrial reference genome (mtGenome). Blocks indicate successfully recovered regions (minimum ≥ 20% coverage). Gene regions colored in order as they appear on the reference genome. (B) Graphs showing the number of mitochondrial raw reads mapped to the mtGenome, percent of the mtGenome obtained, and the total number of base pairs obtained relative to total genomic DNA used for sequencing (gDNA; purple dots), DNA yield (Qubit score; green dots), and sample age (year collected; blue dots). Red arrow shows data point for H. periops FMNH 251051 (Qubit = ∼6.0 ng/μl), arrow positioned along axis corresponding to respective Y-axis value. The complete list of mtDNA regions and respective coverage for each specimen is in Supplementary Table 6.




Concatenated and Species Tree Analyses

Our concatenated tree of homalopsids (fresh and degraded samples) + Hydrablabes (degraded samples) using all loci obtained from Phyluce (4,822 alignments concatenated to 2,346,038 bp) placed the two H. periops specimens within a group containing all museum sample homalopsids (Supplementary Figure 4). However, all of the museum samples randomly cluster (i.e., no sensible evolutionary relationships) together close to the outgroup taxa with long branches, and are placed outside of the fresh homalopsid specimens.

Our concatenated and genomic trees using the molecular data obtained from Geneious combined with published datasets supported the placement of H. periops in Natricidae. The multilocus dataset of natricids from Deepak et al. (2021a) recovered a monophyletic Natricidae, with Hydrablabes periops as the sister taxon to Trimerodytes praemaxillaris (Supplementary Figure 3). The single gene trees resulted in multiple positions for H. periops, including an unresolved placement (BDNF), as sister to T. praemaxillaris (cyt-b), and the most closely related lineage to the sister pair Smithophis atemporalis + Opisthotropis voquyi (ND4) (Supplementary Figure 3). The species tree constructed from StarBEAST2 reached convergence and most ESS values were >200, with the exception of a few bModelTest and shape parameters, and one gene subset likelihood; the posterior, likelihood, prior, and species coalescent parameters all had ESS > 200. The species tree shows H. periops in the same phylogenetic position as the ND4 gene tree. While there is low support for placement with respect to the generic relationships, H. periops is strongly supported as a natricid (Figure 4A) in this multilocus tree.


[image: image]

FIGURE 4. Phylogenetic placement of Hydrablabes periops using three datasets from other studies. (A) Species tree using one nuclear and two mitochondrial genes (outgroup = Grayia); scale bar in nucleotide substitutions per site. (B) Homalopsidae species tree using UCEs; blue clade = Homalopsidae, scale bar in coalescent units. (C) Squamate species tree using AHEs; blue clade = Natricidae, numbers on enlarged Natricidae clade represent divergence dates in millions of years. Node circles in all trees indicate strongly supported relationships (Bpp ≥ 0.95; not shown for Squamata AHE tree). Photo credit of live H. periops: Chien C. Lee.


The genomic trees using loci from published data also support that H. periops is in the family Natricidae, with its placement outside Homalopsidae. The UCE species tree strongly recovered Homalopsidae as a clade, and H. periops positioned with the outgroups Micrurus, Chironius, and Philodryas with strong support (Figure 4B). Specifically, H. periops is sister to Chironius (Colubridae) + Philodryas (Dipsadidae), although with poor support (Figure 4B). For the AHEs, we were able to obtain 33 loci that aligned to the AHEs of several snake families from Burbrink et al. (2020). Our species tree using 33 loci was broadly consistent with the full dataset from Burbrink et al. (2020), with most nodes strongly supported (Figure 4C). Higher-level relationships were identical between both trees, with the exception of the placement of Dibamia and Iguania, both of which have low support in our tree and in the species tree from Burbrink et al. (2020). Of the 37 snake families, our species tree shares the same relationships with ones seen in the full dataset tree, with the exception of the placements of Atractaspididae, Bolyeriidae, and Lamprophiidae, the latter poorly supported in both trees. Similar to the UCE tree, using AHEs recovered H. periops within Natricidae with strong support (Figure 4C); H. periops is sister to a clade containing Eurasian natricids (Trimerodytes percarinatus and Natrix natrix) and North American natricids (Tropidoclonion lineatum, Storeria dekayi, Thamnophis marcianus, Liodytes pygaea) (Figure 4C). Our AHE concatenated tree, used for divergence dating, is similar to the one obtained in Burbrink et al. (2020), with the exception that the ancestral Iguania lineage subtends Anguiformes (sister to Anguiformes in Burbrink et al., 2020). Our divergence dates of Natricidae are within 1–5 myr of those obtained from Burbrink et al. (2020) with the divergence of H. periops from its sister group ∼20.9 mya (Figure 4C).




DISCUSSION


Museum Genomics Is Successful With a Range of Specimen Ages and DNA Yields

Our results emphasize that the outcomes of several phases of museum genomics projects (e.g., DNA extraction, DNA sequencing, and bioinformatics) may not be optimal, yet valuable results can still be obtained. Our DNA extraction attempts on museum specimens yielded poor concentrations of DNA (often <0.1 ng/μl; see Supplementary Table 1). However, we were still able to extract a large number of nuclear and mitochondrial loci for several specimens, and even near-complete mitochondrial genomes for 5 individuals. We observe comparable findings with respect to other studies in that DNA extractions on museum specimens yielded extremely low levels of quantifiable DNA, often resulting in Qubit readings of ‘Too Low’ or <0.01 ng/μl (rarely ≥1 ng/μl), which are similar to reported quantifications in museum genomics studies (Hykin et al., 2015; Ruane and Austin, 2017). Though some studies achieve a wide range of DNA yields (“Too Low”–11.5, Ruane and Austin, 2017; “Too Low”–92.4, Zacho et al., 2021) from specimens when using identical methods within the respective study, it is likely that this is the result of different preservation treatment and environmental factors from time of collection to DNA extraction [e.g., exposure to UV light, time span from the death of an animal to preservation, preservation methods (ethanol vs. formalin), etc.]. While such information may not be (and are often not) recorded, the year of collection is typically known, providing an estimate of the age of the specimen post-mortem. Our study obtained significantly more nuclear and mitochondrial loci from the 28-year old (1993) specimen compared to the 57-year old (1964) specimen, the latter of which we only obtained five nuclear genes (44–75 bp; Supplementary Table 4). However, we cannot draw concrete patterns in relation to sequencing success and age (or even DNA yield), as some specimens from 1963 yielded DNA concentrations of 0.3–0.8 ng/μl (compared to <0.1 for other specimens) with failed sequencing results, while others for which we obtained near-complete mitochondrial genomes and hundreds of nuclear loci had concentrations <0.1 or even ‘Too Low’ and were collected in 1853 and 1921. These latter specimens are 41–109 years older than the 1964 H. periops specimen with failed sequencing attempts. Other studies have also found positive correlations between specimen age and DNA sequencing success in reptiles (Hykin et al., 2015) and birds (McCormack et al., 2016), but this is not ubiquitous amongst museum genomic studies with the same study organisms (e.g., Linck et al., 2017; Ruane and Austin, 2017). It is worth noting that obtaining samples that have had less time in fixatives will be ideal for recovering and sequencing DNA, as has been seen in recent studies using AHEs from salamanders that are ∼50 years old (Pyron et al., 2022). We note that while many of our linear regressions do not support significant relationships between DNA yield, age of specimens, and particular locus types retrieved (Supplementary Figures 1, 2), future studies that include more specimens with an even sampling of specimen ages and tissue types may find better consistency with respect to specimen age and quality of results.



Museum Genomics Confirms Hydrablabes Is an Asian Natricid

The placement of H. periops supports the familial taxonomic status of Hydrablabes as a natricid, rejecting the hypothesis that this species is a homalopsid (Murphy and Voris, 2014). Divergence dates of natricids estimated here are slightly younger (Figure 4C) than those of Burbrink et al. (2020) (likely due to our reduced dataset and the inclusion of Hydrablabes), but are still broadly consistent with what is hypothesized about this family’s diversification. Hydrablabes is a genus that is endemic to Borneo, a continental island that has only recently separated from mainland Southeast Asia (Hall, 2009). Cenozoic Sundaland was composed of the islands of Borneo, Java, and Sumatra, connected to the mainland by a land bridge. At ∼400,000 years ago (kya), Pleistocene sea-level fluctuations caused cycles of emergence and submergence of this land bridge during respective glacial and interglacial periods, up until the Last Glacial Maximum ∼20 kya (Voris, 2000; Sarr et al., 2019; Husson et al., 2020). Given its distribution, the close relation of H. periops to other Asian natricids is not unexpected, and our multilocus and AHE datasets provide different, yet valuable, information regarding the evolution of Hydrablabes. The multilocus tree supports H. periops as most closely related to Asian natricids in South and Southeast Asia, but outside of the clade with Indochinese Trimerodytes, Eurasian Natrix natrix, and North American natricids. Similarly, the AHE tree supports H. periops as sister to a group containing these taxa. These topologies are congruent with that of Deepak et al. (2021a), whose study also supported an Asian origin of Natricidae. Results from Deepak et al. (2021a) show a Mainland Asia + Japan origin over 20 mya for the clade that Hydrablabes is sister to. Biogeographic scenarios make sense in relation to our findings, as Borneo was still connected to the mainland prior to 400 kya (Hall, 2009; Husson et al., 2020). Our age of the clade containing H. periops (∼20.9 mya) may indicate population dispersal into Borneo from the mainland, with subsequent extinction events outside Borneo. Alternatively, the lineage ancestral to this clade may have dispersed into Borneo, followed by an in situ speciation event. The divergence dates of H. periops and Trimerodytes occur at interesting points in Indochina’s geological record. Specifically, the rise of the Hengduan Mountains of the eastern Tibetan Plateau (Western China) are considered to have been a diversification driver of Trimerodytes ∼23.9 mya (Guo et al., 2020). While greater taxonomic sampling of Hydrablabes and other Borneo-endemics, as well as increased molecular sampling, will help to elucidate the evolutionary history of Hydrablabes amongst natricids, these initial results provide evolutionary and phylogeographic hypotheses for future testing.



Expectations and Suggestions for Museum Genomics

Museum genomics has advanced significantly in the last decade, undoubtably a product of newer, high-throughput sequencing technologies and the rapid accumulation of genome-scale datasets. A variety of biochemical protocols have been developed with varying degrees of success in different organismal systems. Some protocols (Campos and Gilbert, 2012; Hykin et al., 2015) rely on hot alkali treatments to increase the odds of extracting DNA by breaking formalin-induced crosslinking between DNA and protein. Other methods increase the amount of digestive enzymes (e.g., proteinase-K) and lengthen the digestion times to breakdown more total amount of tissue (Ruane and Austin, 2017; this study). Additional steps, such as ‘pre-digestion’ steps with buffers for removing surface contaminants, have also been used when working with bone (Allentoft et al., 2015). All of these biochemical differences in workflows will inevitably have differing success rates depending on tissue type and quality (discussed below), as well as the type of loci being targeted (mtDNA, UCEs, AHEs, NPCGs, introns, whole genomes, etc.). While we are starting to better understand the damaging effects of formalin- and ethanol-fixation on museum specimens that hampers their input into evolutionary studies (Card et al., 2019), there is still a paucity for expectations during various parts of the project workflow when dealing with intractable specimens. Below, we provide expectations and tips based on our experiences in dealing with museum specimen genomics, in hopes that other researchers can maximize the data obtained from seemingly failed sequencing attempts.


DNA Extraction

The success of extracting quantifiable DNA of sufficient quality is dependent on numerous variables, most of which are unknown (e.g., specimen storage conditions since collection, preservation technique, time span from death to preservation, etc.). If available, a variety of tissue types (liver, muscle, and bone) from multiple individuals of different ages, should be used. Some studies have found that higher DNA yields were extracted from soft tissues, such as liver and muscle, compared to hard bone tissue (Zacho et al., 2021). Though, bone tissue can yield surprisingly high amounts of DNA (Zacho et al., 2021) of sufficient quality for sequencing, as we found from our homalopsid specimens, potentially due to greater protection against chemicals inside dense tissue. Specifically, the two bone samples used here, with few nuclear loci, provided ∼66 and ∼89% of the mitochondrial genome. We also note that while bone digestion protocols (Allentoft et al., 2015, 2018) may be more tedious than using Qiagen or phenol-chloroform procedures, they should not be overlooked as a tissue source. Additionally, this may prevent destructive sampling of fluid specimens if skeletons are already available in natural history collections (especially in snakes, which have hundreds of ribs). We used minimal amounts of bone (122 and 14 mg) for the bone extractions here.

Our protocols used proteinase-K as a tissue digesting agent. We note that proteinase-K often failed to digest tissues completely or even partially (over 48–72 h). This was true even if tissue was pulverized, with or without the aid of liquid nitrogen, to increase surface area. Vortexing samples every 6 h could facilitate tissue lysis, as well as adding 25 μl of proteinase-K every 24 h. While relationships between proteinase-K concentration and DNA yield for museum samples are lacking, formalin-fixed, paraffin-embedded tissue sections have provided increased DNA amounts when subjected to more digestion enzyme (Frazer et al., 2020). The failure of tissues to digest completely may result in clogging of filter tubes in spin columns, thus using multiple tubes per tissue specimen is recommended during such scenarios. While museum genomics studies typically report low DNA yields during extraction, our results highlight that even quantifications of <0.1 ng/μl can lead to successful sequencing of nuclear and mitochondrial loci. Nonetheless, combining aliquots of DNA extractions from the same individuals will increase the total gDNA and increase the likelihood of sequencing success, especially with specimens that were preserved more recently. We found more mtDNA was caught as bycatch when more total gDNA was used for sequencing (Supplementary Figure 2). Though, linear regression results were influenced by the inclusion of FMNH 251051; without this specimen, total gDNA was positively correlated with the number of AHEs and UCEs, but not the amount of mtDNA obtained (Supplementary Figure 1). Our study included samples with 3.78–932.85 ng, with successful sequencing at the lowest and highest ends of this range (Supplementary Table 1).



Dataset Integration

One of the greatest potentials of museum genomics is to combine these fluid specimen data with already published datasets. While studies will differ in scientific disciplines, aims, and taxonomic groups, projects should preemptively focus on how potentially-obtained data from intractable specimens will or can be combined with available datasets (or future datasets for that matter). In this study, we use the SqCL v2 (Singhal et al., 2017b) probe set as it targets three different locus types: UCEs, AHEs, and NPCGs common to squamate studies. Here, we leveraged data from studies that used traditional nuclear and mitochondrial markers (Deepak et al., 2021b), AHEs (Burbrink et al., 2020), or UCEs (Bernstein et al., unpublished data), each providing information that ultimately allowed us to determine the taxonomic affinity and biogeographic hypotheses of H. periops. We note that we obtained significantly more UCEs than AHEs and NPCGs, but this may be due to the SqCL probe set targeting thousands more UCEs compared to the other nuclear loci. Additionally, spiking libraries with unenriched pools can increase the likelihood of mitochondrial bycatch. We found that mitochondrial protein coding genes (e.g., 16S, ATPase, COX1, and cyt-b) were more often recovered than tRNAs (Supplementary Table 6). Future studies that standardize the nuclear and mitochondrial loci targeted, as well as specimen sampling, might identify patterns that show specific types of loci are more likely to be sequenced than others. Regardless of the loci being targeted, we suggest the sampling of a conspecific or congener from fresh tissues to aid in downstream analyses (see below).



Bioinformatics and Locus Acquisition

The bioinformatics phase of museum genomics depends on the amount of DNA that was successfully sequenced, but pipelines may still run to completion, even with extremely short DNA fragments. We only use one pipeline here (Phyluce) and found that all steps ran to completion with no errors. However, a resulting concatenated phylogeny recovered all museum specimens in a clade near the outgroup, with extremely long branches and showing no reasonable evolutionary relationships (Supplementary Figure 4). While this is no reflection on the pipeline itself, a variety of assembly methods and parameters can be used to optimize results (e.g., ABySS with different k-values and SPAdes with k-value averaging). Averaging of k-values using SPAdes in Phyluce worked best for our data. We note that assembly took >72 h (a common computer cluster time limit if nodes are public), thus we had to subsample to 7 million reads from our paired-end raw read data when using computer nodes with 182 GB and 28 cores. This was often needed for samples that had >15 million raw reads (∼42% of our museum samples; Supplementary Table 1).

While we found that a mapping method using individual loci obtained from Phyluce was best for creating DNA alignments, we emphasize that loci should be visually checked for remaining adapter contamination. We found that even with two rounds of trimming and cleaning, partial or whole adapter sequences were still appended to one or both ends of many loci of only the formalin specimens. Sequencing a fresh sample to create a pseudoreference of the target loci (or using a reference genome if one is available) can allow for BLASTing of loci to the pseudoreference and eliminating remaining adapter contamination. Finally, we find that mapping to mitochondrial genomes in Geneious was the most efficient method for obtaining mtDNA loci, with results from Geneious obtaining better coverage of the mitochondrial genome across more specimens when compared to MitoFinder.



Terminology of Museum Genomics Specimens

In our study, we refer to our sampling as ‘museum’ or ‘intractable’ specimens. As biochemical protocols improve to increase the success rate of extracting and sequencing DNA from voucher specimens, the terminology we use to describe these processes may change as well. Currently, ‘museum,’ ‘intractable,’ ‘degraded,’ ‘fixed,’ ‘preserved,’ and ‘historic’ samples/specimens have all been used. However, this terminology may not always be accurate, and can be misleading or confusing. For example, the use of the word ‘specimen’ denotes the physical voucher animal, but this voucher is not always in a degraded or poor condition; contrarily, voucher specimens are often in great physical condition and it is the DNA and other molecular compounds that are damaged. Additionally, the term ‘museum samples’ does not distinguish between tissues of high quality (i.e., ‘fresh’ tissue) versus those that are degraded, as both tissue types likely came from natural history specimens. Furthermore, ‘preserved’ or ‘fixed’ samples may not include dried out samples that were not chemically treated, and the word ‘historic’ is ambiguous in relation to time. Though, the word ‘intractable’ may be informative in regards to sample/specimen quality; even as new protocols are developed, chemically-fixed samples will be more difficult (intractable) to sequence DNA from than freshly-extracted tissues prior to preservation. We also suggest, when known, stating the method of preservative (e.g., ‘formalin-fixed’ and ‘ethanol-fixed’ tissues) when referring to samples from liquid fixatives.





CONCLUSION

Museum genomics is rapidly advancing as new protocols are developed and resulting datasets are then used for a range of evolutionary studies (Guschanski et al., 2013; Mikheyev et al., 2017; Ruane and Austin, 2017; Allentoft et al., 2018; Deepak et al., 2018). Museum collections have been viewed as a window into the past of natural history, which is vital for understanding evolutionary processes, ecological dynamics, and global change (Suarez and Tsutsui, 2004; Bradley et al., 2014; Meineke et al., 2019). Morphological inspection of voucher specimens is indeed important for studying diversity and the processes that generate it, but may be hampered by poor specimen quality or changes in commonly-measured traits (Maayan et al., 2022). Opportunities provided by natural history collections have now expanded, with genetic and genomic sequencing of museum specimens facilitating species (re)discovery (Rasmussen et al., 2012) and determining past evolutionary dynamics (Mikheyev et al., 2017; Tsai et al., 2019; Roycroft et al., 2021). Our approach and methodology were successful for incorporating both nuclear and mitochondrial data for phylogenetics, the latter of which is often used in museum genomics studies due to its often-easier acquisition over nuclear loci. In this study, we maximized both nuclear and mitochondrial data from a seemingly-failed attempt at producing useful sequence data from a preserved specimen of H. periops, a poorly known snake endemic to an island biodiversity hotspot in Southeast Asia. The expectations of outcomes when conducting museum genomics projects are important for planning such studies, increasing the likelihood of success, and maximizing data use and interpretation of results. As more studies discuss both the successes, ‘failures,’ and difficulties when sequencing DNA from voucher specimens, the field of museum genomics will advance even further, as well as our knowledge of rare and even extinct species.
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Supplementary Figure 1 | Linear regression models for nuclear and mitochondrial data, without the inclusion of Hydrablabes periops FMNH 251051. R2, F-, and p-values are given (α = 0.05). Trend lines shown in red.

Supplementary Figure 2 | Linear regression models for nuclear and mitochondrial data, with H. periops FMNH 251051 included in linear models. R2, F-, and p-values are given (α = 0.05). Trend lines shown in red.

Supplementary Figure 3 | Maximum likelihood trees of BDNF, ND4, cyt-b, and a concatenated tree of these loci, using sequence data from Deepak et al. (2021a). Values at nodes represent SH-aLRT (left) and UF bootstraps (right); scale bar in number of substitutions per site.

Supplementary Figure 4 | Phylogeny of Homalopsidae (fresh and degraded specimens) using a concatenated dataset of all loci obtained from the Phyluce pipeline. Degraded (Museum) specimens are shown in pink, with fresh (non-degraded specimens with high quality DNA) colored in black. Scale bar in number of substitutions per site.

Supplementary Table 1 | Specimen information, read data, and adapter and barcode sequences for all specimens used in this study. Raw read data, number of nuclear loci obtained from Geneious, and Qubit quantifications are given for museum samples only.

Supplementary Table 2 | Morphological data recorded for Hydrablabes periops specimens.

Supplementary Table 3 | Node calibrations used for treePL divergence dating for the AHE Squamata phylogeny. Fossil calibrations used, respective minimum and maximum fossil ages, and their uses in previous studies are obtained from Burbrink et al. (2020).

Supplementary Table 4 | Nuclear loci from the SqCL probe set that were extracted using BLAST in Geneious. Locus lengths are given in base pairs (bp).

Supplementary Table 5 | Successful MitoFinder results for museum specimens. Taxon, voucher ID, mitochondrial gene, and locus lengths (base pairs; bp) are given.

Supplementary Table 6 | Percentages and lengths (base pairs; bp) of mitochondrial reference genome and mitochondrial gene regions recovered for museum specimens using the mapping method in Geneious.


FOOTNOTES

1
https://github.com/lh3/seqtk
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Etmopteridae (lantern sharks) is the most species-rich family of sharks, comprising more than 50 species. Many species are described from few individuals, and re-collection of specimens is often hindered by the remoteness of their sampling sites. For taxonomic studies, comparative morphological analysis of type specimens housed in natural history collections has been the main source of evidence. In contrast, DNA sequence information has rarely been used. Most lantern shark collection specimens, including the types, were formalin fixed before long-term storage in ethanol solutions. The DNA damage caused by both fixation and preservation of specimens has excluded these specimens from DNA sequence-based phylogenetic analyses so far. However, recent advances in the field of ancient DNA have allowed recovery of wet-collection specimen DNA sequence data. Here we analyse archival mitochondrial DNA sequences, obtained using ancient DNA approaches, of two wet-collection lantern shark paratype specimens, namely Etmopterus litvinovi and E. pycnolepis, for which the type series represent the only known individuals. Target capture of mitochondrial markers from single-stranded DNA libraries allows for phylogenetic placement of both species. Our results suggest synonymy of E. benchleyi with E. litvinovi but support the species status of E. pycnolepis. This revised taxonomy is helpful for future conservation and management efforts, as our results indicate a larger distribution range of E. litvinovi. This study further demonstrates the importance of wet-collection type specimens as genetic resource for taxonomic research.

Keywords: type specimens, Etmopterus litvinovi, Etmopterus pycnolepis, deep-sea sharks, archival DNA


INTRODUCTION

Shark diversity is poorly represented in the scientific literature. Shark biologists have tended to focus on a few easy-to-access taxa that are assumed to be representative of the groups to which they belong. For example, though there are more than 40 different species of deep-sea lantern sharks (genus Etmopterus), nearly a quarter of the 2082 publications devoted to Lantern shark biology (Pollerspöck and Straube, 2021) has focussed on a single species (Etmopterus spinax). Thus, most of the diversity of this group remains relatively unexplored (Figure 1). To make matters worse, a substantial fraction of lantern shark diversity is known only from formalin preserved type material that was collected prior to the advent of DNA sequencing. Hence, tissue sampling, common practice today for performing DNA sequence-based analysis such as DNA barcoding (Hebert et al., 2003), was not conducted and fixation in formaldehyde and preservation in ethanol causes DNA damage (Gilbert et al., 2007; Hoffman et al., 2015; Hykin et al., 2015; Stiller et al., 2016; McGuire et al., 2018; Hahn et al., 2021). This means that, while we know that the group has diversified extensively (e.g., Straube et al., 2011a; Ebert et al., 2016, 2021; White et al., 2017; Dolganov and Balanov, 2018), it has been hard to decipher how the different species are related to one another and how different ecological pressures have contributed to their diversification. Recently developed tools allow us to obtain DNA sequence data from formalin preserved animals (Gansauge et al., 2017; Hahn et al., 2021; Straube et al., 2021a). In the current contribution we have applied these tools to type material for two species of Etmopterus and show how the data collected have implications, not only for understanding their taxonomy and evolution, but also their ranges, which has consequences for their conservation and management. The genus is subdivided into four clades supported by both DNA sequence data and morphological characters (Straube et al., 2010). Morphological characters therefore allow for tentative assignments of species lacking DNA sequence information to one of the four clades. Our first target species, Etmopterus litvinovi (Smalleye lantern shark, Parin and Kotlyar, 1990) has been assigned to the E. spinax clade (Straube et al., 2010, 2011a) comprising 11 species today (Ebert et al., 2021). The presence and shape of flank markings, dark patterns above the pelvic fins, is a key character allowing for species-to-clade assignments in many Etmopterus species. While the character is not present in all species and ontogenetic stages, every species of the E. lucifer clade shows distinct flank markings characterised by anterior and posterior branches. Species of the E. lucifer clade can further be subdivided into three subclades based on length comparisons of the anterior and posterior flank mark branches (Ebert et al., 2021). The three subclades are the E. lucifer, the E. molleri and the E. burgessi subclades. The E. lucifer subclade includes the four species E. brosei, E. lailae, E. lucifer and E. sculptus. E. alphus, E. brachyurus, E. bullisi, E. decacuspidatus, E. dislineatus, E. molleri, and E. samadiae are the seven species assigned to the E. molleri subclade. The E. burgessi subclade comprises four species, namely E. burgessi, E. evansi, E. marshae, and E. pycnolepis (Ebert et al., 2021). Etmopterus pycnolepis (Dense-scale lantern shark, Kotlyar, 1990) is our second target species. Both E. litvinovi and E. pycnolepis are known from their type specimens only and little is known regarding their biology as they were hitherto sampled only once each in the Salas y Gómez and Nazca submarine ridges in the Southeast Pacific (Kotlyar, 1990; Ebert et al., 2013).
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FIGURE 1. Pie chart showing the number of scientific publications listed per Etmopterus species in the bibliographic database Shark References. Species with a total number of publications below 30 are summarised. Global IUCN Red List of Threatened Species status (VU = vulnerable; LC = least concern; DD = data deficient) is given in front of species names, year of description in brackets.




MATERIALS AND METHODS


Etmopterus litvinovi (Smalleye Lantern Shark)

This species is known from 32 type specimens housed in three different museum collections, the Laboratory of Ichthyology at the Zoological Institute of the Russian Academy of Sciences (ZIN), St. Petersburg, Russia (holotype: ZIN 49228; six paratypes: ZIN 49229–32), the Zoological Museum (ZMMU), Biological Faculty, M. V. Lomonosov Moscow State University, Moscow, Russia (21 paratypes ZMMU: P-17989–91; two paratypes P-18222) and the ichthyological collection of the Zoological Museum (ZMH) of the LIB in Hamburg, Germany [paratype ZMH 24994 (ex ISH 6-1989); paratype ZMH 24993 (ex ISH 5-1989)]. We sampled muscle tissue from the paratype specimen ZMH 24994 (Figure 2A) at the caudal peduncle using a biopsy needle for minimally invasive sampling. The tissue was preserved in the original preservation fluid of the storage container. The specimen was captured at 25°21′S and 85°8′W at a depth of 720 m on 24.04.1987. It is a juvenile male of 445 mm total length (Thiel et al., 2009; Straube et al., 2011a). Although not explicitly mentioned in the original description, or tested by us, the overall condition of the specimen indicates a fixation in formaldehyde: both body and eyes do not show bleaching of exclusively ethanol preserved samples. Furthermore, the common procedure during research cruises at the time of sampling was a fixation of specimens in 4% formaldehyde and long-term preservation in 70% ethanol.
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FIGURE 2. Paratype images of (A) Etmopterus litvinovi (ZMH 24994) and (B) Etmopterus pycnolepis (ZMH 24995). Bars indicate 1 cm.


Laboratory steps and analysis of test-sequencing data of this specimen is described in detail in Straube et al. (2021a). The sample was incubated in a GuSCN-based buffer (Rohland et al., 2004) applying the protocol by Dabney et al. (2013) for DNA purification. A single-stranded DNA library was then constructed, and test-sequencing was performed to check for the ratio of target DNA and contamination. After detection of endogenous DNA in the test-sequencing dataset, target capture for mitochondrial DNA was performed using home-made baits. These were generated from long-range PCR products amplified from the DNA of Etmopterus cf. molleri tissue housed in the tissue sample collection of the Bavarian State Collection of Zoology (registration number: Ich-P-CH-0264). For the long-range PCR protocol and primers see Straube et al. (2021a). Hybridisation capture was then performed following the protocol of González Fortes and Paijmans (2019), where the single-stranded library is mixed with the denatured bait library after addition of blocking oligos. Hybridisation of target DNA to baits was carried out for 24 h at 65°C. The captured library was then amplified, and the capture procedure and amplification repeated. The resulting double captured library was then sequenced using custom sequencing and index 2 read primers (Gansauge and Meyer, 2013; Paijmans et al., 2017) on an Illumina® MiniSeq instrument. We used a mid-output kit in a pool of double indexed samples.

Paired-end raw reads were quality and adapter trimmed with Cutadapt v.1.16 (Martin, 2011) using default settings. The iterative mapping algorithm MitoBim v. 1.9.1 (Hahn et al., 2013) was then used to reconstruct the mitochondrial genome sequence, using default settings and Genbank entry KU892588 (Etmopterus pusillus; Chen et al., 2016) as reference for initial baiting. Annotation was performed by aligning the paratype consensus sequence to KU892588 in Geneious® Prime 2021.1 (Biomatters Ltd. Auckland, New Zealand), and checked for internal stop codons. Protein coding genes could not be fully reconstructed. The tRNA-Phe and tRNA-Val transfer RNAs, and the 12S and 16s ribosomal RNAs could be completely reconstructed and were therefore extracted for phylogenetic analysis (2676 bp in total). Reads used in the last iteration of Mitobim were mapped back to the mitochondrial genome consensus sequence as well as to the tRNA and rRNA sequences using BWA aln v.0.7.17 (Li and Durbin, 2009), with default settings, to check if the reads could be unambiguously mapped. Further, BWA was used to align the trimmed and quality filtered reads excluding duplicates to the full mitochondrial genome sequence as well as the tRNA-Phe, the 12S ribosomal RNA, the tRNA-Val and the 16S ribosomal RNA of KU892588 to assess coverage. Obtained sequences were aligned to the sequences of specimens listed in Supplementary Table 1, covering nine of the eleven species of the E. spinax group (Straube et al., 2010; Ebert et al., 2021). Sequences used to determine the phylogenetic placement of E. litvinovi were obtained from the Chondrichthyan Tree of Life (2016) project1 which are collected from vouchered and validated specimens, as described in White et al. (2018). A maximum likelihood tree was computed using RAxML v.8.2.4 (Stamatakis, 2014) under the general time reversible model. Heterogeneity of substitution rates among sites was modelled using a GAMMA distribution. To assess the statistical support for nodes, bootstrapping with 100 replicates was performed and plotted onto the maximum likelihood tree. A haplotype network was reconstructed with POPArt v. 1.7 (Leigh and Bryant, 2015) using the median joining network algorithm (Bandelt et al., 1999) under default settings. The RAxML tree served as a basis for calculating the p-distances between E. litvinovi and E. spinax clade species analysed herein using the Species Delimitation Plugin 1.4.5 (Masters et al., 2011) in Geneious®.



Etmopterus pycnolepis (Dense-Scale Lantern Shark)

This species is known from six specimens housed in three different museum collections, the ZIN (holotype: ZIN: 49226; two paratypes: ZIN: 49227); the ZMMU (paratype ZMMU: P-17992, paratype ZMMU P-17993) and the ZMH [paratype ZMH: 24995 (ex ISH 4-1989)]. We sampled tissue from the paratype specimen ZMH 24995 (Figure 2B) as described previously for the E. litvinovi paratype specimen. The specimen was captured at 25°56′ S and 88°33′ W at a depth of 580 m on 30.04.1987. It is an adult male of 426 mm total length (Thiel et al., 2009). As described for the E. litvinovi paratype, the overall condition and sampling date of the specimen suggests fixation with formaldehyde.

DNA extraction of the sample involved the same procedure as for E. litvinovi. Single stranded library preparation of E. pycnolepis DNA followed the protocol described in Gansauge et al. (2017). The E. pycnolepis sample underwent different laboratory procedures in comparison to the E. litvinovi sample, as the samples were processed with a considerable temporal gap, during which time the standard procedures in the historical laboratory at the University of Potsdam had been updated. Raw test-sequencing reads were analysed as in Straube et al. (2021a). FastQ Screen v0.14.0 (Wingett and Andrews, 2018) was used to check for unique hits to Etmopterus references and estimate contamination levels, before proceeding with target capture. After detection of target DNA in the test sequencing dataset, target capture was performed using an Arbor Bioscience myBaits® RNA bait kit. The baits were part of a multi-locus, multi species museum specimen barcoding approach described in Agne et al. (2022). NADH2 bait sequences were derived from representatives of all four Etmopterus clades (Straube et al., 2010) deposited in Genbank: E. lucifer (JQ518963), E. gracilispinis (JQ518960), E. granulosus (KF861686) and E. bigelowi (JQ518959). The four sequences were initially published in Naylor et al. (2012) and Straube et al. (2015). The single stranded DNA library was captured twice following the protocol described in Huang et al. (2021) using a hybridisation temperature of 65°C for 24 h. Sequencing of the double-captured, indexed library was performed on an Illumina NextSeq 500 System at the University of Potsdam as described in Paijmans et al. (2017). After quality filtering and adapter trimming using Cutadapt v. 2.10 (Martin, 2011) under default settings, reads were processed as described for E. litvinovi to reconstruct the NADH2 sequence of the paratype, using the NADH2 sequence of E. lucifer (JQ518963; Naylor et al., 2012) as reference.

The NADH2 consensus sequence (1044 bp) of the paratype was subsequently aligned with NADH2 sequences of other Etmopterus species with focus on the E. lucifer clade (Supplementary Table 2). Comparative sequences were obtained from the Chondrichthyan Tree of Life (2016) project (see text footnote 1). For details of NADH2 amplification and sequencing see Naylor et al. (2005, 2012). Forward and reverse sequences were aligned based on chromatograms and edited using Geneious® Pro v. 6.1.7 (Biomatters Ltd. Auckland, New Zealand). The consensus sequences were translated to amino acids and aligned with corresponding NADH2 sequences from representatives of closely related species using the MAFFT (Katoh et al., 2002, 2005) module in Geneious®. The aligned amino acid sequences were translated back in frame to their original nucleotide sequences, to yield a nucleotide alignment 1044 base pairs in length. Analysed samples are listed in Supplementary Table 2 including 13 of the 15 E. lucifer clade species. Phylogenetic inference and species delimitation was performed as described for E. litvinovi.




RESULTS


Etmopterus litvinovi (Smalleye Lantern Shark)

A total of 3,734,481 trimmed and quality filtered reads were available after combining test-sequencing and target capture data, including duplicates. MitoBim ran for four iterations. 1,589,598 reads were used for baiting in the final iteration step. The consensus sequence shows 1.26% ambiguities scattered across the mitochondrial genome. Excluding duplicate sequences, 4985 reads map to the consensus sequence resulting from the Mitobim analysis providing an average coverage of 22 reads. The GC content is 40%. The mitochondrial tRNA and rRNA markers used for the phylogenetic analysis showed mapped read lengths mostly larger than 70 base pairs (Supplementary Figure 1A) and an average coverage of 58 reads, excluding duplicates (Supplementary Figure 2A). They did not show any ambiguous nucleotides.

The maximum likelihood phylogeny of the tRNA and rRNA sequences identifies lineages corresponding to species within the E. spinax clade. The relationships in the tree are mostly well-supported with many bootstrap values reaching 100% (Figure 3A). The E. litvinovi paratype sequence is sister to a sample identified as E. benchleyi. This clade also includes a specimen of E. benchleyi sampled in the Indian Ocean (GN4952). The clade as a whole is sister to the North Atlantic species E. princeps and E. spinax, which together form the sister clade to the Southern Hemisphere species E. viator (Figure 3A). The reconstructed haplotype network detected five haplotypes with 34 segregating sites and 16 parsimony-informative characters. Figure 3B shows that the haplotype sequence of the E. litvinovi paratype is identical to the E. benchleyi sample GN14570 and separated by a single mutational step from E. benchleyi sample GN4952. The species delimitation analysis shows that the interspecific K2P distance between two valid sister species within the E. spinax clade is on average 1.6% (Supplementary Table 3A), while the K2P distance between E. litvinovi and E. benchleyi is substantially smaller (K2P distance = 0.0518%; Supplementary Table 3A). Overall, our data does not support the validity of both species due to the phylogenetic placement of the E. litvinovi paratype sequence in the E. benchleyi clade and a very small K2P distance between both species.
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FIGURE 3. (A) Maximum likelihood analysis of Etmopterus 12s and 16s rRNA sequences. Numbers at nodes denote bootstrap support values. Oxynotus bruniensis was chosen as outgroup. (B) Haplotype network of 12s and 16s rRNA sequences including sequences from the E. litvinovi paratype, E. benchleyi and its sister clade comprising E. princeps and E. spinax. Crossbars indicate mutational steps. E. litvinovi and E. benchleyi GN14570 share a haplotype, GN4952 differs in a single mutational step.




Etmopterus pycnolepis (Dense-Scale Lantern Shark)

The test-sequencing dataset of 398,752 trimmed reads detected the presence of Etmopterus DNA, as indicated by 5.62% unique hits to the E. spinax transcriptome used as reference in the FastQscreen analysis. 82.83% of reads were un-assigned to any of the provided references, and contamination with other samples processed simultaneously was not detected. 4,029,200 raw reads were produced by sequencing of the target captured library. Quality filtering and trimming reduced this to 2,680,159 reads. Of these, 139,219 reads mapped to the NADH2 gene of E. lucifer (JQ518963). The complete NADH2 sequence was reconstructed after three iterations in Mitobim, using 115,548 reads in the final iteration. The mapped read length distribution is shown in Supplementary Figure 1B. The modal fragment length is around 50 base pairs. Mapping those reads back to the reconstructed NADH2 consensus sequence, showed that 277 reads mapped with an average coverage of 13 reads, excluding duplicate sequences (Supplementary Figure 2B). The maximum likelihood NADH2 phylogeny shows well-supported clades within the E. lucifer group. Several clades do not correspond to species: E. brosei clusters with E. sculptus, E. cf. molleri clusters with E. cf. decacuspidatus and forms a distinct clade not including E. molleri. Etmopterus molleri and E. dislineatus do not form two distinct clades. The E. pycnolepis paratype specimen is sister to a clade containing the southern hemisphere samples of E. lucifer and E. sculptus (Figure 4). The species delimitation analysis shows that the interspecific K2P distance of the NADH2 gene between sequences of two valid species in the E. lucifer clade, excluding clades not corresponding to species, is on average 4% (Supplementary Table 3B). Comparing the K2P distance of E. pycnolepis to its closest sister taxon, E. lucifer, the K2P distance is 3.4%. Our data therefore supports the species status of E. pycnolepis.
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FIGURE 4. Maximum likelihood analysis of Etmopterus NADH2 sequences. Numbers at branches denote bootstrap support values. Oxynotus bruniensis was chosen as outgroup.





DISCUSSION


Mitochondrial DNA Characteristics of the Two Paratype Specimens

The mitochondrial DNA we obtained from both paratype specimens, while fragmented (Supplementary Figure 1), was less degraded than other museum samples analysed in previous studies (Straube et al., 2021b). Fixation and preservation cause DNA damage (e.g., Stiller et al., 2016; Hahn et al., 2021; Straube et al., 2021a); however, the mitochondrial DNA of the two paratype samples analysed herein may be less affected due to the comparatively young age of 32 and 34 years, respectively, at the time of extraction. More comparative data is necessary to test if time is correlated with mitochondrial DNA fragmentation levels, and if fragmentation is ongoing under the current storage conditions.



Taxonomic Implications


Etmopterus litvinovi (Smalleye Lantern Shark)

The phylogenetic placement of the paratype sequence aligns with the morphology-based prediction that E. litvinovi is a member of the E. spinax species clade (Straube et al., 2010). A close relationship of E. litvinovi with morphological congeners, including cryptic species, was suggested in Straube et al. (2011a,b). This species complex was recently expanded with several species from which mitochondrial DNA sequence information is, however, available from only two species, E. benchleyi (Vásquez et al., 2015) and E. viator (Straube et al., 2011a). All analyses, i.e., the phylogenetic reconstruction, the haplotype network and the species delimitation analysis of the E. litvinovi paratype specimen suggest that E. litvinovi is conspecific with E. benchleyi, where E. benchleyi forms a junior synonym to E. litvinovi (Figure 3 and Supplementary Table 3A). Notably, the sequenced paratype specimen’s sampling locality is the Naszca Ridge in the Pacific Ocean, while another E. litvinovi haplotype (GN4952) is derived from a specimen sampled in the Indian Ocean (Figure 5). This suggests that E. litvinovi is widespread and occurs both in the Indian and Pacific oceans. Its overall distribution range may cover an even larger area of Southern Hemisphere oceans, and that its northern and southern distribution limits have yet to be identified. Similarly, wide distribution ranges are also documented for other closely related Etmopterus species in the E. spinax clade such as E. granulosus (Straube et al., 2011a,b, 2015) or E. viator (Straube et al., 2011a).
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FIGURE 5. Paratype locality of Etmopterus litvinovi ZMH 24994 (red star with black frame) and sampling locations of the two other E. litvinovi specimens (red stars) initially labeled as E. benchleyi (Supplementary Table 1).


The new data presented herein will be helpful for future assessments of the species in the IUCN Red List of Threatened Species. As of today, the species is evaluated and listed under the “least concern” category justified due to limited fisheries in the area from which the species (i.e., the type material of E. litvinovi) was hitherto recorded (Ebert et al., 2020a). Based on our results, a notably larger distribution range should be considered in future evaluations taking different fishing pressure in other regions of occurrence into account. Our results do not confirm endemic occurrence (Kotlyar, 1990) but support its occurrence in the eastern Pacific as well as the Indian Ocean. The paratype sequence data analysed herein adds important alpha-level taxonomic information on the species, which will ease the collection of data on population size, as well as accurate geographic and depth distribution ranges, in the future. This forms the basis for conservation and management efforts for this poorly known deep-sea shark species.



Etmopterus pycnolepis (Dense-Scale Lantern Shark)

As already indicated by the distinct shape of its flank marking, our analysis further supports the assignment of E. pycnolepis as a distinct species (Supplementary Table 3B) within the E. lucifer clade (Figure 4; Straube et al., 2010). Its assignment to the E. burgessi subclade (Ebert et al., 2021) is not supported, however. The morphologically defined E. lucifer clade subclades described in Ebert et al. (2021) are generally not recovered in our molecular analysis (Figure 4). The phylogenetic inference displays to some extent geographic patterns of sampling locations instead. E. lucifer, E. pycnolepis, E. brosei and E. sculptus are represented by samples exclusively collected in Southern Hemisphere oceans (Supplementary Table 2), while E. burgessi samples stem from the Northwest Pacific. E. brachyurus, E. cf. molleri, and E. samadiae samples were also collected in the Northwest Pacific. E. alphus samples are from the Indian Ocean off Mauritius and E. bullisi was sampled in the Northwest Atlantic (Supplementary Table 2). Some species seem therefore confined to certain oceanic areas. The three different flank mark shapes characterising the E. lucifer clade subclades occur in three different ocean regions in parallel. In our study, E. brachyurus E. samadiae E. cf. molleri, E. cf. decacuspidatus, and E. burgessi represent the flank mark diversity of all three subclades in the Northwest Pacific; E. lucifer, E. molleri, E. dislineatus, E. brosei, E. alphus, E. pycnolepis and E. sculptus in the Indian and South Pacific oceans. In the Atlantic Ocean, only the E. molleri subclade type flank marking (Ebert et al., 2021) is represented by a single species (E. bullisi); however, E. bullisi is the only Atlantic species from the E. lucifer clade in general. A denser sampling is necessary to identify detailed species distribution boundaries and clarify indicated synonymies.

The IUCN Red List of Threatened species lists E. pycnolepis as least concern under the assumption that the area of origin of the six type specimens representing the species is not exposed to extensive fishing pressure as also in E. litvinovi. As mentioned in the evaluation justification, the species may be distributed in Chilean waters as well (Ebert et al., 2020b), which would amount to a large expansion of its distribution area. By providing the first DNA sequences for this species, newly collected samples available for NADH2 sequencing can be correctly assigned to the species and will therefore be useful for documenting its distribution range in the future.





CONCLUSION

Our results demonstrate the importance of archival DNA sequence information from type material for molecular based taxonomy. This is especially true for species which are known from few specimens only, and where re-sampling is hindered by remote sampling localities, as is the case for the two species analysed herein. Our results support the synonymy of E. benchleyi with E. litvinovi, and consequently suggest a notably larger distribution range than previously known, since the species was assumed to be endemic to the Salas y Gómez and Nazca Submarine Ridges (Kotlyar, 1990). The species status of E. pycnolepis is supported by our data, which is now available as reference for future molecular species-level identification of newly collected samples. This will help clarify the distribution of this species. Our results further show that genetic information from collection material can assist in the evaluation of species in a conservation and management context. While it is standard to evaluate morphological characters of wet-collection type material for descriptions of species new to science, the usage of wet-collection specimen DNA sequence information has only recently been established as such (Beermann et al., 2018; Lyra et al., 2020; Rancilhac et al., 2020; Scherz et al., 2020; Straube et al., 2021b) and our work is a further contribution to this.
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DNA Barcoding Technology Used to Successfully Sub-Classify a Museum Whale Specimen as Balaenoptera edeni edeni
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DNA barcoding technology is becoming an increasingly powerful tool in resolving issues of detailed species identification based on morphology, as commonly employed by museums. In the present study, we aimed to identify a stranded Bryde’s whale on Hainan Island, China by extracting DNA from a vertebra pre-treated by physical and/or chemical processes. Based on morphological characteristics, this Bryde’s whale was initially determined as Balaenoptera edeni. Then, DNA was efficiently extracted using ancient DNA techniques. The mitochondrial gene (COI) phylogenetic analysis further revealed that this museum whale specimen belonged to the sub-species B. e. edeni. This study provides a testable and rapid method for museum species verification, by using ancient DNA extraction methods to compensate the disadvantage of traditional DNA extraction methods that are difficult to extract valid DNA.
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INTRODUCTION

Identifying the species/sub-species of museum specimens has long been a major challenge. Traditional approaches to identification have been based on morphometric analysis and/or morphological criteria, often without the services of taxonomic specialists (Bacher, 2012). Genetic materials have recently emerged as a promising trend in the rapid resolution of species/sub-species identification for both fresh and ancient museum specimens (Barbanera et al., 2020; Pierson et al., 2020). These “non-invasive” approaches cost museums little to nothing with regard to the quantity and quality of specimens held. This development has been offset by the high degree of decomposition among much museum material, whose prior physical or chemical treatment can severely impede the process of effective DNA extraction. As such, increasingly effective means have been developed for the extraction of highly fragmented DNA in the presence of contaminants and inhibitors (Rohland et al., 2018). One specific new method, DNA barcoding, takes advantage of short standardized sequences in order to facilitate species identification (Hebert et al., 2003; Savolainen et al., 2005). In DNA barcoding, both intraspecific variation and interspecific divergence can be significant, with the mitochondrial cytochrome c oxidase 1 (COI) identified as the best gene based on its conserved amino acid sequence, and hence the key to distinguishing animal species and sub-species (Knowlton and Weigt, 1998; Hebert et al., 2003; Chapuis et al., 2016). The DNA barcoding approach has been used to identify a variety of museum species/sub-species ranging from insects to fishes to primates (Thomsen et al., 2009; Hawlitschek et al., 2017). Nevertheless, DNA barcoding of marine mammals—the subject of this study—remains in its relative infancy.

Stranded cetacean specimens are objects of public fascination when displayed in the exhibition halls of museums. Bryde’s whale, or Bryde’s whale complex, a baleen whale occupying warm-temperate waters on a year-round basis, can be recognized by the three distinct ridges on its rostrum (Penry et al., 2018). Bryde’s whale is currently recognized as a single species (Balaenoptera edeni Anderson, 1879) with two recognized subspecies: a small coastal form (Eden’s whale, B. e. edeni) and a large oceanic form (Bryde’s whale, B. e. brydei) (Constantine et al., 2018; Penry et al., 2018; Liu et al., 2021; Committee on Taxonomy, 2022). Recently, sightings of Bryde’s whale have been recorded from the coasts of East and Southeast Asia (Yamada et al., 2008; Chen et al., 2019; Liu et al., 2021), south west Indian Ocean (Penry et al., 2018), Southern Africa (Best, 2001; Penry et al., 2011) and Gulf of Mexico (Rosel and Wilcox, 2014). However, as the type specimen for B. e. brydei was not designated with the naming of the species, and genetic analysis of the type specimen of B. e. edeni was not completed, detailed taxonomy within the Bryde’s whale group is unclear (Anderson, 1879; Constantine et al., 2015).

Tracking back at least four decades (1978–2016), about nine Bryde’s-like whales were stranded along the coast of Hainan Province, China, whereas little information was available on age, gender and taxonomy (Zhang et al., 2015; Liu et al., 2019). In 2019, an adult Bryde’s-like whale was discovered along the coast of Qiaotou Town, Chengmai County, Hainan Province, China. The specimen’s corpse had already been buried by nearby villagers by the time the museum team arrived on site. Based on the extent of decomposition, the specimen was judged to have been deceased for approximately 2 weeks, and to have floated on the ocean for over a week prior to washing ashore. For better preservation, the carcass was subsequently transported to the museum. Whale skeleton, skin and residual tissue were repeatedly steamed at high temperatures, and finally soaked by chemical method using an anti-mold agent. Based on morphological characteristics (the presence of the diagnostic Bryde’s whales triple head ridge consisting of a central ridge flanked by two lateral rostral ridges; Yamada, 2009; Constantine et al., 2018), the specimen was evaluated as Bryde’s whale complex. However, no other features were available for further species/sub-species identification due to the high level of decomposition, leaving the sub-species undefined.

In the present study, we used ancient DNA methods and extracted DNA from the specimen’s vertebra. Considering that museum specimens are usually treated by physical and/or chemical processes, we expected to find a more suitable DNA extraction method, and to achieve a precise species/sub-species identification through DNA analysis. We therefore sequenced one fragment of the mitochondrial gene (COI) and constructed a phylogenetic tree on this basis. Our expectation was to identify the sub-species of this stranded Bryde’s whales by a DNA barcoding method outlined above.



MATERIALS AND METHODS

To verify the sub-species, a sample of the specimen was extracted and its DNA sequenced for further analyses. A section of vertebra was selected and rinsed with distilled water. After drilling off some surface bone with a sterile drill bit, bone powder was then collected using a new sterile bit. According to precautions established by previously published ancient human DNA (Knapp et al., 2012; Xiong et al., 2022), genomic DNA was extracted in a dedicated aDNA facility at Fudan University. In total, 200 mg of bone power was used for DNA extraction (no sample power was used as negative control) by rotating overnight with 0.25 mg/ml Proteinase K (Merck, Germany) and 0.5 M EDTA (pH 8.0) at 37°C. After centrifuging, the supernatant was added to binding buffer [5 M GuHCl, 40% Isopropanol, 25 mM sodium acetate, and 0.05% Tween-20 (PH 5.2)] and magnetic beads (Enlighten Biotech, China). Then, DNA was eluted by TET buffer (QIAGEN, Germany). Finally, DNA concentration was quantified using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific, United States).

A∼700 bp segment of the mitochondrial COI gene was amplified to verify the specimen using primer pairs Balaenoptera-COI-F2 (ACACTAATCGGAGATGACCAAGTC) and Balaenoptera-COI-R2 (CTGATGTGAAATATGCTCGCG), designed by Primer Premier 5.0 (Lalitha, 2000). Polymerase chain reaction (PCR) was carried out in a total volume of 20 μL, consisting of 1 μL of genomic DNA, 1 μL of each primer, 7μL ddH2O, and 10 μL Premix Taq (TaKaRa, Japan). The PCR temperature profile was as follows: incubation at 94°C for 3 min, 14 cycles of 30 s at 94°C, 30 s at 62°C (–0.5°C every cycle), and 30 s at 72°C; then 20 cycles of 30 s at 94°C, 30 s at 55°C, and 30 s at 72°C; and a final extension at 72°C for 10 min. PCR products were then purified and sequenced with forward primers on an ABI PRISM 3730 DNA capillary sequencer at MAP Tech (China). Newly obtained sequence with high quality was checked and submitted to GenBank under accession number: ON459534.

The COI nucleotide sequence was searched for its similarity using BLAST program from GenBank. Then, the relevant sequences were retrieved as reference sequences where available (mysticate families: Balaenopteridae, Eschrichtidea, Neobalaenidae, and Balaenide). The COI sequence was aligned with reference sequences using Clustal W (Thompson et al., 1994) in MEGA X (Kumar et al., 2018). The alignment was inspected visually and trimmed to the length of the shortest sequence. Phylogenetic analysis was performed on the alignment using the maximum-likelihood method in MEGA X with the bootstrap resampled 1,000 times. Here, a general time-reversible model with a gamma distribution (GTR + G) was gauged as the best-fit substitution model according to the corrected Akaike information criterion, using jModelTest v 2.1.3 (Darriba et al., 2012). Furthermore, the genetic distance (p-distance) of Balaenopteridae, Eschrichtiidae, Neobalaenidae and Balaenidae was calculated using MEGA X. To describe the intraspecific variation and relationship between newly obtained sequence and other related species (Balaenoptera edeni edeni, Balaenoptera edeni brydei, Balaenoptera borealis, and Balaenoptera omurai; these reference sequences were obtained from GenBank), a haplotype network was constructed by HAPLOVIEWER (Salzburger et al., 2011). Unique COI haplotypes were identified in DnaSP 6 (Rozas et al., 2017).



RESULTS AND DISCUSSION

Other morphological features from the stranded whale specimen provided evidence for the presence of the Bryde’s whale complex (Figure 1A). The key features of the Bryde’s whale (three head ridges) were obvious macroscopically. The specimen’s body size, estimated to have reached around 12.5 m in length (Figure 1B), was much larger than previous specimens found in the South China Sea (Liu et al., 2021). After physical and/or chemical treatments, the complete skeleton was presented in the museum (Figure 1C).
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FIGURE 1. Photographs of the museum whale specimen in this study. (A) Uncovering the stranded specimen; (B) whole body post-treatment, with characteristic three rostral cephalic ridges used as morphologic identification criterion; (C) complete skeleton on display in museum.


Previous research argued for similar morphological characteristics between B. e. brydei and B. e. edeni (Constantine et al., 2018; Penry et al., 2018; Castro et al., 2021). Generally, the body length of B. e. brydei may exceed B. e. edeni (Liu et al., 2021). Here, this stranded specimen is the largest individual of B. edeni recorded along the coast of Hainan Province and was initially considered as possibly B. e. brydei. Identifying the sub-species of the Bryde’s whale specimen in this study was further problematized by serious specimen decomposition. In order to extract DNA successfully, we employed extraction approaches for ancient DNA from a section of vertebrae, avoiding issues such as high temperature, degreasing and EtOH or formalin fixation that are known causes of DNA extraction failures (Ruane and Austin, 2017; McGuire et al., 2018; Pierson et al., 2020). The DNA concentration was to 0.854 ng/μl and suitable for the subsequent analysis. Additional sub-species confirmation was possible after the mitochondrial COI gene (722 bp) of our specimen was successfully sequenced. The phylogenetic tree based on COI (resulting in a 424 bp alignment) of four families (Balaenopteridae, Eschrichtidea, Neobalaenidae and Balaenide; 26 reference sequences provided in Supplementary Table 1) within the Mysticeti (baleen whale) group was then reconstructed (Figure 2). This phylogenetic tree was congruent with relationships derived from previous combined parsimony analysis of 23 datasets (including morphology, transposon insertions, mitochondrial genomes, cetacean satellite sequences and so on; see Gatesy et al. (2013). Moreover, the phylogenetic relationship for Bryde’s like, Sei, and Omura’s whales also revealed the same pattern as found previously, split into four clades, corresponding to B. e. edeni, B. e. brydei, B. borealis and B. omurai (Rosel et al., 2021). Newly obtained sequence from China belonged to the B. e. edeni clade. Based on genetic distance analysis, it showed that the genetic relationship is close between this sequence and B. e. edeni (0.000–0.002; see Supplementary Table 2). The haplotype network of Bryde’s like, Sei, and Omura’s whales consisted of 12 haplotypes (1 newly obtained sequence and 30 reference sequences shown in Figure 3; reference sequences in Supplementary Table 3). Specifically, according to geographical origin, this newly obtained sequence from China, belonged to the lineage of B. e. edeni, and shared a COI haplotype (515 bp) with B. e. edeni from Japan (AB201258 and NC_007938) and India (JN190945 and GQ856370). In our study, genetic analysis by DNA barcoding (COI) indicated that this Bryde’s whale belonged to B. e edeni, a result that could not be conclusively confirmed based on morphology alone. We have proved the efficacy of genetic analysis for identifying cetacean museum specimens to the sub-species level, especially for specimens with non-obvious morphological characteristics, requiring minimal sample sizes without conferring visible damage (Gilbert et al., 2007; Rowley et al., 2007). In our analysis, phylogenetic analysis and haplotype networks provided ample confirmation of species/sub-species identity. This study shows that ancient DNA techniques and DNA barcoding technology can compensate for lack of morphological identification, making it amenable to questions of species/sub-species identification in the museum context.
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FIGURE 2. Phylogenetic tree showing the relationship among Mysticeti. Bootstrap support values shown on each node. Data on references sequences provided in Supplementary Table 1. Bootstrap support values of under 70% are not displayed. Newly obtained sequence from present study highlighted in blue font.
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FIGURE 3. Haplotype network of Bryde’s like, Sei and Omura’s whales based on the COI gene (515 bp). Each circle represents a unique haplotype and its size indicates the number of individuals carrying the haplotype. Color coding allow easy discrimination of species in the complex. Blue coloring represents a newly obtained sequence. Data for haplotypes from GenBank provided in Supplementary Table 3.
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The application of high-throughput, short-read sequencing to degraded DNA has greatly increased the feasibility of generating genomic data from historical museum specimens. While many published studies report successful sequencing results from historical specimens; in reality, success and quality of sequence data can be highly variable. To examine predictors of sequencing quality, and methodological approaches to improving data accuracy, we generated and analyzed genomic sequence data from 115 historically collected museum specimens up to 180 years old. Data span both population genomic and phylogenomic scales, including historically collected specimens from 34 specimens of four species of Australian rock-wallabies (genus Petrogale) and 92 samples from 79 specimens of Australo-Papuan murine rodents (subfamily Murinae). For historical rodent specimens, where the focus was sampling for phylogenomics, we found that regardless of specimen age, DNA sequence libraries prepared from toe pad or bone subsamples performed significantly better than those taken from the skin (in terms of proportion of reads on target, number of loci captured, and data accuracy). In total, 93% of DNA libraries from toe pad or bone subsamples resulted in reliable data for phylogenetic inference, compared to 63% of skin subsamples. For skin subsamples, proportion of reads on target weakly correlated with collection year. Then using population genomic data from rock-wallaby skins as a test case, we found substantial improvement in final data quality by mapping to a high-quality “closest sister” de novo assembly from fresh tissues, compared to mapping to a sample-specific historical de novo assembly. Choice of mapping approach also affected final estimates of the number of segregating sites and Watterson's θ, both important parameters for population genomic inference. The incorporation of accurate and reliable sequence data from historical specimens has important outcomes for evolutionary studies at both population and phylogenomic scales. By assessing the outcomes of different approaches to specimen subsampling, library preparation and bioinformatic processing, our results provide a framework for increasing sequencing success for irreplaceable historical specimens.
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INTRODUCTION

The application of high-throughput, short-read sequencing to historical museum specimens has accelerated the pace of collections-based genomics. Historical museum specimens that were not sampled with the intention to preserve genetic material (e.g., skins, skeletons and fluid-preserved specimens) are now the only viable source of genomic data for many rare, elusive or extinct species, or extirpated populations. Such specimens have proven critical in reconstructing evolutionary history across the Tree of Life (Mason et al., 2011; Guschanski et al., 2013; Besnard et al., 2016; McCormack et al., 2016; Roycroft et al., 2021b), and in understanding genetic responses of species to recent environmental change and anthropogenic impact (Bi et al., 2013, 2019; Roycroft et al., 2021b). Genomic data from museum specimens can fill crucial sample gaps for studies of evolutionary processes across scales of divergence, from population-level to macroevolutionary analyses.

For studies at the population level, historical museum specimens can provide more comprehensive geographic sampling, especially where species are threatened or extirpated (e.g., Ewart et al., 2019; Roycroft et al., 2021b), reducing the effects of sample-bias on population genomic inference (e.g., Battey et al., 2020). Sampling that spans the entire historical range of species allows more accurate estimation of population structure and divergence vs. isolation-by-distance, thereby enabling robust delimitation of species boundaries (Perez et al., 2018). The inclusion of historical specimens may also decrease the impact of “ghost” populations on inference, where failure to sample a population can misrepresent estimates of gene flow and our understanding of introgression (Beerli, 2004; Slatkin, 2005; Hey et al., 2018; Linck et al., 2019). Further, historical genomic data from across space and time increases scope for studies of adaptive evolution and selection (Alves et al., 2019), responses to environmental change (Bi et al., 2013, 2019; Schmitt et al., 2019) and genomic erosion during population decline (Hung et al., 2014; Irestedt et al., 2019; van der Valk et al., 2019; Gauthier et al., 2020; Roycroft et al., 2021b).

Historical museum specimens are also the only source of genetic data for type specimens, and for most rare, elusive or extirpated taxa that are otherwise missing from studies at a phylogenomic or macroevolutionary scale (Ruane and Austin, 2017; McGuire et al., 2018; Wood et al., 2018; Lyra et al., 2020). The inclusion of these specimens mitigates the impact of missing taxa on phylogenetic inference (Streicher et al., 2016), the estimation of speciation and extinction rates (Höhna et al., 2011; Höhna, 2014; Craig et al., 2022) and molecular dating (Linder et al., 2005). Recent studies have also demonstrated how genomic data from extinct taxa can provide unprecedented capacity to resolve long-standing taxonomic uncertainty and reconstruct recent population decline (Grewe et al., 2021; Roycroft et al., 2021b; Pyron et al., 2022). The ability to place extinct or elusive taxa in a phylogenetic and genomic context provides an opportunity to obtain a high-resolution evolutionary reconstruction of all recently extant species, with important implications for conservation biology of persisting species.

While many published studies report successful sequencing results from historical specimens across evolutionary scales, sequencing attempts that result in poor quality or unusable data are typically not reported in scientific literature. Predictors of sequencing success from museum specimens are therefore difficult to assess. Previous studies have suggested that DNA is preserved longer in certain tissue types, e.g., hard tissue like teeth and bone (Adler et al., 2011; Rowe et al., 2011; Burrell et al., 2015; Damgaard et al., 2015; Dabney and Meyer, 2019) and avian toe pads (Tsai et al., 2020) compared to soft tissues like skin. As well as specimen tissue type, decisions during library preparation and bioinformatic processing may also impact final data quality from historical specimens. The consequences of sequencing quality and accuracy on evolutionary inference depend on the research question, and differ between population and phylogenetic studies. For example, erroneous read mapping, variant calling, or missing data may have the most significant impact on the estimation of positive selection in studies of molecular evolution (e.g., Roycroft et al., 2021a), or on fine-scale population genomic parameters. In these cases, studies may focus on ensuring only high-quality and gap-free data are included. In contrast, phylogenomic or macroevolutionary studies may substantially benefit by the inclusion of rare or enigmatic taxa, while tolerating higher levels of missing data. In the latter case, there may be greater emphasis placed on minimizing specimen damage but optimizing sequencing success.

To optimize sequence success and quality at different evolutionary scales, we assessed (1) a phylogenomic dataset of 92 samples from 79 historical museum specimens of Australo-Papuan rodents (family Muridae, tribes Hydromyini and Rattini), and (2) a population genomic dataset from 34 historical skins of four species in the Australian rock-wallaby genus Petrogale (Macropodidae: Marsupialia). Using the rodent data, we assess the effect of tissue subsample type, specimen age and library indexing strategy on sequencing success. Using the rock-wallaby data, we test the impact of bioinformatic processing on data accuracy and estimation of population genomic parameters. Specimen collection years range from 1841 to 1997 and were sourced from six different museums spanning three continents. By integrating results across population and phylogenomic datasets, we highlight how steps from specimen subsampling, library preparation, to post-sequencing bioinformatics can be optimized to increase the usability and accuracy of genome sequence data obtained from historical museum specimens.



MATERIALS AND METHODS


Sampling
 
Rodents

We sequenced 92 samples from 79 specimens (63 species) of Australo-Papuan endemic rodents from the subfamily Murinae, including samples from the tribes Hydromyini and Rattini. Most of these species are known only from museum specimens, including seven extinct species, emphasizing the need to use historical museum specimens to ensure comprehensive sampling. Samples were obtained from museum collections in Australia (Museums Victoria, Australian Museum, Western Australian Museum, Australian National Wildlife Collection), Europe (Natural History Museum in London), and America (American Museum of Natural History; Supplementary Table 1). Specimens were collected between 1841 and 1997 and preserved as dry preparations (also known as “study skins”). We sampled either skin (n = 49), toe pad (n = 34) or bone (n = 9) from each specimen. For nine specimens, we collected multiple samples comprising different tissue types. For skins, we sampled ~25 mm2 (5 × 5 mm) from the exposed area of the underbelly, where the preparatory incision had previously been made. For toe pads, we removed ~1 mm2 from a single digit. This subsample size difference was intended to maximize the amount of respective DNA obtained from each sample, as preliminary results indicated toe pad yielded more DNA than skin. The DNA quantity for each sample was later normalized during library preparation. Bone was sampled opportunistically, where the specimen had experienced previous damage resulting in broken/exposed bone that could be sampled without additional consequence to the specimen.



Rock-Wallabies

We sampled 56 museum skins from four species of rock-wallaby from the brachyotis group of the genus Petrogale, and eight reference samples from modern tissues (one from each known lineage; Potter et al., 2014). Historical specimens sampled included P. brachyotis (n = 18); P. burbidgei (n = 3); P. concinna (n = 16) and P. wilkinsi (n = 19). Samples were obtained from Australian museum collections (Australian National Wildlife Collection, Museums Victoria and the Western Australian Museum, Supplementary Table 2). Specimen collection years ranged from 1912 to 1977, and specimens were all preserved as dry study skins. To minimize invasive sampling, we took ~ 5 mm x 5 mm pieces of skin from the ear, or dried skin still attached to skulls.




DNA Extraction

For rodent samples, DNA was extracted following a modified version of a standard phenol-chloroform-isoamyl DNA extraction protocol (Roycroft et al., 2021b, and provided in the Supplementary Material), in the Museums Victoria Ancient DNA facility. For rock-wallaby samples, DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen GmbH, Hilden, Germany) using aerosol barrier pipette tips, with working surfaces and equipment wiped down with Lookout DNA Erase (Sigma-Aldrich) before each use. Extractions were undertaken in a dedicated trace DNA laboratory at the Australian National University.



Library Preparation, Hybridisation, and Sequencing

Both the rodent and rock-wallaby datasets were obtained through exon capture target enrichment. All sample libraries were prepared using (Meyer and Kircher, 2010) protocol, including modifications made by Bi et al. (2013). For rodent samples, we used a murine-specific custom exon capture design (SeqCap EZ Developer Library; Roche NimbleGen), targeting 1.27 Mb of genomic DNA (1417 exons, see Roycroft et al., 2020). Rodent samples were either indexed with a single unique barcode, or with a dual-indexing approach, and pooled across multiple captures with up to 92 samples at equimolar ratios (1.2 μg total). Dual-indexed samples were barcoded with a combination of one of 96 unique p5 index sequences, and one of 24 unique p7 index sequences. For rock-wallaby samples, we used a Petrogale-specific custom exon capture approach (SeqCap EZ Developer Library; Roche NimbleGen), which targets 1.83 Mb of genomic DNA (3960 exons), designed using transcriptome data from a yellow-footed rock-wallaby (Petrogale xanthopus) (see Bragg et al., 2016; Potter et al., 2017, 2022). Rock-wallaby samples were indexed with a single unique barcode, and all 56 samples were pooled at equimolar ratios (1.2 μg total).

For both datasets, pooled libraries were then hybridized for ~72 h, with 5 μg of mouse Cot-1 DNA (Life Technologies Corporation), barcode specific blocking oligos (1000 pmol) and target probes following the SeqCap EZ Developer Library protocol. Post incubation, the hybridization reaction was amplified in two independent enrichment PCRs and then cleaned up using the QIAquick PCR purification kit (Qiagen). Quality control checks were made using the DyNAmo Flash SYBR green qPCR kit (Thermo Fisher Scientific Inc.; see Bi et al., 2012) to assess global enrichment of the target exons by comparing pre-capture pooled genomic libraries to the post-capture cleaned hybridization reaction and specifically designed to hit targets of the hybridization probes. After passing these quality control checks, the enriched hybridization samples were run on a BioAnalyzer (2100; Agilent Technologies, Inc.) to check the quality and quantity of the libraries prior to sequencing. Each pooled library was then sequenced on a single lane of an Illumina HiSeq 2500 (100 bp paired-end run) at the ACRF Biomolecular Resource Facility.



Sample Processing and Bioinformatics

We processed raw sequencing data from all specimens using Exon Capture Pipeline for Phylogenetics (ECPP, https://github.com/Victaphanta/ECPP), following the protocol described in Roycroft et al. (2020). For a subset of rodent samples, we ran mapDamage2 (Jónsson et al., 2013) to assess the extent of DNA misincorporation. For rock-wallaby samples, reflecting population genetic sampling, we compared the effect of mapping to a sample-specific reference versus mapping to the highest-quality assembly from the closest non-historical sister sample. Initially, we implemented the sample-specific reference approach which creates a de novo assembly for each historical sample (the “historical de novo” dataset). This is the default approach in ECPP, and in other commonly used target capture assembly pipelines (e.g., Bragg et al., 2015; Faircloth, 2016; Singhal et al., 2017). These historical de novo assemblies were used to create sample-specific references, and raw reads were then mapped back to each reference using BBmap (version 35.82, sourceforge.net/projects/bbmap/) with a minid threshold of 0.95. As a comparison, we also used a high-quality “closest sister” reference approach to map reads (see Roycroft et al., 2021b). To do this, we generated a reference set of high-quality de novo assemblies from fresh tissue samples of various Petrogale sub-species. Using the same mapping approach as above, we mapped the raw reads from historical samples to the closest sister sample (i.e., lowest evolutionary distance from each historical population) with a high-quality assembly (the “high-quality de novo” dataset). The sample with the lowest evolution distance was determined based on divergence between the sample and the reference in substitutions per site, calculated in IQ-TREE 1.6.9 (Nguyen et al., 2015). In all cases, reads from historical samples were mapped to a high-quality de novo assembly of the same sub-species. For all rodent specimens, we only applied this “high-quality de novo” mapping approach, as preliminary results showed this had superior performance over the default method. Final alignments for all data were filtered at a threshold of 3% heterozygosity per locus, and processed with BMGE (Criscuolo and Gribaldo, 2010) to remove poorly represented regions.



Summary Statistics and Branch Length Estimation

To estimate population genomic summary statistics, we filtered the rock-wallaby dataset to 3742 loci that were >90% sample-complete and split samples into seven populations (Petrogale brachyotis brachyotis; BB, Petrogale brachyotis victoriae; BV, Petrogale concinna canescens; CC, Petrogale concinna monastria; CM, Petrogale wilkinsi core population; W, Petrogale wilkinsi Gulf of Carpentaria population; wGU, and Petrogale wilkinsi Groote Eylandt population; wGR). A total of 22 originally sequenced rock-wallaby samples were excluded due to insufficient coverage and poor data quality (see Supplementary Table 2). For each population, we calculated the number of segregating sites and proportion of segregating sites to valid sites (to account for missing data) in PopGenome in R (Pfeifer et al., 2014). We also estimated Watterson's theta (θ, Watterson, 1975) and Tajima's D (Tajima, 1989) in PopGenome, as these are common metrics used to assess genetic diversity and population dynamics. We repeated all calculations for both the “historical de novo” and “high-quality de novo” datasets, across all loci. We also performed all calculations using only exons which matched between the two Petrogale datasets, to directly compare the effect of mapping strategy on parameter estimation. We tested for significant differences across datasets using Welch's two-sample t-test. As a further comparison, we used IQ-TREE 1.6.9 (Nguyen et al., 2015) with codon partitions to infer terminal branch lengths (in substitutions per site) for both the “historical de novo” and “high-quality de novo” datasets. Accurate estimation of tip branch lengths are important, as they are increasingly used as metrics for speciation rates (e.g., ClaDS, Maliet et al., 2019) and in analyses of variation in rates of molecular evolution (e.g., Ivan et al., 2022).

Using the final processed rodent phylogenomic data, we calculated the proportion of reads on target (i.e., the total proportion of deduplicated sequenced reads that mapped to the target region) and the proportion of total target loci successfully captured (>40% of target region) for all specimens. For each sample, we also calculated the average heterozygosity across all loci as a measure of sequence quality and accuracy, where outliers with high values are assumed to contain a higher rate of error. We then compared these metrics across sampled tissue type (toe pad or bone vs. skin) and library indexing strategy (single vs. dual-indexed). Toe pad and bone samples were grouped, due to the comparatively high success rate among these two tissue types and the low overall number of samples from bone. Using the stats package in R, we applied generalized linear models (GLM) to model two categorical predictors (indexing strategy and tissue type) and a continuous predictor (specimen age) on four continuous response variables; proportion of reads on target, loci captured, average coverage and heterozygosity. We also used a two-sample t-test to test each of these variables for significant differences in response to indexing strategy and tissue type.




RESULTS


Predictors of Capture Efficacy and Sequence Quality in Phylogenomic Data

Across all rodent genomic libraries sequenced, 91% (31 out of 34) toe pad and 89% (8 out of 9) bone subsamples resulted in useable sequence data, compared to 63% (31 out of 49) of skin samples (Supplementary Table 1). Unusable samples were those that either returned no sequence data after processing in ECPP, or where data was returned, were primarily sequencing contaminants. We took a conservative approach to screening for contaminant samples, by excluding all samples that showed a terminal branch length at least ~20% greater than close relatives sequenced using high-quality DNA. Results from mapDamage2 suggested that the effect of DNA damage was relatively minor, but was more evident in subsamples taken from the skin, compared to bone or toe pad of the sample specimen (see Supplementary Figure 1 for an example).

The proportion of reads on target (Figure 1A) was significantly lower for single-indexed samples than for dual-indexed samples, while the difference between the number of loci captured (Figure 1B) or average coverage (Figure 1C) was not significant (Table 1). Generalized linear models (GLM) found that collection year was a significant predictor (p < 0.05) for the proportion of reads on target (Supplementary Table 3). Proportion of reads on target tended to be higher for samples that were collected more recently, especially for skin subsamples (Figure 1E). Our GLMs also indicated indexing approach was a significant predictor (p < 0.01) of heterozygosity (Supplementary Table 3), with average heterozygosity across loci (Figure 1D) significantly higher for single-indexed samples than for dual-indexed samples (Table 1). Interactions between collection year, tissue type, and indexing strategy also had significant effect on heterozygosity (Supplementary Table 3).


[image: Figure 1]
FIGURE 1. Relationship between year of specimen collection and indexing strategy for (A) proportion of reads on target, (B) proportion of targeted loci captured, (C) average coverage, (D) average percent heterozygosity, and for dual-indexed samples only; between year of specimen collection and tissue type for (E) proportion of reads on target, (F) proportion of targeted loci captured, (G) average coverage, (H) average percent heterozygosity.



Table 1. Sequencing success of single- vs. dual-indexed rodent samples.
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When dual-indexed samples were grouped by source tissue type, the average coverage, reads on target and loci captured were all significantly higher in toe pad/bone subsamples compared to skin subsamples (Table 2). There was no significant difference in average heterozygosity when comparing tissue types. There was a weak relationship between specimen age and reads on target (Figure 1E) for skin subsamples (r = 0.29, p < 0.05), and no relationship for toe pad/bone subsamples (r = 0.037, p = 0.84). There was no relationship between specimen age and the proportion of loci captured (Figure 1F) for either skin or toe pad/bone subsamples.


Table 2. Sequencing success of different tissue types for dual-indexed rodent samples.
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The Effect of Mapping Strategy on Population Genomic Parameters

To assess the potential impact of mapping strategy on downstream population genomic inference, we compared inferred population parameters between the “historical de novo” and “high-quality de novo” datasets for Petrogale rock-wallabies. A total of 34 out of 56 rock-wallaby skins (61%) yielded sufficient data for use in population genomic analyses. The proportion of segregating sites to valid sites was always higher for the historical de novo approach, suggesting a higher error rate (Table 3). In five out of seven populations, the “historical de novo” mapping approach resulted in a greater absolute number of apparent variable sites (up to 10% more per population) than the “high-quality de novo” approach. In both cases where the “high-quality de novo” dataset had a greater absolute number of variable sites, this was explained by a 38% (CM) and 77% (wGU) increase, respectively, in total number of recovered sites when using the “high-quality de novo” mapping approach compared to the “historical de novo” approach. In five out of seven populations, the “high-quality de novo” mapping approach also resulted in fewer missing sites than the “historical de novo” approach.


Table 3. Population genomic summary statistics across rock-wallaby populations for both “historical de novo” and “high-quality de novo” mapping approaches.

[image: Table 3]

In all cases except for the wGU population, the inferred number of segregating sites and the estimated θ values were consistently higher in the “historical de novo” dataset compared to the “high-quality de novo” dataset (Figure 2A and Table 3). The impact of mapping strategy resulted in a significant difference (p < 0.05) in the number of segregating sites for the CC, CM, BB and wGU populations using a two-sample t-test (Figure 2A). However, the differences were not significant when only overlapping loci were considered (Supplementary Table 4). We also recovered a significant difference in θ estimates for CC, CM, BB and wGU (Figure 2B and Table 3), and for CC, CM and BB in overlapping loci (Supplementary Table 4). The proportion of segregating sites to valid sites was smaller for the “high-quality de novo” dataset compared to the “historical de novo” dataset across populations, with a significant difference in the CC, CM, BB, WGR populations (Table 3), and only for CM in overlapping loci (Supplementary Table 4). While estimated mean Tajima's D values were consistently higher for the “high-quality de novo” dataset compared to the “historical de novo” dataset, the difference was only significant in the wGU population (Table 3).
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FIGURE 2. Comparison between the “historical de novo” (pink) and “high-quality de novo” (blue) datasets for (A) total number of segregating sites, and (B) average Watterson's theta (θ) estimates, and (C) terminal branch length (substitutions per site). Samples are identified by the voucher number and grouped by population; W, wilkinsi; wGU, wilkinsi Gulf of Carpentaria; wGR, wilkinsi Groote Eylandt; CM, concinna monastria; CC, concinna canescens; BV, brachyotis victoriae; BB, brachyotis brachyotis. Significant differences between the “historical de novo” and “high-quality de novo” datasets for each population are designated by * in (A,B).


The difference in terminal branch length for Petrogale samples in the “historical de novo” and “high-quality de novo” datasets was variable, but with all large differences having over-inflated branch length in the “historical de novo” dataset. This was especially evident for individuals within the CM and BB populations (Figure 2C). The impact of these individuals is also reflected in population-level significant differences in summary statistics (Table 3 and Figure 2). Overall, samples with comparatively lower quality (i.e., lower coverage, higher heterozygosity in historical de novo dataset) tended to show the most reduction in terminal branch length when using the “high-quality de novo” reference compared to the “historical de novo” reference. Higher quality (i.e., higher coverage, fewer errors in historical de novo dataset) samples tend to show slightly longer terminal branch length using the “high-quality de novo” reference compared to the “historical de novo” reference.




DISCUSSION

Using population and phylogenomic data generated from historical museum specimens, we demonstrate that choices prior to DNA extraction (i.e., type of tissue subsampled), during library preparation (i.e., indexing) and post-sequencing bioinformatic processing (i.e., mapping) have significant impacts on the success, usability, and quality of genomic sequence data and inference. Further, we show how the use of a high-quality reference assembly for mapping reads from historical specimens can result in significant differences in the amount of final data recovered, inferred population genomic summary statistics and phylogenetic tip lengths compared to a de novo sample-specific approach. This demonstrates the importance of the availability of high-quality reference assemblies from closely-related taxa, especially for studies including sequence data from historical specimens where maximum data recovery and accurate variant calling are crucial.

In synthesizing our results, we provide a framework for optimizing pre- and post-sequencing protocols for irreplaceable historical dried mammal specimens at both population and phylogenomic scales.


Pre-sequencing Predictors of Data Quality From Historical Specimens

Across rodent specimens, DNA extracted from subsamples of toe pad or bone consistently performed better than skins in terms of sequencing success, capture specificity (proportion of sequence reads on target), data quality and accuracy (heterozygosity), and completeness (final number of loci captured). This is consistent with previous studies of avian toe pads and bone compared to skin (Tsai et al., 2020), and from ancient DNA studies that have found harder tissues like bones and teeth to preserve DNA for longer than soft tissues (Adler et al., 2011; Burrell et al., 2015; Damgaard et al., 2015; Dabney and Meyer, 2019). Notably however, we found no effect of specimen age on the proportion of reads on target or number of loci captured for toe pad or bone subsamples, indicating a high level of protection from post-mortem DNA damage and degradation in these tissue types. This is in contrast with results from McCormack et al. (2016), who found a decrease in total assembled sequence data for avian specimens with age, but appears to be consistent with results from Sawyer et al. (2012), who found minimal effect of DNA fragmentation across time in specimens up to 60,000 years. In our data, rodent toe pads and bone also yield high-quality endogenous DNA with no observable relationship to specimen age, demonstrating the feasibility of obtaining reliably high-quality genomic sequence data from specimens spanning the last three centuries.

In contrast, DNA sequence libraries prepared from skin subsamples had a significantly lower rate of sequencing success (63% for skins, compared to 93% in toe pad/bone), and a weak but significant relationship (r = 0.29, p < 0.05) between specimen age and sequenced reads on target (Figure 1E). Where DNA is more fragmented and has a greater degree of post-mortem damage (e.g., Supplementary Figure 1), overall capture efficiency is likely to be lower. This would explain the difference in loci captured for skin subsamples compared to toe pad and bone (Figure 1F). If capture efficiency is lower in these samples, then the relative amplification of off-target DNA in the post-capture PCR is likely to be greater. In turn, this may explain the effect of tissue type and specimen age we observed for skin subsamples for proportion of reads on target (Figure 1E). Previous studies (Pääbo et al., 2004) have suggested a relationship between specimen age and DNA quality, as well as a decrease in endogenous DNA via degradation and an increase in exogenous DNA via contamination over time. However, recent studies suggest that the specimen preservation and storage may be crucial factors for collections-age material (McCormack et al., 2016; McDonough et al., 2018). In our data, DNA degradation with specimen age was only evident for skin subsamples, and not for toe pad and bone. As the skins of prepared museum specimens are thinner and more exposed to the environment than toe pad or bone, DNA content and quality in these tissues is likely dependent on the conditions of specimen storage, superficial treatment of the skin with chemicals (e.g., arsenic), and handling of the specimen.

We also found a significant difference between proportion of reads on target and heterozygosity in single- vs. dual-indexed samples, with reads on target being lower and heterozygosity higher in single-indexed samples. Higher average heterozygosity in single-indexed samples may be explained by a combination of cross-index contamination during genomic library preparation, and background cross-indexing during sequencing. Both types of contamination can be reduced by using unique (or partially unique) dual indexes (Kircher et al., 2012). Interestingly, we also report overall fewer reads on target for single-indexed samples. This may be explained by contaminant libraries using the same index from the laboratory environment, resulting in an apparent lower overall capture efficiency. In this case, dual-indexing also reduces the likelihood that any cross-library contamination contains a matching pair of indexes, especially where effort is made to alternate between combinations of indexes across experiments. However, we note that the overall number of single-indexed libraries in our data was low compared to the number dual-indexed libraries, and so it is possible that the patterns we observe are an artifact of sample library variability.



Practical Guidelines for Specimen Selection and Subsampling

While historically preserved DNA has the potential to be highly valuable, this is in addition to the existing intrinsic taxonomic, morphological and historical significance of specimens. Destructive sampling may interfere with potential diagnostic characters, which are often taxonomic group specific (e.g., ear length and shape, nose leaf morphology, toe pad morphology and number, etc.). Further, museum specimens are finite and irreplaceable sources of genomic material, especially for specimens of rare or extinct taxa. As such, it is critical to follow minimally invasive procedures when subsampling material from historical specimens, as well as ensuring optimal genomic library preparation and bioinformatic post-processing decisions to maximize data accuracy and utility. For dry museum skins of small mammals like rodents, subsamples of skin from around the preparatory incision may be the least invasive, however our results suggest that DNA quality and sequencing success from such subsamples is variable, and as such there is an increased chance that DNA extraction and sequencing from these subsamples will fail. Sampling from harder tissue types like toe pad or bone is therefore more likely to result in high-quality genomic data. Where practical considerations warrant subsampling from skin in the first instance, our results show that library preparation using a dual-indexing, rather than single-indexing, may minimize contamination and maximize the chance of obtaining useable data. Recent advances in sequencing genomic DNA from formalin-fixed specimens (e.g., Hykin et al., 2015; Ruane and Austin, 2017), and historical ethanol-preserved specimens (e.g., Derkarabetian et al., 2019) may also present viable options for sampling as an alternative to skins, although with variable success.



Post-sequencing Optimisation of Historical Sequence Data

Using population genomic data from Petrogale rock-wallabies, we demonstrate that increased reference quality can have substantial impact on population genomic parameters and terminal branch length estimation. Previous studies have also demonstrated the impact of reference choice, for example Shafer et al. (2017) found that a reference-based approach recovered lower inbreeding coefficient (FIS) values than a de novo approach for RAD-seq data. In our case, we hypothesize that for historical samples, mapping to a sample-specific de novo assembly can reinforce error that is present at low levels in the historical sequence data (e.g., due to DNA damage or sequencing error). Our results show that the use of a high-quality de novo reference can both reduce error and increase data completeness.

At an individual level, we found that samples with the overall lowest quality tended to show the most significant reduction in terminal branch length when using the “high-quality de novo” reference compared to the “historical de novo” reference. For cases where historical samples were comparatively high quality from the outset, terminal branch length tended to be slightly longer using the “high-quality de novo” reference compared to the “historical de novo” reference. This was due to an increase in legitimate variable sites when using a more complete and contiguous reference for mapping historical reads. While the “high-quality de novo” mapping approach is likely to have the most impact on samples of lower initial sequence quality, total population sample size may also be a contributing factor. For example, although the overall inferred terminal branch length differences were relatively small for samples within the CC population (Figure 2C), the alternative mapping approaches resulted in significant differences in population genomic summary statistics (Table 3). For populations with lower sample sizes, small changes in allele frequencies may have greater relative effect on estimated summary statistics (e.g., Fumagalli, 2013).

When summary statistics were inferred at a population-level, we saw a significant impact on the inferred number of segregating sites and Watterson's θ estimates in four of the seven populations. This was despite most populations containing individuals with higher-quality sequence data (see Figure 2C), which may be expected to mask the impact of low-frequency errors. In the CM and BB populations, pronounced differences in terminal branch length of individuals correspond to significant differences in inferred summary statistics. However, populations with significant differences in inferred summary statistics at a population level did not always show obvious differences in terminal branch length (e.g., the CC population). In cases where sequence quality is reduced pervasively across individuals in a population, errors introduced by DNA damage, sequencing error or bioinformatic processing are likely to have greater consequences. This may then impact the accuracy of downstream inference of genetic diversity, population structure, population size and demographic processes.



The Importance of Data Accuracy for Population Genomic Inference From Historical Specimens

The inclusion of historical museum specimens in population genomics provides the opportunity to sample extirpated populations, potentially contributing to the delimitation of species boundaries and conservation units, assessment of extinction risk and studies of population decline (e.g., Mondol et al., 2013; Nakahama and Isagi, 2018; Nakahama, 2021). Optimizing sequence quality from historical specimens is crucial in empirical systems like Petrogale, where complex patterns of mito-nuclear discordance (Potter et al., 2012, 2014), introgression (Potter et al., 2015, 2017, 2022), and incomplete lineage sorting across the landscape can only be resolved with comprehensive geographic sampling. In addition, data quality and completeness are especially important in studies using targeted exon capture approaches for population genomics (e.g., Bi et al., 2012; Belkadi et al., 2016; Potter et al., 2016), where there are often limited segregating sites within exonic loci. In such cases, a decrease in data completeness can reduce power to detect genuine population level variation, but equally, the impact of erroneous variant calling can be more severe.

It has long been recognized that variation in data quality, accuracy and completeness can have considerable impact on inference and conclusions in population genomic studies. The allele frequency spectrum, a summary of the distribution of derived allele frequencies, is commonly used in population genomic inference. Estimated allele frequencies can be highly sensitive to bioinformatic approaches, potentially impacting estimates of demographic expansion and isolation-with-migration models (Shafer et al., 2017). Many analytical approaches use allele frequency estimates to determine population structure (e.g., STRUCTURE, Pritchard et al., 2000), gene flow (e.g., DILS, Fraïsse et al., 2021; ABBA-BABA tests, Durand et al., 2011; TreeMix, Pickrell and Pritchard, 2012), and demographic history (e.g., δaδi, Gutenkunst et al., 2009; range expansion tests, Peter and Slatkin, 2013, 2015). Inflation of the number of variable sites, as reported in our results, could have profound influence if skewed to increase the number of minor alleles in a population, influencing patterns of demographic expansion, and evaluation of selection and adaptation, common population genomic analyses where museum specimens have been incorporated (e.g., Bi et al., 2013; Ewart et al., 2019; Dussex et al., 2021). Low frequency variants, or minor alleles, can significantly influence population structure (Linck and Battey, 2019) and estimates of demographic history (e.g., Shafer et al., 2017).

Our results showing the effect of de novo assembly quality on population genomic summary statistics demonstrate the importance of maximizing the quality and contiguity of the mapping reference and highlight the complexities in bioinformatic processing and analyzing data from historical museum specimens. This is especially true in contexts where accuracy is crucial. While sample-specific de novo assemblies have been routinely used in many target capture bioinformatic pipelines (e.g., Bragg et al., 2015; Faircloth, 2016; Singhal et al., 2017) to mitigate against reference bias (Sousa and Hey, 2013), we caution against a true “sample-specific” approach for historical specimens. While some historical specimens can provide high-quality de novo assemblies, these are typically not as contiguous as de novo assembly obtained from fresh tissue. Where fresh tissues are available from the same or closely related species, studies should endeavor to generate “high-quality de novo” assemblies from close relatives as a reference prior to sampling historical specimens. For population level studies, bias may be further reduced by selecting loci at random from multiple fresh specimens per lineage (e.g., Potter et al., 2016), or data recovery increased by mapping individuals to a common and highly complete reference for each population (e.g., Potter et al., 2018). The application of iterative mapping approaches (e.g., “pseudoreferencing,” Sarver et al., 2017) may also serve to further reduce bias where raw data is mapped to a divergent reference. It is likely that the consequence of “reference bias,” even at moderate evolutionary divergences (e.g., above population level to 10 million years), is less than the consequence of potential error and loss of data introduced using a de novo assembly generated from historical sequencing reads, however further studies are needed to quantify the impact of evolutionary divergence. Reference genomes for diverse taxa are also now being generated by the research community at a rapid rate, providing an additional source for mapping reads from historical specimens in future work.
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The pantropical genus Dalbergia includes more than 250 species. Phylogenetic studies of the group are scarce and have only included two or three species distributed in Mexico. We obtained herbarium samples of Mexican, Central American, and South American species (sourced from MEXU). In addition, sequences of GenBank accessions were used to complement the study. Using internal transcribed spacer (ITS), the matK and rbcL sequences from 384 accessions comprising species from America, Asia, and Africa were sampled to evaluate phylogenetic relationships of Mexican species and infrageneric classifications based on morphological data. Phylogenetic analyses suggest that the genus Dalbergia is monophyletic and originated in South America. The species distributed in Mexico are not a monophyletic clade but are divided into four clades with affinities to South American and Asian species clades. There is no correlation between geography and large-scale phylogeny. The estimated ages of the Mexican and Central American clades ranged from 11.32 Ma (Dalbergia granadillo clade) to 1.88 Ma (Dalbergia ecastaphyllum clade). Multiple long-distance dispersal events should be used to explain the current genus distribution.
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Introduction

The subfamily Papilionoideae includes an important clade, the Dalbergiodeae group. The “Dalbergioides” represent a monophyletic group comprising all genera referred to as the tribes Adesmieae and Aeschynomeneae, the subtribe Bryinae of Desmodieae and Dalbergieae except the genera Andira, Hymenolobium, Vatairea, and Vataireopsis (Lavin et al., 2001). This group consists of the subclades Adesmia, Dalbergia, and Pterocarpus, supported and identified mainly on a molecular data basis (chloroplast sequences; the trnK/matK spacer and the trnL intron, Lavin et al., 2001).

The Dalbergia genus is a pantropical group with around 250 species and centers of diversity in Central and South America, Africa, Madagascar, and Asia (Klitgård and Lavin, 2005). In Mexico, Dalbergia comprises 20 species, of which six are endemic (Sousa et al., 2001; Linares and Sousa, 2007; Ricker et al., 2013). Dalbergia, or rosewoods as are generally known, distinguishes because their heartwood is considered of high economic value, owing to its beauty, durability, and excellent physical, mechanical, and acoustic properties (Pittier, 1922). They also produce metabolites, used as antimicrobial (Rutiaga-Quiñones et al., 2010), antifungal (Rutiaga-Quiñones et al., 1995; Barragán-Huerta et al., 2004), antibiotic, antioxidants, and cytotoxic agents (Hamburger et al., 1987; Lianhe et al., 2011; Pérez-Gutiérrez and García-Baez, 2013). In addition, it has been reported that Dalbergia species establish symbiotic relationships with rhizobia for nitrogen fixation. This plays an important role in ecosystems since it improves soil fertility (Rasolomampianina et al., 2005). The species populations are at risk because of its intensive use, habitat loss, and fragmentation as well as slow recruitment rate and growth. Several species of the genus are used as timber species, and they are intensively exploited and subject to international traffic. Conservation of timber species threatened by illegal logging and deforestation is essential. Barcodes of the species could help to monitor species of Dalbergia subject to international traffic and reconstruct a phylogenetic hypothesis of the genus.

Phylogenetic analyses of the tribe Dalbergieae are based on molecular and morphological data (Lavin et al., 2001), placing Dalbergia in the Dalbergia clade as sister to the genus Machaerium Pers. and Aeschynomene L. subgen. Ochopodium. Later on, Ribeiro et al. (2007) concluded that Aeschynomene subgen. Ochopodium Vogel is more closely related than Machaerium to Dalbergia. Vatanparast et al. (2013) made other attempts to resolve the generic relationships between Aeschynomene and other segregate genera (Bryaspis, Geissaspis Wight & Arn. and Kotschya Endl.), but they are weakly resolved still. Cardoso et al. (2020), studying the phylogenetic relationships of Aeschynomene subgen. Ochopodium, find that both, Aeschynomene and Machaerium, are sister taxa of Dalbergia. Ochopodium section was newly circumscribed as Ctenodon, and the genus is particularly diverse in Mexico and Brazil and has a few endemic species in the Andes.

In Mexico, 20 species have been described, 15 of which are potentially threatened by illegal logging (Linares and Sousa, 2007). Due to the characteristics of its wood, they are over-exploited, placing them in danger of extinction (NOM-059 SEMARNAT, 2010). According to the red list of the IUCN (International Union for Conservation of Nature), the species of the most concern are Dalbergia granadillo and D. retusa, as their natural populations are decreasing considerably and are therefore considered Critically Endangered (IUCN). Mexican species inhabit the west and center of the country and the Yucatan peninsula. However, most species grown in the southeast are associated with tropical forests, cloud forests, tropical deciduous and sub-deciduous forests, and pine-oak forests (Standley, 1922) (Table 1). Only three Mexican species were used in previous phylogenetic studies.


TABLE 1    Ecological and morphological information of Dalbergia species distributed in Mexico, Central America, and the Caribbean.

[image: Table 1]

Dalbergia species are morphologically variable and possess a wide range of habitat preferences which made it difficult to classify the New and Old World species into natural groups (Bentham, 1860; Prain, 1904; Carvalho, 1989). It is necessary to use several specimens for each species in a broadscale distribution to get a more clear idea of which are the taxonomic circumscription within Dalbergia species. We employed a relatively wide taxonomic sampling using several Dalbergia accessions from species occurring in Mexico and included species from its centers of diversity in America, Africa, and Asia. The objectives of this study were to (1) provide a phylogenetic framework for Mexican Dalbergia species, (2) test up barcode molecular markers in Mexican species, and (3) provide an age of divergence for the Mexican species.



Materials and methods


Taxa sampling and deoxyribonucleic acid sequencing

To obtain an in-depth view of the phylogenetic relationships within the genus, we increased the previous sampling by the addition of Mexican, Central America, and South American species of Dalbergia. We included a total of 287 Dalbergia accessions. Outgroup selection was based on previous phylogenetic studies ensuring that accession sequences from Ctenodon, Machaerium, and Pictetia close relative genera were represented (Supplementary Table 1). A summary of accessions used for species from Mexico, Central America, and the Caribbean is listed in Table 2.


TABLE 2    The phylogenetic clades recognized in the present study for Mexican species of Dalbergia.
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The sample tissue material for DNA extraction was obtained from specimens in the MEXU herbarium. Total genomic DNA was extracted from leaves, flowers, or fruit samples using a modified DNeasy Plant Mini Kit (Qiagen). The target DNA regions, rbcL and matK, were amplified with universal barcoding primers (CBOL Plant Working Group, 2009). In the case of internal transcribed spacer (ITS), AB101 and AB102 primers (Sun et al., 1994) were used. PCR amplification of rbcL, matK, and ITS was carried out on a Gene Amp 2700 (Applied Biosystems, United States) with a Thermo PCR Master Mix kit (Thermo Fisher), using the manufacturer’s instructions. PCR conditions for matK and rbcL were as follows: 2 min initial denaturation at 94°C, 35 cycles (94°C 1 min, 52°C 1 min, and 72°C 1 min), and 10 min of final extension at 72°C. PCR conditions for ITS were as follows: 2 min initial denaturation at 94°C, 35 cycles (94°C 1 min, 53°C 1 min, and 72°C 1 min), and 7 min of final extension at 72°C. Amplified PCR products were checked on 1% agarose gel electrophoresis. Both strands of the clean PCR products were directly sequenced using BigDye Terminator v.3.1 (Thermo Fisher, Foster City, CA, United States) cycle sequencing kit and visualized on an ABI 3730 (Applied Biosystems) at Laboratorio de Secuenciación Genomica de la Biodiversidad y la Salud, Instituto de Biología, using the same primers as for amplification.



Distribution maps

We constructed distribution maps with collection information accessed from Global Biodiversity Information Facility (GBIF.org, 2022).1 We downloaded 11,941 herbaria records for Mexican, Central American, and Caribbean species of Dalbergia sampled in the molecular phylogeny. Data cleaning involved, first, standardizing data, deleting duplicate specimens, deleting records without any geographical coordinates, and any georeference erroneously georeferenced. After that, we used the R package “CoordinateCleaner” (Zizka et al., 2019) for further cleaning about coordinates at sea, country and province centroids, country capitals, urban areas, and around biodiversity institutions, which often come from cultivated individuals or with incorrect data. From the records downloaded, 5840 records were georeferenced, and after filtering and cleaning, 4,014 records were suitable to be used to generate distribution maps by species and phylogenetic clade.



Data analysis

Sequences were edited and assembled using SeqTrace software (Stucky, 2012). All sequences generated in this study were deposited in GenBank (Supplementary Table 1). Edited sequences for each gene region were aligned separately with MAFFT (Katoh et al., 2009). After an initial alignment, the alignments were manually adjusted using AliView (Larsson, 2014) if needed, following the principles described in Kelchner and Clark (1997). In addition, we compiled all ITS, matK, and rbcL sequences publicly available in GenBank for Dalbergia and added our newly generated three loci sequences to that dataset to produce a phylogenetic tree with a denser sampling across Dalbergia. Sequences generated from the same voucher from at least two loci have been used in the combined dataset to reduce the missing data. The combined dataset has 194 accessions and 336 accessions for the unique ITS dataset. A total of 384 accessions were analyzed.

Phylogenetic reconstruction of all the taxa sampled was undertaken using Bayesian inference (BI). We used three datasets: (1) the individual ITS dataset (unique ITS), (2) the plastid data set, and (3) the concatenated dataset. A Bayesian analysis without a molecular clock for the concatenated matrix was inferred with MrBayes. Gene trees for calibration were inferred with BEAST2 (Bouckaert et al., 2019). The GTR + Γ was selected as the best fit model based on the Akaike information criterion (Akaike, 1974) using the software jModelTest 2 (Darriba et al., 2012). The combined analysis for the three markers was run in 20 × 106 generations, sampling every 1,000. For the ITS dataset, 40 × 106 generations were run. Trees were sampled for 1,000 generations, and 20% of them were discarded as burn-in. The convergence of MCMC chain trees was visualized with the Bestiary software (Wirth and Duchene, 2021). Calibrated time trees were estimated using BEAST2 (Bouckaert et al., 2019) with a Yule tree prior model, lognormal relaxed molecular clock, and the node Machaerium-Dalbergia data according to Lavin et al. (2005). The trees were visualized with ggtree for R (Yu, 2020). Alignments in FASTA format can be seen in the Supplementary Material (S2).




Results


Phylogenetic relationships, combined tree

Phylogenetic trees show that Dalbergia is monophyletic (1.0 PP) with a basal clade formed by South American Neotropical species (Dalbergia miscolobium, Dalbergia spruceana, and Dalbergia villosa, sect Dalbergia sensu Carvalho, 1997) resolved sister to the remaining species (Figures 1, 2). The second clade of Asian species, containing two subclades, is then sister to the remaining species. Subclade II-A of Mexican climbing or woody vine species part of Ecastaphyllum sensu Carvalho (1997) (Dalbergia ecastaphyllum, Dalbergia monetaria) is sister to subclade II-B of woody vine Asian species: Dalbergia velutina, Dalbergia pinnata (synonym of Dalbergia tamarindifolia), and Dalbergia rubiginosa (series Polyphyllae, Rubiginosae, Sericeae, and Velutina sensu Prain, 1904).
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FIGURE 1
Bayesian combined phylogram of Dalbergia. Under the branches, posterior probabilities (pp) are in red font.
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FIGURE 2
Combined Bayesian calibrated tree of Dalbergia. Above the branches, the estimated age range of the clades is in black font. Local posterior probabilities are shown under branches in red font. Shading bottom bars represent geological epochs. The diamond mark represents the calibration node. The bars on the branches represent the range of the 95% confidence interval in the Bayesian tree.


Clade III contains three subclades (III-A, III-B, and III-C). Subclade III-A contains Asian species Dalbergia ovata (Ovatae), Dalbergia cochinchinensis, and Dalbergia latifolia (serie Latifoliae), both parts of section Miscolobium. Subclade III-B contains Mexican and Central American species: Dalbergia calycina, D. granadillo, D. retusa, and Dalbergia cuscatlanica. Subclade III-C contains Asian species, and the species are part of subgenus Amerimmnon sensu Prain (1904) section Dalbergaria; Dalbergia cana (Canae) is the sister species of Dalbergia oliveri (Lanceolarieae); then, they are the sister group of Dalbergia stipulacea (Stipulaceae)-Dalbergia volubilis (Volubilis), and the group formed by seven species part of Lanceolarieae (Dalbergia lanceolaria subsp. lanceolaria, Dalbergia balansae, Dalbergia huapeana, Dalbergia assamica, Dalbergia nigrescens, and Dalbergia paniculata) and Sericeae (Dalbergia sericea).

Clade IV is formed by five subclades (IV-A, IV-B, IV-C, IV-D, and IV-E). Subclade IV-A is formed by the tree species of Dalbergia latifolia (Latifoliae) and Dalbergia melanoxylon (Phyllanthoides). Subclade IV-B is formed by Dalbergia dyeriana, Dalbergia hancei (Foliaceae), Dalbergia cultrata (Cultratae), and Dalbergia horrida. Subclade IV-C is formed with four climbing Mexican–Central American species (Dalbergia brownei, Dalbergia chontalensis, Dalbergia glabra, and Dalbergia tabascana). Subclade IV-D includes a divergent climbing species Dalbergia subcymosa (Ecastaphyllum sensu Carvalho, 1997) from South America as a sister to the following Asian species: Dalbergia trichocarpa (Madagascar-African tree, unknown sect.), the tree Dalbergia sissoo (serie Sisso), the woody climbers Dalbergia rimosa (serie Rimosae), and Dalbergia entadoides (unknown sect.-serie), and the tree Dalbergia odorifera (unknown sect.-serie). Subclade IV-E resolves a group of South American tree species of Triptolemea sensu Carvalho, 1997 (Dalbergia variabilis = Dalbergia frutescens, Dalbergia cearensis, Dalbergia riparia, and Dalbergia brasiliensis) as the sister group of 10 Mexican–Central American species of trees (Dalbergia agudeloi, Dalbergia melanocardium, Dalbergia palo-escrito, Dalbergia tucurensis, Dalbergia calderonii, Dalbergia stevensonii, Dalbergia cubilquitzensis, Dalbergia glomerata, Dalbergia longepedunculata, and D. calycina).



Phylogenetic relationships, internal transcribed spacer tree

In this tree, we included a larger number of species from Africa (Figure 3). Dalbergia is monophyletic with a basal clade formed by South American Neotropical species (D. miscolobium, D. spruceana, Dalbergia foliolosa, Dalbergia cuiabensis, D. villosa, Dalbergia acuta, Dalbergia revoluta, Dalbergia inundata, and Dalbergia lateriflora) resolved sister to Dalbergia afzeliana from Africa. The second clade is formed by two subclades: one of Mexican climbing or woody vine species (D. ecastaphyllum and D. monetaria) as sister to a subclade of woody vine Asian species (D. pinnata, D. tamarindifolia, D. rubiginosa, Dalbergia candenatensis, Dalbergia rostrata, D. stipulacea, and D. velutina) and an African bush species (Dalbergia microphylla).
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FIGURE 3
ITS calibrated tree of Dalbergia. Above the branches, the estimated age range of the clades is in black font. Local posterior probabilities are shown under branches in red font. Shading bottom bars represent geological epochs. The diamond mark represents the calibration node. The bars on the branches represent the range of the 95% confidence interval in the Bayesian tree.


Clade III contains three subclades. The first contains Asiatic species (Dalbergia ovata, D. cochinchinensis, Dalbergia sissoides, and D. latifolia) and African tree species (Dalbergia maritima, Dalbergia capuronii, and Dalbergia boehmi). The second one is with Mexican and Central American species (D. calycina, D. granadillo, and D. retusa). The last subclade has a group of African species (Dalbergia lactea, Dalbergia aurea, and Dalbergia bignonae) as sister of a clade with Asian species grouped into three clades: the first one grouping D. cana, D. oliveri, D. hancei, and Dalbergia lakhonensis; second one grouping D. stipulacea, Dalbergia yunnanensis, D. volubilis, D. paniculata, and D. nigrescens; and the third one formed by D. sericea, D. lanceolaria, Dalbergia godefroyi, D. stipulacea, Dalbergia huepeana, D. balansae, and D. assamica.

Clade IV is formed by five subclades. The first subclade is formed by a climber African species Dalbergia hostilis and two Asian species (Dalbergia sandakanensis and Dalbergia bintuluensis). In the second subclade, three climbing and one small tree species from Mexico-Central America (D. brownei, D. chontalensis, D. glabra, and D. tabascana) are nested with D. nigra from Brazil; these species are the sisters of an Asian group formed by D. dyeriana, D. hancei, D. cultrata, Dalbergia thorelii, Dalbergia lunghuhnii, and D. horrida. The third subclade has African species Dalbergia bracteolata and D. boehmii as the sister group of a clade with the tree species Dalbergia latifolia and D. melanoxylon. The fourth subclade has Dalbergia canescens and Dalbergia benthamii from Asia, South American species (D. cearensis, Dalbergia decipularis, D. variabilis = D. frutescens, D. brasiliensis, D. riparia, and Dalbergia frutenscens var. tomentosa), and 12 Mexican–Central American species of trees (D. agudeloi, D. calderonii, Dalbergia congestiflora, D. cubilquitzensis, D. glomerata, D. longepedunculata, Dalbergia luteola, D. melanocardium, D. palo-escrito, Dalbergia tilarana, D. tucurensis, and D. stevensonii). The fifth subclade includes an African group of trees (D. trichocarpa, Dalbergia greveana, Dalbergia abrahamii, Dalbergia humbertii, Dalbergia bojeri, and Dalbergia baronii) with two divergent climbing species (D. subcymosa from South America and Dalbergia martii from Africa) as sister to Asian species. This group of Asiatic species consists of a divergent tree species (D. cultrata) sister to a subclade formed by woody climbers (D. rimosa, Dalbergia cf. kingiana, and Dalbergia dialoides), plus a tree species (D. sissoo), and a mix of trees, lianas, and woody climbers (D. odorifera, Dalbergia tonkinensis, D. yunnanensis, Dalbergia rimosa var. foliacea, D. entadoides, and Dalbergia parviflora).

There are not many obvious relationships conflicting between the nuclear loci tree and the two loci concatenated plastid tree (Figure 4). The backbone of the plastid loci tree is nearly identical to the nuclear ITS tree, with all major nodes and monophyly receiving strong support. In the plastid tree, there are many polytomies but a geographical structuring of the species is observed. The major clades disappear hierarchically but still form a group. The major conflict in the tanglegram is Dalbergia melanoxylum, in ITS tree is a sister species to D. glabra clade, and in plastid tree is part of a polytomy.
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FIGURE 4
Tanglegram illustrating the discordance between the ITS gene tree (nrITS) and the combined plastid gene tree (cp) for Dalbergia. Links connect identical tips, with nodes rotated to minimize link overlap. Links are colored by geographical distribution. Clades that are similar between the two trees are indicated by black circles with white font. Tipuana tipu was eliminated because only the ITS1 sequence was available.




Geographical distribution of Mexican, Central American, and Caribbean species of Dalbergia

Most tree species of Dalbergia are restricted in distribution with the exception of D. congestiflora. Populations of D. granadillo clade are mostly distributed along the Pacific coast of Mexico from Colima to Panama. Climbing species have more widespread distributions, like D. ecastaphyllum and D. monetaria whose distribution reaches South America and Africa. D. brownei is a climbing species that has managed to spread as far as the coast of Florida. Distribution maps by clade can be found in Figure 5. Distribution maps by species can be found in Figures 1–5 of the Supplementary Material.
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FIGURE 5
Distribution maps by clade for Dalbergia species from Mexico, Central America, and the Caribbean.




Divergence time estimates

Divergence time estimation provided a robust time-calibrated tree of Dalbergia (Figure 2). The Dalbergia group arose 34.42 Ma during the Oligocene and diversification of the present day occurred during the Miocene to Pleistocene from 34.42 to 1.88 Ma. Dalbergia diverged from their sister genera 44.95 Ma and diversified during the Miocene (24.73–5.23 Ma). The divergence ages for Mexican Dalbergia species are between Quaternary (Pleistocene) and Tertiary (Neogene). The oldest Mexican clade is Dalbergia granadillo with 11.32 Ma (Miocene), D. congestiflora clade with 9.2 Ma (Miocene, Tortonian), D. glabra with 6.63 Ma (Miocene, Zancleane), and D. ecastaphyllum with 1.88 Ma (Pleistocene, Calabrian). Divergence estimations from the combined tree to the ITS tree do not vary considerably (Figure 3). The estimation age for the Dalbergia granadillo clade was 11.5 Ma, for D. glomerata clade was 9.7 Ma, for D. glabra clade was 6.7 Ma, and for D. ecastaphyllum clade was 2.2 Ma.




Discussion


Taxonomy

Bentham (1860) divided the 64 species of Dalbergia known into six series (Triptolemea Americanae, Triptolemea, Sissoae Americanae, Sissoae Gerontogee, Dalbergariae, and Selenolobium). von Taubert (1894) divided the species into four sections (Triptolemaea, Sissoa, Dalbergaria, and Selenolobium). In the Neotropics, the 44 Brazilian species of Dalbergia were divided into five sections by Carvalho (1989, 1997) based on inflorescence and fruit types (Dalbergia, Ecastaphyllum, Pseudoecastaphyllum, Selenobium, and Triptolemea). In Asia, Prain (1904) classified the 86 South-East Asian species of Dalbergia into two subgenera (Amerimnon and Sissoa), five sections (Dalbergaria, Endespermum, Miscolobium, Podiopetalum, and Triptolemea) and 24 series. Finally, Thothathri (1987) categorized the 46 Dalbergia species, present in the Indian subcontinent, into four sections and seven series based on androecium and fruit types.

The sect. Triptolemea, with cymose inflorescences and samaroid legume, and sect. Ecastaphyllum, with racemose or paniculate inflorescences and orbicular to reniform legume sensu Carvalho (1997), are monophyletic. These sister relationships between species have also been found by Ribeiro et al. (2007); Vatanparast et al. (2013), and Hartvig et al. (2015). We also found relationships between D. candenatensis, D. pinnata, and D. velutina as other authors do (Vatanparast et al., 2013; Hartvig et al., 2015) but no as sister species. They are part of the same clade with D. tamarindifolia (sister to D. pinnata), D. rubiginosa, and D. sericea. Niyomdham et al. (1997) recognized that D. pinnata, D. candenatensis, and D. velutina have morphological affinities in the lower calyx tooth as long as or slightly longer than the laterals, standard equal to at least 3/4 of the blade, sometimes exceeding it. Niyomdham et al. (1997) treated D. tamarindifolia as a synonym of D. pinnata, specimens occurring together into the clade in two groups; these results might be indicative of taxonomic differences.

We found that sect. Dalbergia sensu Carvalho (1997) is also monophyletic. Species sampled from section Dalbergiaria sensu Prain (1904) are monophyletic too (series Lanceolarieae, Stipulaceae, and Volubilis). Vatanparast et al. (2013) treated Dalbergia balansae and D. assamica as separate species, but Hartvig et al. (2015) treated both species as a synonym. In this study, we treated the species separately and we included Dalbergia hupeana. Specimens in the phylogenetic analyses occur together; D. hupeana and D. balansae are sister species of D. assamica, as well as D. sericea, D. nigrescens, and D. paniculata. These results might be indicative that D. balansae and D. assamica are different species.

The Latifoliae series (D. latifolia, D. cochinchinensis, and D. ovata) from section Miscolobium (Prain, 1904) is monophyletic, and this group was also found by Vatanparast et al. (2013) and Hartvig et al. (2015). Morphological characters between D. cochinchinensis and D. ovata are lower calyx teeth as long or slightly longer than the lateral ones; standard longer than wide; leaves with (5−) 7-9 leaflets; leaflets acute to acuminate, apiculate, rarely obtuse, or rounded; flowers white to whitish, 5.5–6 mm long; fruits thin, papyraceous, glabrous, light brown (Niyomdham et al., 1997).

Accessions of Dalbergia rimosa are in three different groups in the same subclade. The first group is the sister species to D. odorifera, the second one is sister to D. entadoides, and the third one is basal D. rimosa accessions. The species is distributed in India, Myanmar, South of China, Thailand, Laos, and Vietnam from 200 to 1,300 m in mixed deciduous forests and scrub forests. When we see herbarium specimens from the different country distributions, it is clear that a morphological taxonomic revision must be carried out (e.g., Hooker J.D. sn. from Myanmar, Berhaman et al. SAN 134566 from Malaysia).



Mexican, Central American, and Caribbean species of Dalbergia

Although there is a taxonomic treatment for Flora Mesoamericana (Linares, in press), since Pittier (1922) there have been no attempts at subgeneric-level classifications of Mexican Dalbergia. Richter et al. (1996), citing personal comments by Richter et al. (1996), suggested four groups for the Mexican species. The first consists of D. retusa, Dalbergia hypoleuca, D. granadillo, and Dalbergia lineata, probably D. cuscatlanica and Dalbergia pacifica, all of which are similar in wood structure and metabolites.

The second group comprises Central American and Mexican species, D. tucurensis (including D. cubilquitzensis), D. palo-escrito, D. melanocardium, D. glomerata, D. congestiflora, D. calderonii (including Dalbergia funera), and probably D. stevensoni. No differentiation was detected in the wood of these species, although Richter et al. (1996) underline that D. stevensonii may be different from the rest. The third group, with the species D. calycina and Dalbergia intibucana (nowadays synonyms), were not sampled for Richter’s study because of their lack of commercial value at that time. Finally, the fourth group with D. brownei whose wood parenchyma banding is similar to that found in D. congestiflora and D. funera but different in the uniseriate rays.

Three of the groups hypothesized by Rudd are phylogenetically valid. The first is referred to here as the Dalbergia granadillo clade (because it is the most traded species in the clade). Currently, only the following species are recognized by Linares (in press), Dalbergia granadillo, D. retusa var. retusa, and D. retusa var. cuscatlanica. To the same clade belongs D. calycina which Rudd recognized as a separate group and which is within the clade as the most divergent species. The species are distributed in the seasonally dry forests of the Pacific Coast of Mexico from Jalisco to Oaxaca (D. granadillo), in the seasonally dry forests of Southeastern Honduras, Nicaragua, and Costa Rica (D. retusa var. retusa), and in humid environments of Honduras and El Salvador (D. retusa var. cuscatlanica).

The second group is what we called the Dalbergia glomerata clade. The D. glomerata clade is a group of 12 species distributed in the Pacific Coast of Mexico from Jalisco to Costa Rica, in the Rio Balsas Depression, in the Gulf Coastal plain from Veracruz to North of Chiapas, and in Guatemala and Belize. Species can be found in cloud forests, seasonally dry tropical forests, tropical rainforests, or secondary vegetation. Sister species clade is from South America (D. brasiliensis, D. riparia, D. cearensis, and D. variabilis (D. frutescens)). They are part of Triptolemea and characterized by inflorescence cymose in terminal racemes; fruit oblong to elliptical, samaroid, with reticulate venation more prominent over the seed cavity. Species occur mainly in central and eastern Brazil, with the exception of D. riparia that inhabits the central Amazon Basin and less frequently on the lower Amazon.

Finally, the third group, referred to here as the Dalbergia glabra clade (fourth group for Rudd), includes the species D. brownei, D. chontalensis, D. glabra, and D. tabascana. Rudd does not include the last three species, although, in 1995, she described varieties within D. glabra. The D. glabra clade species are distributed from Veracruz, Mexico, to Honduras on the Atlantic and from Oaxaca, Mexico, to El Salvador in the Pacific Coast. Furthermore, Rudd did not say anything about the species D. ecastaphyllum and D. monetaria (D. ecastaphyllum clade). The D. ecastaphyllum clade is distributed from Florida, United States, to Brazil, passing through Mexico, and in Caribbean islands. Plant distribution records exist in the Western part of Africa. Species inhabits riparian vegetation, coastal dunes, mangrove forests, and mangrove-associated forests.



Time of diversification in Dalbergia

The origin of Dalbergia is probably South America, as the South American species are the earliest divergent. Later, the genus must have migrated to North America (possibly when Central America did not yet exist) and diversified into the four lineages we recognize today. In Figure 6 (Supplementary Material), we can see that all haplotypes are central (in green). The Asian species evolved from the North American ones. There are different lineages between them, probably during the boreotropic (the only issue is that the geological data date this stage in the Eocene, implying that the genus is possibly older), which is in agreement with the fossil record found in America and Europe. The South American lineage of Dalbergia frutescens is a more recent arrival and derives from a southern migration of the Dalbergia glomerata clade (Figure 1 and Supplementary Material).

The Dalbergia granadillo clade must have had an ancestor in mountain areas, tolerant of metamorphic rocky soils and dry conditions, and equivalent to mixed pine-oak forest. The earliest diverged species is D. calycina, a species found in montane areas such as Bochil or in the Cañon del Sumidero, both in Chiapas.

The Dalbergia glomerata clade can be divided into two groups: (1) species related to D. cubilquitzensis (species complex) that inhabit humid environments and are tolerant of limestone and metamorphic soils, and (2) species related to D. congestiflora that inhabit areas with marked seasonality and dryness. Dalbergia stevensonii, which is the most recently diversified species in the clade, has a morphology that resembles species from the seasonal dry forest and not from the humid and flooded area where it is currently distributed.

The Dalbergia glabra clade mostly consists of climbing species. The earliest divergent species, D. chontalensis, is a shrub distributed in floodplains or near low-lying streams. D. brownei is a shrubby, climbing species distributed on coastal dunes and has dispersed as far as Florida. Dalbergia tabascana is another lianoid species that has “specialized” to grow in freshwater swamp areas. The area where it is currently distributed was once a wetland area (San Lorenzo Tenochtitlán). The most recently diversified species (Pleistocene) is D. glabra, the only species in the clade that succeeded in diversifying from seasonal dry forest environments associated with water bodies to rain forests. Populations of this species can be found in the interior of the country but are always associated with water bodies.

The Dalbergia ecastaphyllum clade is the most recent in origin, and the species that comprise it are two lianoid species that inhabit mostly coastal regions. D. monetaria is the most recent species, is tolerant of freshwater bodies, and can therefore be found in different areas of the Amazon and in the African Congo. The fruit is floating and woody and has a “spongy” endocarp.

Most of the ages obtained here are younger than previous estimates (Lavin et al., 2005). Lavin et al. (2005) using a matK phylogenetic reconstruction estimated the age of divergence between Dalbergia sisso and Tipuana tipu in 49.1 ± 0.8 Ma (47.1–51.4 Ma). In the same study, they estimated the age of divergence between D. sissoo and Ormocarpum in 45.6 ± 0.8 Ma (43.9–47.3 Ma). However, in the study of Lavin et al. (2004), the reported Dalbergia estimation age from stem and crown clades is 40.4–43.3 Ma, and they give divergence estimates ranging from 12.7-3.8 to 7-12.2 Ma. Later on, Hung et al. (2020) with transcriptomes data (256 single-copy orthologs, 479,064 bp) established that the Dalbergia miscolobium clade is basal with an age of ± 14.78 Ma (Miocene-Langhian). The divergence ages found for D. cochinchinensis and D. oliveri in Indochina were estimated to be 11.68 Ma (Lower Miocene), which corresponds with the separation of the Thai–Malay Peninsula from Borneo ± 15 Ma ago (Vatanparast et al., 2013). The fossils of Dalbergia found in Europe are from the Miocene such as Dalbergia nostratum (15.97–23.03 Ma; lower Miocene), Dalbergia lucida (5.33–11.61 Ma; late Miocene), or Dalbergia phleboptera (27.82–23.2 Ma; Oligocene–Miocene). For Mexico, fossils of wood from Puebla are dated from the Oligocene (32 Ma, Sainz-Reséndiz, 2011).

Miocene diversification of Dalbergia reflects patterns shown in other tropical genera (Choo et al., 2020; Schley et al., 2022) in accordance with the climatic and ecological changes that occurred in the Tropics during the Miocene.

The combined marker phylogenetic reconstruction indicated that in Mexico, several ancestral independent lineages within Dalbergia might began their diversification consecutively during the Miocene. The ancestors of Mexican Dalbergia clades came from South America and Asia. How species were exchanged from South America to Mexico can be explained by migrations through Central America via the narrow Isthmus of Panama, which existed above sea level from the late Eocene to the Oligocene (38–28 Mya, Montes et al., 2012), and through which the exchanges of flora and fauna may have taken place (Cody et al., 2010). In the warm periods from the Eocene to Miocene through the transport of seeds and after the consolidation of the Isthmus, the contributions of flora must have increased.

For the Dalbergia glomerata clade, the sister group of taxa D. brasiliensis, D. cearensis, and D. variabilis (D. frutescens) have a fruit that could be wind-dispersed, while D. riparia has a fruit that is dispersed by water. The ancestor of the D. glomerata clade could have been wind-dispersed through Panama Isthmus. Physiographic conditions in Mexico at that time must have facilitated the introduction of coastal and low-elevation species through efficient mechanisms of long-distance seed dispersal (e.g., ancestors of Dalbergia glomerata and D. granadillo). These species then evolved in the Sierra Madre del Sur, which was still active during the early Miocene, and, later on, in some areas during the Pleistocene (Ferrari et al., 2005; Moran-Zenteno et al., 2007). Likewise, the complex Trans-Mexican Volcanic Belt generated hundreds of scenarios in Central Mexico from the Miocene to the present (Ferrari et al., 2012) promoting population divergence, and thus speciation.

Ancestors from Asia and Africa must have arrived in America due to long-distance dispersal. How did they arrive could have been by different routes. One of these ways could have been by ocean currents. The tropical Atlantic belts where surface currents and winds are simultaneously favorable for East-West crossing are found between the Congo delta and the Maranhão in Brazil and just North of the Senegal river delta and Northern Brazil and the Guianas. Both streams originate in river deltas in Africa. Parrish (1993) has suggested “rafting” transport of organisms between South America and Africa during the Tertiary and was probably predominantly from East to West rather than the other way around (Renner, 2004). Although these currents may have been different during the warm climates of the Eocene–Miocene, there is no evidence that they were different from those of today. The only current that may have been different is the one in the vicinity of the Isthmus of Panama, before it closed. There are also data that the Rio Grande rise (Southeastern of the coast in Brazil) and the western end of the Walvis Ridge (Southwest African Coast, Cape Town) may have been above water until the Oligocene (Parrish, 1993; Morley, 2000), reducing the distance between continental coasts. Another form of long-distance dispersal using ocean currents may have been by fruit flotation. Currently, we have a clear example with Dalbergia ecastaphyllum and D. monetaria found in America but also in the western portion of Africa and whose fruits are frequent buoyants in marshes and rivers and can remain floating up to nine months (Gunn et al., 1976). There are Dalbergia species reported in the literature as Dalbergia monosperma that are waterborne (Ridley, 1990). Some of the Asian species of Dalbergia have fruits with similar characteristics to D. ecastaphyllum and D. monetaria to be transported, because they have coriaceous to woody fruits with a single seed which would form an air chamber inside, allowing them to float (e.g., Dalbergia albertesii, Dalbergia beccarii, D. horrida, and D. tamarindifolia).

Other options for long-distance transport are migratory birds, but except for some Psittacidae that consume Dalbergia seeds, there are no migratory species that could transport them from Asia to America or vice versa. While only ocean currents are heard as consistent for Dalbergia to be dispersed over long distances, all of the above mechanisms together could shape the diversity encountered in the genus today. Species distribution must also be related to soil type and microbiome. Rasolomampianina et al. (2005) found 68 strains of fixative bacteria in eight endemic Dalbergia species from Madagascar. Some of these strains such as Bradhirhizobium are common in tropical legumes, but the others are specific.



Concluding remarks

The reconstructed evolutionary history of Dalbergia from Mexico and Central America provides insights on how the number of species present in the area may have originated.

Regarding genetic barcodes, the most commonly used for Dalbergia have been ITS, matK, and rbcL, either alone or in different combinations (Bhagwat et al., 2015; Hassold, 2015; Li et al., 2017). Li et al. (2017) recommend the combination ITS + matK + rbcL to identify Dalbergia species. Our results show that, for species from Mexico, Central America, and the Caribbean, the ITS region is acceptable to distinguish at the species level, and in combination with chloroplast markers, we can know the area of provenance. Hassold (2015), in her study with chloroplast markers, indicates that plastid sequences reflect the geographical range and shared haplotypes between species. The data obtained in this study demonstrate that the whole piece of ITS alone can help us to differentiate between Dalbergia species. If the area of provenance is also required, it will be necessary to use chloroplast sequences.
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Animal specimens in natural history collections are invaluable resources in examining the historical context of pathogen dynamics in wildlife and spillovers to humans. For example, natural history specimens may reveal new associations between bat species and coronaviruses. However, RNA viruses are difficult to study in historical specimens because protocols for extracting RNA from these specimens have not been optimized. Advances have been made in our ability to recover nucleic acids from formalin-fixed paraffin-embedded samples (FFPE) commonly used in human clinical studies, yet other types of formalin preserved samples have received less attention. Here, we optimize the recovery of RNA from formalin-fixed ethanol-preserved museum specimens in order to improve the usability of these specimens in surveys for zoonotic diseases. We provide RNA quality and quantity measures for replicate tissues subsamples of 22 bat specimens from five bat genera (Rhinolophus, Hipposideros, Megareops, Cynopterus, and Nyctalus) collected in China and Myanmar from 1886 to 2003. As tissues from a single bat specimen were preserved in a variety of ways, including formalin-fixed (8 bats), ethanol-preserved and frozen (13 bats), and flash frozen (2 bats), we were able to compare RNA quality and yield across different preservation methods. RNA extracted from historical museum specimens is highly fragmented, but usable for short-read sequencing and targeted amplification. Incubation of formalin-fixed samples with Proteinase-K following thorough homogenization improves RNA yield. This optimized protocol extends the types of data that can be derived from existing museum specimens and facilitates future examinations of host and pathogen RNA from specimens.
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Introduction

Natural history collections are an essential and underused resource for emerging infectious disease research (Talley et al., 2015; Schmitt et al., 2018; Colella et al., 2021; Thompson et al., 2021). These collections preserve snapshots of animal and plant populations and their associated parasites and pathogens through time. This quality has been used to track the spread of invasive parasites and pathogens in wildlife (Kleindorfer and Sulloway, 2016) and emergence of human pathogens (Childs et al., 1994; Yates et al., 2002). Natural history collections also maintain voucher specimens that can be revisited and compared between projects and institutions, a feature that can make pathogen surveillance more effective and reproducible (Colella et al., 2021; Thompson et al., 2021). Lastly, these collections maintain multiple specimen types that can be analyzed in new ways as new technology is developed, enabling novel data to be derived from existing resources. For example, DNA sequencing revolutionized our understanding of the information stored within a natural history specimen. Now, with the development of more sensitive and accurate sequencing and imaging technologies, we can also detect the community of pathogens associated with a specimen.

The spillover of SARS-CoV-2 from wildlife to humans has led to increased screening for coronaviruses, a highly diverse family (Coronaviridae) of positive-sense single-stranded RNA viruses, in bats globally (Valitutto et al., 2020; Becker et al., 2022). There are also efforts to revisit bat specimens housed in natural history collections to examine the evolution and host associations of coronaviruses. However, few protocols are available for extracting RNA from museum specimens (although see Fanning et al., 2002), limiting the use of museum specimens in viral screening efforts. RNA is a rapidly deteriorating molecule that requires specialized stabilization (Camacho-Sanchez et al., 2013), and many museum specimens are not preserved with RNA in mind. While RNA is less stable than DNA, RNA can persist even in ancient plant and animal tissues (Fordyce et al., 2013; Shaw et al., 2019; Smith et al., 2019) and ancient RNA methods have been used to examine viruses (Castello et al., 1999; Fanning et al., 2002; Smith et al., 2014; Düx et al., 2020). The persistence of RNA in historical and ancient tissues supports the value of natural history specimens in examining viral pathogens through time and other downstream uses, including host gene expression profiles.

Here, we examine the quality and quantity of RNA that can be extracted from bat specimens ranging in age (19–136 years old) and varying in preservation method (i.e., formalin-fixed ethanol-preserved at room temperature, ethanol-preserved and stored at room temperature, ethanol-preserved and frozen, and flash-frozen without buffer; Figure 1). We present an optimized protocol for extracting RNA from formalin-fixed specimens that is refined from existing protocols developed for extracting RNA from formalin-fixed paraffin-embedded (FFPE) tissues (Krafft et al., 1997; Fanning et al., 2002; Sharma et al., 2012). We used a suite of tools to confirm the success of RNA extractions and examine the downstream usability of these extractions, including Qubit, Bioanalyzer, qPCR, and RNA-seq. This research builds on the growing body of evidence that natural history specimens capture an extended suite of data that can be used beyond the original intent for which that specimen was vouchered, reinforcing the value of natural history collections.
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FIGURE 1
Sampling and processing design. Whole voucher specimens collected in 1886 and 1888 (n = 3 bats, n = 6 tissues; ethanol-RT) are not shown in the figure.




Methods


Specimen subsampling

We sampled bat specimens and tissues (n = 22 unique bats) housed in the Smithsonian National Museum of Natural History (NMNH) that represented species from five genera (Rhinolophus, Hipposideros, Megareops, Cynopterus and Nyctalus) collected in 1886, 1888, and 2002–2003 in Myanmar, and in 1989 in China (Supplementary Table 1). Whole voucher specimens were either preserved in ethanol at room temperature (1886, 1888: ethanol-RT) or were fixed in formalin and transferred to ethanol for long-term storage (2002–2003: formalin-fixed). From some of these whole specimens (n = 4), organ and/or muscle tissue was sampled in the field and preserved in ethanol and then frozen for long-term storage at –20°C (ethanol-F). For other bats, only organ and muscle tissues were available. Some tissues sampled in the field were flash frozen using liquid nitrogen and stored in vapor phase liquid nitrogen freezers (1989: flash-frozen). As there are multiple sample types taken from the same bat individual, we use paired tissue subsamples to examine the impact of preservation method on RNA (Supplementary Table 1 and Figure 1).


Fluid vouchers

We collected lung and small intestine tissue samples from formalin-fixed bat vouchers (n = 8 bats; Figure 1). Specimens were removed from their jars and blotted dry to remove excess 70% ethanol. Next, thoracic and abdominal cavities were dissected using sterilized instruments (forceps, scissors, hemostats and scalpels) treated with RNase AWAY™ (Thermo Fisher Scientific, Waltham, MA, United States). Approximately 50 mg subsamples of lung and small intestine were weighed and then placed in a 1.5 mL tube containing PBS buffer (to remove remaining ethanol), shaken for approximately 5 s, moved to a 1.5 mL tube containing ddH20, again shaken for 5 s, and finally transferred to a 1.5 mL tube containing Trizol™ buffer (Invitrogen, Waltham, MA, United States). After dissections were completed, all tubes were transferred to a –20°C freezer for temporary storage and then transferred to a –80°C freezer until extraction occurred. Ethanol-RT bat vouchers pre-dated the use of formalin in museums (collected in 1886 and 1888). Tissues from these specimens were sampled in the same way as formalin-fixed vouchers.



Tissue samples

A subsample of frozen tissue samples preserved in ethanol or flash frozen were loaned from the NMNH Biorepository and stored at –80°C until extraction. During subsampling, all instruments were treated with RNase AWAY™. Frozen tissues were moved from –80°C to a –20°C freezer for approximately 1 h prior to subsampling. Flash-frozen tissues were then stored at 4°C and processed individually. Tubes containing ethanol-F tissues were removed from the –20°C freezer one at a time and stored on ice during subsampling. It was not possible to discern the tissue type of these subsamples as multiple organ types (usually heart, liver, lung, kidney, spleen) and muscle are frequently sampled in the field and put in the same tube for long-term storage. These tissues do not always maintain diagnostic morphology during long-term storage and become indiscernible from each other. Prior to extractions tissues were weighed to confirm they did not exceed ∼50 mg and washed in 1× nuclease-free PBS and nuclease-free water (all except flash-frozen samples) as described for tissues sampled from fluid vouchers. Following this washing step, samples were transferred to Trizol™ and extracted immediately.




RNA extraction and quality assessment


RNA extraction protocols

Following the PBS and water washes for samples in ethanol (all except flash-frozen samples), all tissues were transferred to Trizol™ and either processed immediately or stored frozen until RNA extraction. We tested three protocols for extracting RNA from the tissues (Figure 1). Six negative controls used during extraction yielded no measurable RNA.

For protocol 1, tissues were homogenized manually or by bead-beating and then RNA was extracted using the RNeasy Lipid Tissue Mini Kit (Qiagen, Hilden, Germany). Ethanol-RT samples were collected in 1886 and 1888, and therefore were processed in the Smithsonian National Zoo and Conservation Biology Institute’s ancient DNA laboratory. These samples were homogenized in 40μL Trizol using BioMashers II™ (Kimble, Rockwood, TX, United States) until no chunks of tissue were visible. Then 960μL of Trizol was added, the pestle was removed, and the tube was centrifuged for 1 min. Supernatant was transferred from the BioMasher tube to a screw cap tube before proceeding with the RNeasy Lipid Tissue Mini Kit extraction protocol, beginning after the homogenization steps in the Kit handbook (start at step 12, the first step under Preparation of Total RNA, handbook v. 07/2018). Ethanol-F samples were homogenized using a Mini-BeadBeater-96 (BioSpec, Bartlesville, OK, United States) and one 3 mm chrome steel bead. Prior to use, we soaked beads in RNase AWAY™ for 5 min and washed them twice with RNase-free water. We poured off the water washes and irradiated the beads with UV light for 5 min (UV Clave, Benchmark Scientific, Sayreville, NJ, United States) before transferring one bead to a screw-cap tube containing tissue sample and 1 mL Trizol buffer. Each sample was bead beat two times at maximum speed (40 oscillations/second) for 30 s and incubated at –20°C for 2 min following each bout of bead beating. If large chunks of tissue were visible, we repeated bead beating and incubation once more. Supernatant was transferred to a new tube and RNA extraction proceeded using the RNeasy Lipid Tissue Mini Kit (step 12 as above). Kit extraction followed the manufacturer’s protocol and included DNase I digestion (RNase-free DNase Set, Qiagen). RNA was eluted in 40 μL of RNase-free water and the elution was repeated using the original eluate to re-wet the filter as recommended to increase RNA concentration. Extractions were split into two aliquots to reduce freeze-thaw cycles and stored at –80°C.

Protocols 2 and 3 were optimized from Protocol 1 and Sharma et al. (2012) to improve RNA yield from formalin-fixed samples. For protocol 2, tissues in 900 μL Trizol and 100 μL Proteinase K (Qiagen) were incubated overnight at 60°C with agitation and then bead beat once as described above. Following bead beating, the supernatant was moved to a new tube and RNA extraction proceeded using the RNeasy Lipid Tissue Mini Kit as described in protocol 1. To improve access of Proteinase K to tissues, we switched the order of the homogenization and digestion steps in protocol 3. For protocol 3, tissues in 900μL Trizol and 100 μL Proteinase K were bead beat 1–2 times as described in protocol 1, followed by incubation with agitation at 56°C for 15 min, then 80°C for 15 min. Following incubation, the supernatant was moved to a new tube for extraction with the RNeasy Lipid Tissue Mini Kit as described in protocol 1.



Qubit and bioanalyzer

To examine the quality and downstream use of RNA derived from museum specimens, we estimated RNA yield for all samples using Qubit (n = 66; Invitrogen, RNA HS or BR assay; Supplementary Table 1), the RNA Integrity Number (RIN) and DV200 (proportion of RNA fragments > 200 nucleotides in length) for 22 representative samples, and 260/280 and 260/230 ratios of RNA purity using NanoDrop, Thermo Fisher Scientific, Waltham, MA, United States for 56 representative samples. RIN and DV200 are a measures of RNA degradation and were quantified using the Bioanalyzer RNA 6000 Pico (Agilent, Santa Clara, CA, United States) Eukaryote Total RNA analysis following the manufacturer’s instructions (Supplementary Figures 1, 2). We compared RNA purity (i.e., 260/280 and 260/230 ratios) across preservation methodologies and, within formalin-fixed samples, across extraction protocols using one-way ANOVA. We used Tukey’s HSD to compare all groups to each other if a significant difference was detected. Friedman’s test was used to compare RNA purity between intestine samples used in optimization of the RNA extraction protocol from formalin-fixed samples.




Screening for mammalian and viral RNA using qPCR

For qPCR, we synthesized cDNA from RNA extractions using the ProtoScript II First Strand cDNA Synthesis Kit (New England Biolabs, Ipswich, MA, united States) using the Randomized Primer Mix and following the manufacturer’s instructions. We confirmed the presence of mammalian RNA in 22 representative samples by targeting a 100 bp region of the 16S rRNA gene using universal mammalian primers (Tillmar et al., 2013) using the SsoAdvanced SYBR Green Supermix (BioRad, Hercules, CA, United States), following the manufacturer’s instructions for a 20 μL final reaction volume. Reactions were incubated at 95°C for 30 s followed by 40 cycles of 95°C for 15 s and 58°C for 30 s. We included negative and positive controls (Leontopithecus rosalia, Callithrix geoffroyi, Choloepus didactylus, and Desmodus rotundus) with each assay.

We screened 29 samples (derived from 15 unique bats) for viruses in the subgenus Sarbecoronavirus by targeting the N gene region (HKU-N; primers and probe from Chu et al., 2020) and more broadly for alpha- and betacoronaviruses by targeting the RdRp gene region (RdRP; primers and probe I and probe III originally developed by Muradrasoli et al., 2009 and modified by Joffrin et al., 2020). Our sample size is smaller than what has previously been used for screening bats for coronaviruses (Joffrin et al., 2020). For the HKU-N assay, each 25 μL reaction contained 12.5 μL KlearKall Hot Start 2× Master Mix (LGC, Biosearch Technologies, Hoddeston, United Kingdom), 0.5 μM of each forward and reverse primer, 0.2 μM of Cy5-labeled probe, 20 μg BSA, and 2.5 μL cDNA. Reactions were incubated at 95°C for 15 min per manufacturer’s instructions, followed by 50 cycles of 95°C for 15 s then 58°C for 45 s. For the RdRp assay, 20 μL were used with each reaction containing 10 μL Luna Universal Probe qPCR 2x Master Mix (New England Biolabs), 0.4 μM of each forward and reverse primer, 0.2 μM FAM-labeled probe I, 0.2 μM HEX-labeled probe III, 20 μg BSA, and 2.5 μL cDNA. Thermal conditions followed Joffrin et al. (2020), with an initial incubation at 95°C for 1 min, followed by 2 cycles of 95°C for 15 s and 56°C for 30 s, 2 cycles of 95°C for 15 s and 54°C for 30 s, 2 cycles of 95°C for 15 s and 52°C for 30 s, and 50 imaged cycles of 95°C for 15 s and 50°C for 30 s. All virus-screening assays were performed in duplicate and included negative and positive controls (IDT Gblocks) with each assay.



RNA sequencing


Library preparation

We sequenced a subset of cDNA libraries to evaluate the composition of extracted products. Library preparation was performed following Hawkins et al. (2016) with a KAPA 528 Biosystems LTP Library Preparation kit Roche, Basel, Switzerland, and with UGA iTru style dual indices (Glenn et al., 2016). Due to the low input amount ∼10 μL and low concentration, libraries were amplified for 30 cycles instead of 14 as described in Hawkins et al. (2016). Following amplification, a 1 × SPRI purification (Rohland and Reich, 2012) was performed to remove primer and adapter dimer. Qubit fluorometry and TapeStation, Agilent, Santa Clara, CA, United States traces were completed for each sample to recover both the concentration and size distribution of each library. An Illumina MiSeq 2 × 150 PE v2 run was performed on 14 samples and two controls (Supplementary Table 1). Due to the insert length, the run was limited to 75 cycles.



Analysis of RNA sequencing

Samples were demultiplexed by MiSeq Reporter software and adapters were trimmed using cutadapt v.2.4 (Martin, 2011). Sequence quality was assessed before and after trimming using fastqc v.0.11.8 (Andrews, 2010). Trimmed reads were mapped to GenBank reference genomes using STAR v.2.7.10a (Dobin et al., 2013) and Bowtie2 v.2.3.5 (Langmead and Salzberg, 2012) using default parameters. Reads were also mapped to reference transcriptomes when available using Bowtie2. For samples in the family Pteropodidae, reads were mapped to the Cynopterus brachyotis genome (GCA_009793145.1; Chattopadhyay et al., 2020) and the Rousettus aegyptiacus genome and transcriptome (GCF_014176215.1; Jebb et al., 2020). For samples in the genus Hipposideros, reads were mapped to the reference genome and transcriptome of Hipposideros armiger (GCF_001890085.1; Dong et al., 2017). For samples in the genus Rhinolophus, reads were mapped to the reference genome and transcriptome of Rhinolophus ferrumequinum (GCF_004115265.1; Jebb et al., 2020). In instances where multiple libraries were prepared for the sample bat individual (i.e., from replicate tissues), reads were concatenated for mapping. The function featureCounts in the Subread package was used to examine the genes to which reads mapped (Liao et al., 2013, 2014).

Metagenomic analysis was performed on sequenced reads to evaluate content using the software MEGAN6 Community Edition (Huson et al., 2007; Bağcı et al., 2021). Prior to taxonomic assignment from MEGAN, the DIAMOND (Buchfink et al., 2015) protein BLAST method was performed on the Smithsonian High Performance Computing Cluster using the Genbank NR database to compare all sequenced reads. Following DIAMOND, the .daa files were imported to MEGAN using the February 2022 database “MEGAN map.” All individual files were imported from DIAMOND input and “MEGANIZED” to make RMA6 files. Comparisons were performed between samples where replicates were sequenced as well as across individuals. Sample preservation, tissue type, and specimen were all used in comparisons.





Results


Optimization of RNA extraction from formalin-fixed specimens

We optimized our RNA extraction protocol using replicate lung and intestine tissues sampled from four formalin-fixed bat individuals (Table 1). Extractions from formalin-fixed tissues that were homogenized by bead beating twice prior to Proteinase K digestion more reliably yielded measurable RNA via Qubit quantification than samples homogenized with only one round of bead beating or those extracted without Proteinase K (Table 1). No tissue subsamples yielded measurable RNA when we extracted following Protocol 1, and two tissues that yielded measurable RNA when bead beat twice did not yield measurable RNA when bead beat once. In all cases, lung tissues did not yield measurable RNA. This is likely due to variation in how quickly formalin was able to penetrate these tissues compared to the intestine when the bat was originally preserved. We detected RNA from other formalin-fixed lung tissue (i.e., 583861c,f,g; Supplementary Table 1), suggesting that the specific preservation protocol used in the field may have substantial impact on resulting RNA preservation. We found that Proteinase K incubation and one additional bead-beating step did not impact RIN quality estimates.


TABLE 1    Optimization of RNA extraction from formalin-fixed tissues.
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Quality and quantity of RNA from museum specimens

The quality and quantity of RNA extracted from museum specimens varied and was related to preservation method (Figure 2). While there was no significant difference in the 260/280 ratio between preservation methods [one-way ANOVA: F(2, 47) = (0.226), p = 0.799], formalin-fixed samples typically had a 260/280 ratio lower than the target of 2, likely indicating protein contamination (Figure 2C). The 260/280 ratio got closer to the target of 2 when Proteinase K was used in the extraction [i.e., protocols 2 and 3; Figure 2D; one-way ANOVA: F(1, 31) = (3.659), p = 0.0654]. Estimates of RNA purity using 260/230 ratios are largely consistent with evidence from 260/280 ratios, except that there is a significant difference between the mean 260/230 ratios observed in formalin-fixed and ethanol-F samples [Supplementary Figure 3; one-way ANOVA: F(2, 47) = (8.037), p = 0.001; Tukey’s HSD: p = 0.0014, 95% C.I. = (–2.05, –0.44)]. There was no significant difference in RNA purity measured from repeated extractions of intestine tissue from the same formalin-fixed bat individuals [Friedman’s test: χ2(2) = 3.4545, p = 0.178]. Flash-frozen samples yielded the highest RIN values (4.5, 4.7) and high RNA quantity, while ethanol-F and formalin-fixed samples typically yielded lower RIN values (1.6–2.7) and low RNA quantity (Figure 2A). However, six ethanol-F samples yielded high RNA quantity (>1 μg/μL). All ethanol-F samples yielded detectable RNA, while many formalin-fixed samples did not. No ethanol-RT samples yielded measurable RNA; these individuals were collected in 1886 and 1888 and are much older than the rest of our samples. RNA quantity varied by individual bat, again suggesting a strong impact of the specific field preservation protocol on RNA persistence (Figure 2B). Tissue type did not influence RNA yield (Wilcoxon signed rank test, p = 0.078). Six negative controls yielded no detectable RNA, suggesting lab precautions were sufficient to protect even poorly preserved tissues from contamination during extraction.
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FIGURE 2
RNA Quality and Quantity. (A) RNA extraction concentration by RIN for different sample types with preservation method indicated by color. (B) Plot of the RNA extraction concentrations for individual bats (NMNH identification number, USNM ID) that had duplicate tissue samples taken. In this plot preservation is mapped as color and tissue type is indicated by shape. In both (A,B) plots, samples that have an indicated concentration of 1,000 ng/μL were above the detection threshold of the Qubit HS Kit and should be interpreted as having at least 1,000 ng/μL concentrations. (C) Estimate of RNA purity using Nanodrop 260/280 ratio compared to preservation of tissues used for extractions. (D) Comparison of Nanodrop 260/280 ratio across protocols used to extract RNA from formalin-fixed tissues. A 260/280 ratio of ∼2 is considered pure RNA.




Downstream usability of RNA from museum specimens


Targeted amplification with qPCR

All samples screened using mammalian universal 16S rRNA primers showed successful amplification with Cq values comparable to those of positive controls (i.e., modern mammal DNA). There was no impact of preservation on qPCR amplification. We did not detect any coronaviruses using our targeted qPCR assays (n = 15 bats; n = 29 tissues).



RNA sequencing

A small proportion of the RNA-seq data was mappable to bat genomic/transcriptomic references, as is expected for highly degraded libraries. A total of 34,484,466 reads passed sequencing quality filters. Of the reads passing filters 79.3% were demultiplexed (20.7% undetermined reads); the high proportion of undetermined reads is likely from excess sequencing adapters forming dimers. Following adapter trimming, the number of reads was reduced (ranging from 4,867 to 36,790 remaining per sample). Endogenous RNA content, estimated by mapping reads to annotated genomes, ranged from 1.1 to 8.71% using splice-aware mapping (i.e., STAR). Estimates of endogenous content were slightly higher when reads were mapped to reference genomes using Bowtie2, ranging from 3.1 to 18.86%. Overall alignment rate varied less when reads were mapped to transcriptomes, but was less successful (0.73–4.75%). Of the uniquely mapped reads for Hipposideros armiger and H. bicolor, the most well-represented species in our data, most aligned to the MAT1A gene (Supplementary Table 2). Reads were mapped to other genes, but coverage was shallow across the board.

Metagenomic analysis revealed high representation of bacteria in sequenced reads, with some reads mapping to mammals and viruses (Figure 3). There was large variation in the representation of different bacterial taxa between replicates, which did not correspond to preservation (Figure 3A) or tissue type (Figure 3B). Ordination of metagenome communities indicated differentiation between bat species (Figure 3D). A low proportion of reads mapped to taxa not likely represented in our sample, possibly as a consequence of the short read length or biases from the GenBank NR database.
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FIGURE 3
Results from the MEGAN analysis. Parts A-C each have separate scales inset in each section to indicate read counts. (A) The relative composition of phyla detected from of each sequenced library separated by preservation type. (B) Variation in phyla recovered across lung and small intestine replicates from specimen USNM 583861 (Hipposideros bicolor). (C) The relative proportions of reads identified to phylum from each sequenced library, colored by individual bat (USNM ID). (D) A PCoA of all sequenced insectivorous bats, with PC’s 1 and 3 shown. Tissue type is indicated by the shape (corresponding to Figure 2), and color indicates the species as shown in the bottom left corner of the PCoA.






Discussion

Museum specimens are an underutilized resource in building foundational knowledge of zoonotic viruses (Colella et al., 2021; Thompson et al., 2021), other emerging infectious diseases (Talley et al., 2015; Byrne et al., 2019), and host gene expression responses to environmental change. These specimens can be used to screen a broad range of host species for pathogens that would be difficult to sample in the wild, track the host and geographic occurrence of pathogens through time, and gain historical snapshots of host and pathogen evolution (Colella et al., 2021; Thompson et al., 2021). However, methods have not been optimized for deriving RNA from natural history specimens, limiting the use of these specimens in RNA virus screening. Here, we present an optimized protocol for extracting RNA from formalin-fixed specimens and explore the quality and quantity of RNA that can be derived from museum specimens, extending the value and possible uses of these specimens.

The RNA extracted from museum specimens is highly degraded, but usable for downstream applications, including qPCR and sequencing (Figure 3 and Supplementary Table 2). Following recommendations from FFPE protocols (Krafft et al., 1997; Sharma et al., 2012), we found that incubation of formalin-fixed samples with Proteinase K following thorough homogenization improves RNA yield (Table 1). RNA from formalin-fixed and ethanol-F samples is highly degraded, but may include persistent mRNA as shown by our recovery of bat gene transcripts in RNA-seq data. We did not detect viral RNA in RNA-seq data or targeted qPCR methods, possibly due to the small number of bat individuals screened for viruses in our study. We found that a high proportion of RNA is of bacterial origin, which is likely due to persistence of rRNA in these degraded samples and may also be reflective of database bias, as bacterial rRNA is well-represented on GenBank. We suggest that highly degraded samples may be better suited for targeted approaches, like RT-PCR and qPCR (Castello et al., 1999; Fanning et al., 2002; Worobey et al., 2016).

Age and field preservation are the most important factors influencing the quantity and quality of RNA derived from museum specimens (Figure 2). Flash-frozen samples had high RIN values compared to ethanol-F and formalin-fixed samples. While these RIN values are lower than typically targeted for contemporary tissues (RIN > 7), these samples are likely still valuable for RNA-seq applications or other more targeted approaches. Within the ethanol-F and formalin-fixed samples, there was variation in RNA quantity between individual bats, which may indicate lasting impact of field-based preservation protocol. For example, the amount of time between when a bat was euthanized and when its tissues were sampled and preserved has a large impact on quality and quantity of RNA remaining in those tissues (Camacho-Sanchez et al., 2013). The details of in-the-field preservation method matter for the quantity of RNA derived from these samples and should be viewed as valuable specimen metadata. However, this type of metadata is not often recorded in enough detail to tease apart the preservation, storage, and handling of a specimen.

The practice of storing multiple tissue types within one sample tube, a common practice in field mammalogy, is not ideal for viral zoonotic disease screening and gene expression studies. In many instances, viruses are known to aggregate differentially across tissue types and gene expression studies often seek to compare expression profiles between tissues. Long-term storage of different tissue types in the same vial can make it difficult to separate and differentiate them as tissues do not maintain distinct morphology through long periods of storage, even at cryogenic temperatures. While separating tissues into individual tubes has its own limitations (i.e., space, sample tracking), we suggest that, when possible, storing each tissue type in an individual tube may improve the value of these tissues for pathogen screening and gene expression studies.

We find that museum specimens are a valuable source of RNA, even in cases where tissues have not been preserved with RNA in mind. This finding broadens the use of historical specimens in pathogen detection to include viruses. Further work is needed to examine the persistence of mRNA compared to rRNA in these specimens. However, findings from aRNA research provide evidence that mRNA may be maintained under specific conditions through thousands of years (Schmitt et al., 2018). Through efforts to derive new information from existing specimens, we continue to reaffirm the value of natural history collections and the necessity of expanding and maintaining these critical scientific resources.
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The extraction of nucleic acids is one of the most routine procedures used in molecular biology laboratories, yet kit performance may influence the downstream processing of samples, particularly for samples which are degraded, and in low concentrations. Here we tested several commercial kits for specific use on commonly sampled mammalian museum specimens to evaluate the yield, size distribution, and endogenous content. Samples were weighed and had approximately equal input material for each extraction. These sample types are typical of natural history repositories ranged from 53 to 130 years old. The tested protocols spanned spin-column based extractions, magnetic bead purification, phenol/chloroform isolation, and specific modifications for ancient DNA. Diverse types of mammalian specimens were tested including adherent osteological material, bone and teeth, skin, and baleen. The concentration of DNA was quantified via fluorometry, and the size distributions of extracts visualized on an Agilent TapeStation. Overall, when DNA isolation was successful, all methods had quantifiable concentrations, albeit with variation across extracts. The length distributions varied based on the extraction protocol used. Shotgun sequencing was performed to evaluate if the extraction methods influenced the amount of endogenous versus exogenous content. The DNA content was similar across extraction methods indicating no obvious biases for DNA derived from different sources. Qiagen kits and phenol/chloroform isolation outperformed the Zymo magnetic bead isolations in these types of samples. Statistical analyses revealed that extraction method only explained 5% of the observed variation, and that specimen age explained variation (29%) more effectively.

KEYWORDS
museomics, degraded DNA, high throughput sequencing, bone, skin, baleen, osteological tissue


Introduction

High throughput sequencing (HTS) has revolutionized the ability to recover genomic DNA from many unconventional sources. Most ancient DNA (aDNA) studies have been published since the first high throughput sequencer was available in 2008 (Knapp and Hofreiter, 2010). As such, it became more tangible to obtain nucleic acid sequences from samples which had historically performed poorly with standard Sanger sequencing and polymerase chain reaction (PCR) (Paabo et al., 2004). Degraded samples which did not yield high molecular weight DNA (fragments <1,000 bp), particularly benefited from this technology various starting sources can be considered degraded DNA (feces, eDNA, etc.); however, the focus of this work is dry mammalian museum collections.

Since the exponential decrease in sequencing cost, museum collections have become invaluable sources of degraded samples for genetic and genomic analyses. Natural history repositories house millions of specimens around the world and contain both temporally and geographically wide-ranging specimens for inclusion in genetic studies (Rowe et al., 2011; Bi et al., 2013; Holmes et al., 2016; Lopez et al., 2020; Buckner et al., 2021; Card et al., 2021; Colella et al., 2021). Museum specimens also allow for endangered, extinct, or elusive species to be represented when fresh tissues are not available (Ho and Gilbert, 2010; Fabre et al., 2014; Brüniche-Olsen et al., 2018; White et al., 2018). Additionally, by optimizing methodology for museum specimens, genomic signatures can be generated from type specimens, the individual specimen (or series) from which species descriptions are generated. This is important for the study of taxonomy as well as conservation and biodiversity (Guschanski et al., 2013; Chomicki and Renner, 2015; Zedane et al., 2016; Raxworthy and Smith, 2021).

Despite being beneficial for using such material to recover genetic signatures, the resulting DNA molecules are in low copy number and concentration as well as highly fragmentary (Burrell et al., 2015). Here we test several types of DNA extraction including phenol/chloroform, silica membrane, and magnetic bead isolation to determine if one method is superior for recovering DNA from degraded mammalian museum specimens. In addition to standard quality metrices (DNA concentration, size distribution, etc.) shotgun sequencing was performed to evaluate if any extraction methods appeared to bias the amount of endogenous versus exogenous DNA in each sample as assessed by metagenomic analyses.



Methods


Samples

A set of mammalian museum specimens were selected to represent common sources of nucleic acids from non-tissue-based museum holdings. A total of 17 samples were included in various comparisons of extraction protocols. First, 12 samples were extracted across three different extraction kits/protocols with approximately the same input mass per sample per extraction (see Table 1). In order to make extractions as comparable as possible all samples were weighed on the same scale, digested overnight, and manually processed in the same way across all three treatments. Depending on the type of sample (e.g., bone, dried tissue/osteocrusts, skin, baleen, and teeth) the amount of physical processing varied. For example, the baleen was shaved via a Dremel tool from a 2″ × 2″ square of baleen from the growth plate, and the fine powder was collected and divided into three replicates. Teeth were ground into a fine powder using a mortar and pestle. In contrast, the adherent muscle tissue and bone fragments required less manipulation and were weighed and divided in thirds for each replicate. This included cutting skin with scissors, or breaking osteocrusts and bone with a blade to allow each replicate as similar sample as possible. None of our sample types were subjected to a prewash as most (osteocrusts and bone fragments) are very fragile and the risk of losing sample outweighed the potential benefits of a prewash. Once weighed and placed in a 2.0 ml tube, the samples were broken down with forceps against the wall of the tube. After overnight digestion the samples were vortexed and evaluated for complete lysis of tissue. If large pieces remained, additional Proteinase K was added, and more physical manipulation of the tissues was performed with sterile instruments (particularly cutting up the skin into smaller fragments). After adding more Proteinase K the samples were vortexed and placed back into the shaker/incubator for another 1–2 h. Specific details for each kit are provided below.


TABLE 1    A summary of the 12 samples extracted across the QIAamp®, Zymo®, and phenol/chloroform extractions.
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Extraction kits

The first protocol included using minor modifications (detailed below) to a Qiagen QIAamp DNA extraction kit. First, a Qiagen QIAamp DNA Mini Kit (#51306) was used to extract DNA following the manufacturer’s protocol (180 μl ATL plus 20 μl Proteinase K) with an overnight digestion at 56°C in a shaking incubator. The final elution step was done twice, with 50 μl of AE buffer added to the membrane, incubated, then centrifuged for a total elution volume of 100 μl.

The second kit used in this comparison was the Zymo DNA/RNA Viral MagBead Kit (#R2140). This kit was selected due to the increased recovery of low concentration, short insert size nucleic acids. The digestion was modified to have 10 μl of 10 mg/ml Proteinase K added (optional for viral studies of extracellular molecules, but part of the manufacturer’s protocol for tissue usage) with an overnight digestion at 56°C. The standard elution volume of 30 μl was retained. While performing this extraction it became clear that undigested tissues could potentially interfere with the magnetic bead steps, so upon magnetic separation any remaining undigested particles were removed via pipette tips. It is noteworthy that some museum specimen sample types (osteocrusts and bone) are difficult to fully lyse, but in spin column and phenol/chloroform extractions the particles do not interfere with subsequent steps.

The third extraction protocol followed a standard phenol/chloroform isolation as described in Hawkins et al. (2016), and originally detailed in Leonard et al. (2000). Briefly, an extraction buffer was prepared containing Tris + EDTA (100×), EDTA (0.5 M), NaCl (5 M), and water plus 10% SDS, DTT (400 mg/ml), and 20 μl of 10 mg/ml Proteinase K. The extraction buffer composition can be found in the Supplementary material. After samples were placed in the 1× extraction buffer they were incubated in a shaker/incubator overnight at 56°C. The next day two washes of phenol were used to separate proteins from nucleic acids followed by a chloroform wash. Top aqueous layers were removed and placed in clean tubes at each step and the final product was washed with 2 ml of water (1 ml washes performed twice) via an Amicon Ultra-4 centrifugal column and centrifuged at 3,300 RPM for 9 min. After the final spin, the volume was evaluated in each Amicon filter and an additional 8–12 min of centrifugation was performed to yield approximately 100 μl of purified DNA.



Ancient DNA MinElute modified protocol versus Qiamp DNA extraction kit

Ancient DNA laboratories have published various modifications to Qiagen spin column-based DNA extractions (Dabney and Meyer, 2019; Hagan et al., 2020; Xavier et al., 2021; Dehasque et al., 2022). Unfortunately we were not able to compare the 12 samples across four extraction protocols without resulting in extremely limited input for each replicate. However, as the aDNA protocol uses similar chemistry, reagents, and procedures as the QIAamp DNA extraction kit, we extracted five additional samples with both the aDNA protocol and the standard QIAamp protocol described above, with one minor modification (the addition of 20 μl of DTT 400 mg/ml to the extraction buffer) since the aDNA protocol also includes the usage of DTT. Samples spanned skin, adherent muscle tissue and nasal turbinates to determine if DNA concentration or size distribution of recovered molecules varied between protocols. The samples used for this comparison are provided in Table 2.


TABLE 2    Sample details for the ancient DNA extraction method (Hagan et al., 2020) and the modified QIAamp protocol which included DTT.
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The aDNA protocol used here adhered closely to that described in Hagan et al. (2020), specifically “Method B,” which uses a Zymo reservoir attached to a MinElute Spin Column to allow for a larger volume of Qiagen Buffer PB (binding buffer) to be mixed with sample lysate following overnight digestion. From the published protocol we made a few modifications for better comparison to our QIAamp extractions. We added 1 ml of 0.5 M EDTA to the weighed sample, then added 100 μl proteinase K, and placed in a shaker incubator overnight at 37°C (recommended for aDNA). After the overnight digest samples were checked, 50 μl of additional proteinase K was added, as well as 20 μl of DTT (Sigma). Samples were vortexed and placed back in the shaker/incubator for two additional hours. We did not add a second milliliter of EDTA, and as such we did not use the full 13 ml of Buffer PB detailed in Hagan et al. (2020), and instead used 7 ml Buffer PB. The 50 ml conical tubes had the Zymo reservoir added, with the MinElute spin column snugly attached. Then a 5 ml tube had the lid removed and was placed inside the Falcon tube to help hold the spin column in place. Finally, the 5 ml tube had a hole drilled in the side with a Dremel to allow the buffer to flow out during centrifugation and prevent contaminating the MinElute column with flowthrough. The remaining spin and wash steps were the same as detailed in Hagan et al. (2020). Two washes of Buffer EB were done with 30 μl each wash for a final elution volume of 60 μl.



Quantification and visualization of extracts

After extractions were completed, each sample was quantified via a Qubit (Invitrogen) dsDNA High Sensitivity Kit (# Q33230). From the Qubit concentrations the total DNA yield from each extraction was calculated. This was necessary as the different methods resulted in varying volumes of DNA. We also generated electropherograms of each extract to visualize if the protocols recovered varying size distributions based on the protocol for DNA isolation. An Agilent TapeStation 4200 was used with a high-sensitivity kit to evaluate the size distribution of the extracted DNA.



Sequencing and analysis

Dual indexed sequencing libraries were generated for all replicates and all extracts in this study with an Illumina Library Preparation—Kapa Biosystems Kit (Catalog # KK8232). Qubit values were used to pool samples in equimolar ratios with all replicates across this study. Once this was completed qPCR was performed on this pool of all samples with replication and dilution and the average size fragments of 250 bp (from a final TapeStation electropherogram) on an ABI ViiA7 using KAPA library quantification kit (#KK4824).

To evaluate recovered DNA content, shotgun sequencing was performed on an Illumina HiSeq X with an insert length of 150 bp PE. Sequencing was performed at Admera Health Biopharma Services, NJ, United States. Reads were demultiplexed via the BaseSpace Hub. Standard sequence quality filtering was performed with BBDUK (Bushnell, 2014) version 38.84 via Geneious Prime (Biomatters). All Illumina adapters were removed, and low-quality reads were removed from both ends (quality score minimum 20), and reads under 10 bp in length were discarded.

Metagenomic analysis of sample contents was performed to evaluate any biases between the extraction methods. Using the program MEGAN (Huson et al., 2016), we evaluated the major composition of identifiable taxa from each extract and used these results to identify any patterns across samples. DIAMOND (Baǧcı et al., 2021) BLAST was performed prior to importing results to MEGAN, and the DIAMOND “*.daa” were “meganized” and transformed into “*.RMA6” files to make comparisons across the replicates for each individual. Samples were compared using “MeganMap” from February 2022, and trees were made at the Phyla level. Comparisons were made across each sample by the different extraction method.



Statistical analyses

We used paired t-tests (two tailed p = 0.05) to determine if the quantified differences were statistically significant across extract method. We also performed linear regressions across the sample type, extraction type, age of sample, against recovered DNA concentration to determine which relationships explained our results better.




Results


DNA recovery across protocols

After comparing the three major kit types [silica-membrane (Qiagen), phenol/chloroform and magnetic beads (Zymo)] we found that most extractions recovered quantifiable DNA across the museum specimens. Samples that recovered detectable concentrations via Qubit recovered quantifications across all three extractions, and the samples which were too low to measure via Qubit were generally not quantified in any extraction method. When quantifiable, the minimum DNA concentrations ranged from 3 ng (Zymo) to 76.3 ng (phenol/chloroform) across replicates. The maximum across methods ranged from 1,296 to 4,600 ng, again with Zymo recovering the least and phenol/chloroform the most. The average yields were: 128.45 ng (Qiagen), 46.82 ng (Zymo), and 411.33 ng (phenol/chloroform) with the standard deviation high across all extraction methods. All quantification results are shown in Table 1. Despite the wide range of DNA concentrations, the yields were not statistically significant in any t-tests, details are provided in the Supplementary material. Linear regressions were performed on total DNA yield versus extraction method, as well as starting sample type. DNA extraction method only explained about 5% of the observed variation in DNA concentrations (Supplementary Table 1, p = 0.25). Alternatively, the starting template explained about 16% of the variation (Supplementary Table 2, p = 0.04). When a regression was performed using sample age and recovered DNA concentration, a total of 29.4% of the variation was explained by age (Supplementary Table 3, p = 0.003).



Ancient DNA versus Qiagen kit

The recovered DNA concentrations between the aDNA and the QIAamp extraction kits were similar. For these samples recovery did not increase with use of the aDNA protocol. In fact, all concentrations were higher with the modified Qiagen kit. The average yield from the aDNA protocol was 101.62 ng versus 258.09 ng with the modified Qiagen extraction. The minimum for each was 7.44 ng (aDNA) and 23.4 ng (Qiagen), and maximum yield was 2,988 and 7,000 ng for aDNA and Qiagen kits respectively. The highest yield for both kits in this comparison was from the same sample (USNM 488162). Neither a one nor two tailed t-test was significant for this comparison. Details of all these comparisons can be found in Table 2. Regressions showed that extraction method was not significant, and explained 5% of the variation (Supplementary Table 4, p = 0.4), sample type was also not significant, and explained 18% (Supplementary Table 5, p = 0.22). Sample age explained 61% of the variation and was the only significant comparison for these samples (Supplementary Table 6, p = 0.007).



Sequencing and length variation

Despite samples being pooled in equimolar ratios, the number of reads varied across replicates. Quality filtering results recovered a general trend in which each sample had the same percentage of reads removed. However, the Zymo extracts appeared to have more reads removed than either Qiagen or phenol/chloroform. The MEGAN analysis showed that the proportion of endogenous and exogenous sequences was fairly consistent across replicates (Figure 1). Due to the variable components in each extract some amount of stochasticity between replicates was expected. Plots of all samples can be found in the Supplementary material.
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FIGURE 1
Two individuals after performing DIAMOND (Baǧcı et al., 2021) BLAST and importing through MEGAN (Huson et al., 2016). Sample 1 (USNM 063348, Propithecus diadema, skin clip) and sample 3 (USNM 063349, P. diadema, osteocrusts) are shown in panels (A,B), respectively. The columns at each terminal represent the extraction method, with Qiagen shown first, then Zymo and finally P/C for phenol/chloroform. The number of reads of each group are proportionally represented on each plot. Resolution is at the level of the phylum. Note the stochasticity between extraction method, but generally similar proportions of each phylum are represented across methods. Most samples recovered a high amount of Chordata and Proteobacteria with other phyla having more variable proportions. Individual plots for each sample can be found in the Supplementary material.


The second set of extraction comparisons was between an aDNA protocol (Hagan et al., 2020) and modifications to a Qiagen QIAamp extraction protocol. These samples recovered quite different size distributions as evaluated on the TapeStation (summarized in Supplementary Table 7). The aDNA protocol recovered TapeStation traces for all five samples, ranging in size from 50 to >850 bp. The modified Qiagen extraction only recovered traces for three samples, one of which was too large to determine the average size (obscured the upper marker). The sequencing results were also different between extraction methods, with the aDNA protocol retaining a much higher percentage of starting reads (average of 79%) than the modified Qiagen protocol (55%). Details of quality filtering are shown in Table 3. Subsequent research evaluating biases in length recovery across kits is warranted. It is also worth noting that despite many replicates lacking a visible peak, all samples yielded usable sequence.


TABLE 3    Quality filtering results following BBDUK (Dehasque et al., 2022).

[image: Table 3]




Discussion


Variation in extraction methods

The Qiagen and phenol/chloroform protocols performed better than the Zymo kit in all metrics evaluated here. The Zymo kit was the most cost effective but is also marketed toward intracellular viruses and may not be geared for optimization of degraded vertebrate DNA. We modified the protocol as detailed by the manufacturer to lyse tissues but it appears to do so at the cost of losing the smallest fragments. The magnetic bead-based protocol is a quick and less toxic method for nucleic acid isolation, and is scalable for large tissue samples; however, it is not an effective protocol for the museum specimens tested here. Our results mirror those of McDonough (McDonough et al., 2018) supporting a similar DNA yield, fragment size and percentage of starting reads for Qiagen and phenol/chloroform.

One caveat of this study is that it is impossible to know if subsamples are truly representative across replicates. For example, one weighed subsample may contain bone of different density, and thus provide a better template for extraction than another. Similarly, the ratio of endogenous/contaminant DNA may vary among different osteocrust or skin clip subsamples of the same specimen. To our knowledge there is no way to use real-world specimens and account for this variable.

Concentration does not necessarily imply target DNA (Straube et al., 2021). Sample USNM 488162 had the highest DNA yield but also the lowest percentage of raw reads. Previous studies found that the highest concentration was associated with the highest amount of contamination in some samples (Campana et al., 2012; McDonough et al., 2018). The two included baleen samples also had a large amount of exogenous DNA (particularly bacteria). Specimen age has the largest impact on DNA yield. This is in contrast with other studies which showed no correlation between these variables (McDonough et al., 2018; Straube et al., 2021), but in corroboration with other studies (Yuan et al., 2021).

The average DNA yield and size from the ancient protocol was smaller than the modified Qiagen extraction, but the average percentage of reads after trimming was higher for the former than the latter, particularly for the two oldest samples (USNM 114629 and USNM 063347) which had a shorter fragment size (50–60 bp). The aDNA protocol does appear to do exactly as intended by retaining the smallest fragments; however, depending on the quantity and value of individual samples, the modified Qiagen kit may perform nearly as well while removing the smallest fragments. The aDNA protocol is more time consuming and expensive making the Qiagen kit a nearly equivalent option. Individual projects should perform their own cost-benefit analyses to determine which methods to employ.



Sequencing

Shotgun sequencing of samples provides valuable data to understand DNA content within a degraded sample. Studies of aDNA have found that the percent of endogenous DNA varies tremendously based on the preservation, age, and handling conditions following excavation from substrate (Dabney and Meyer, 2019). The most common phyla represented across taxa were Proteobacteria and Chordata. However, our results indicate that extraction methods had less of an effect on DNA recovery than either pre-extraction preservation or contamination. Other considerations for selection of an extraction protocol may be more important than sample contents as it does not appear that a bias was recovered across the extraction methods tested here. From this study we show that the Qiagen extractions (both standard and modified) recovered nearly the same profile of endogenous DNA as the more expensive phenol/chloroform, and more labor intensive aDNA protocol. Samples of the same specimen derived from different input (Figure 1; skin versus osteocrust) also show variation in the amount of endogenous DNA, with osteocrust out performing skin in this sample.



Cost difference across protocols

A comparison of kit and reagent costs is an important factor when budgeting for a grant and planning a project. Cost is important, as is efficiency, especially when using limited starting material which can be difficult or impossible to replace or resample. The cost of the kits tested here varied substantially and are detailed in the Supplementary material. Extractions ranged from $3.05 per sample to $11.54 per sample. Overall, the cheapest per sample cost was the Zymo kit, which ultimately had the poorest recovery in terms of concentration and appeared to lose more short fragments based on the TapeStation electropherograms.

Phenol/chloroform extractions were the most expensive ($8.39–11.54), especially when the Amicon Ultra-4 spin columns were used to wash the sample. It is possible to use different more cost-effective centrifugal columns (such as a Qiagen MinElute column), which reduces the cost to approximately $8.40 per sample. In any case, future studies should assess the efficiency of this and other modified phenol/chloroform protocols with alternative cost-effective washing steps following chloroform precipitation.

Based on the cost and endogenous DNA recovery, we show here that QIAamp kits perform well on mammalian museum specimens. With a price point at $3.76 per sample it is difficult to beat the savings, and the kits are well vetted and can be processed in a higher throughput on a QIAcube robot if throughput is a concern (although historical materials should always be performed in small batches with negative controls).



Future prospects

Single-tube and single-strand library preparation methods have been shown to yield better results than other approaches when working with highly degraded DNA (Gansauge et al., 2017; Carøe et al., 2018). Future research should evaluate the performance of combinations of DNA extractions and library preparation methods. The most expensive yet efficient phenol/chloroform extraction might yield better results in combination with a single-tube library preparation, since it has less bead cleaning steps than the KAPA library preparation protocol and will potentially lose fewer short fragments that are retained by the Amicon column during the extraction. However, if funding is limited and savings on DNA extraction are desirable, the QIAamp DNA extraction was fairly comparable to phenol/chloroform, at a much lower price point (under $4 an extraction) versus ∼$11.50 when using the Amicon filters. The phenol/chloroform protocol with a Qiagen spin column clean up saves approximately $3 per sample. Finally, the aDNA protocol did retain the smallest fragments, but it does not appear overly important for samples derived from museum specimens, as the fragmentary sequences are much more difficult to reconstruct, and with a price point of over $8.50/sample. The aDNA protocol did recover higher proportions of Chordata sequences in four of the five tested samples, so individual decisions should be made when determining the best methods to use for each project weighing the extraction cost, and availability of samples.
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Research on plant-pollinator interactions requires a diversity of perspectives and approaches, and documenting changing pollinator-plant interactions due to declining insect diversity and climate change is especially challenging. Natural history collections are increasingly important for such research and can provide ecological information across broad spatial and temporal scales. Here, we describe novel approaches that integrate museum specimens from insect and plant collections with field observations to quantify pollen networks over large spatial and temporal gradients. We present methodological strategies for evaluating insect-pollen network parameters based on pollen collected from museum insect specimens. These methods provide insight into spatial and temporal variation in pollen-insect interactions and complement other approaches to studying pollination, such as pollinator observation networks and flower enclosure experiments. We present example data from butterfly pollen networks over the past century in the Great Basin Desert and Sierra Nevada Mountains, United States. Complementary to these approaches, we describe rapid pollen identification methods that can increase speed and accuracy of taxonomic determinations, using pollen grains collected from herbarium specimens. As an example, we describe a convolutional neural network (CNN) to automate identification of pollen. We extracted images of pollen grains from 21 common species from herbarium specimens at the University of Nevada Reno (RENO). The CNN model achieved exceptional accuracy of identification, with a correct classification rate of 98.8%. These and similar approaches can transform the way we estimate pollination network parameters and greatly change inferences from existing networks, which have exploded over the past few decades. These techniques also allow us to address critical ecological questions related to mutualistic networks, community ecology, and conservation biology. Museum collections remain a bountiful source of data for biodiversity science and understanding global change.
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Introduction

Global change is one of the most pressing issues for modern ecologists, and increases in habitat loss, fragmentation, climate change, invasive species, and pollutants are leading to unprecedented losses of biological diversity and less reticulate ecological networks (Alarcon et al., 2008; Ferrarini et al., 2017; Harrison et al., 2020; Salcido et al., 2020; Wagner et al., 2021). Pollination is one of the essential ecosystem services impacted by global change, but it is difficult to document these impacts without thorough natural history observations of plant-pollinator associations and estimates of network relationships (Seltmann et al., 2017; Balmaki et al., 2022).

Entomopalynology, the study of pollen grains associated with insects, is a relatively new approach developed to track pollination ecology through time and space (Jones and Jones, 2001). This approach has recently received greater attention and has provided more demand for museum specimens because insects collected across different temporal or spatial gradients provide invaluable data for reconstructing networks of insect-pollen interactions. A limited number of studies have used this method to estimate parameters related to bee pollination biology (Silberbauer et al., 2004; Wood et al., 2019). Expanding this approach to other insects that are important pollinators, such as Lepidoptera, can reveal unique aspects of pollen-insect interaction networks, and their sensitivity or resilience to change (Balmaki et al., 2022).

Pollen grains are the common currency of pollination ecology. Insects may consume, passively carry, or actively transport pollen (to a stigma or other plant parts), and pollen grains can cover an insect’s body, either passively through the air column, or actively while an insect is feeding on nectar or pollen (Jones, 2012a,b, 2014). Analysis of pollen grains on the body of a pollinator can reveal dietary associations and patterns of floral visitation. Examining pollen grains on pollinators approximates a measure of pollen availability, and with repeated sampling can illustrate changes in plant-pollinator interactions over time. Tracking these changes is key to understanding the effects of environmental change on pollination ecology. Precise and quantitative descriptions of plant-pollinator interactions are required to make inferences about changing interaction networks, and pollination ecosystem services through time, and analysis of pollen on insect specimens is a powerful approach to address this need (Burkle et al., 2013).

Traditional palynology, the study of pollen grains and spores, depends on morphological characters of pollen grains to identify pollen taxa. Typical morphological traits used to distinguish pollen include general shape, polarity, symmetry, apertures, size, and ornamentation. Nevertheless, the morphological similarities of pollen grains make it difficult to effectively use these features to identify pollen species quickly and accurately. In addition, identifying pollen grains under the microscope is time-consuming and expensive, and the results are typically dependent on partly-subjective criteria for identifications that are associated with a relatively high error rate (Gonçalves et al., 2016; Sevillano et al., 2020). Alternatively, pollen metabarcoding is a high-throughput approach that can characterize multiple taxa in a mixed sample, but is frequently unable to resolve lower taxonomic levels, and is not an effective method for estimating abundance (Bell et al., 2017). While some studies using pollen identification only warrant a coarse level of taxonomic resolution (family), most approaches to insect-pollen networks benefit from finer taxonomic resolution, at the level of species. An effective method for pollen identification should be efficient, precise, and accurate, and machine learning approaches are well suited for this goal. Here, we provide an example using convolutional neural networks (CNN) which is a deep learning algorithm that can be part of an integrated approach to collections-based research. The approach should be especially useful for museums with large herbaria and entomological collections, because pollen can be collected from herbarium specimens as well as insects (Daood et al., 2016; Carranza-Rojas et al., 2017; Romero et al., 2020; Polling et al., 2021).

We analyzed a plant-pollinator interaction network using museum specimens collected in the Great Basin Desert and Sierra Nevada Mountains and stored at the University of Nevada, and our goal here is to present these methods and analytical tools to encourage adoption in other collections. The main objectives of these methodological innovations are to quantify historic and contemporary pollen-butterfly interaction networks, and to use this information for hypothesis testing about changes in pollination networks in response to extreme weather events and other commonly measured parameters of global change. This approach will transform the way we quantify pollinator networks and present an efficient alternative to pollen identification that provides reliable species-level accuracy.

With this integrative approach to studying plant-pollinator interactions using museum specimens, it is possible to address important questions in ecology and conservation biology, such as: How have plant-pollinator interaction networks changed over time? Is climate change associated with changes in interaction networks? How do habitat loss, fragmentation, biological invasions, and other disturbances affect these networks? Can we improve accuracy and decrease the time-consuming methods of pollen grain identifications using deep learning?



General methodological approach


Data collection and pollen analysis

The best methods for documenting plant-pollinator species interactions are likely to combine quantitative approaches with well-informed natural history descriptions. Historically, these approaches include flower bagging experiments, observations of floral visitation, and pollen identification from insect specimens as described above. These approaches are rarely combined, and pollination studies are dominated by observational methods and quantitative literature reviews, typically with a focus on flower visitation observations for estimating network parameters (Yamaji and Ohsawa, 2016; Colom et al., 2021; Mendes et al., 2022). Visitation network studies typically consist of observation periods in which the researcher observes and records the visitors to a particular plant in an allotted time period. On its own, this approach falls shorts because it disregards the effectiveness of particular pollinators and treats all floral visitors as pollinators, when some are not (Ballantyne et al., 2015). Additionally, many observation hours over relatively long temporal scales may be required to accurately and adequately characterize these interaction networks (Kaiser-Bunbury et al., 2009). Flower bagging experiments involve isolating inflorescences with bags to assess the effects of pollinator exclusions, and pollination events can be closely monitored upon removal of the bag (Yamaji and Ohsawa, 2016; Aslan et al., 2019). This method is valuable for assessing the effectiveness of individual pollinators, but can be time-consuming, and may be inefficient and impractical for community-level studies.

In recent decades, ecologists have used pollen analysis to study the effects of habitat loss and alteration on pollinators and plants (Silberbauer et al., 2004; Bosch et al., 2009; Jones, 2014; Wood et al., 2019; Balmaki et al., 2022). Pollen collections have typically focused on pollen from sediment or soil cores, but collecting pollen grains directly from the bodies of pollinators is a more recent approach to estimating changes in plant-pollinator interactions (Bosch et al., 2009). In addition, collecting historical ecological data associated with museum specimens can increase the accuracy of pollinator-plant interactions and expand our knowledge of pollination networks through space and time (Kleijn and Raemakers, 2008; Colla et al., 2012; Bartomeus et al., 2013; Balmaki et al., 2022). Natural history museums are underutilized repositories of historical interaction diversity and rapidly declining biodiversity (Johnson et al., 2011; Castillo-Figueroa, 2018; Jones and Daeler, 2018). Data from pollen associated with pollinators stored in museums can be used for the estimation of interaction networks between plants and flower visitors through time and space.

Collecting data from historical museum specimens, especially butterflies, presents a unique set of challenges, particularly with older specimens. Using museum samples precludes us from using the acetolysis technique, in which organic materials, in this case insect tissue, are dissolved to recover pollen from insects and reveal diagnostic characters of pollen grains (Jones, 2014). In order to preserve museum specimens, we use entomological pins under a binocular microscope to manually collect pollen grains from the external surface of pollinators, which can be exacting and delicate work. On Lepidoptera, pollen grains typically aggregate on the proboscis, legs, and compound eyes (Figure 1). Pollen grains can be mounted on glass slides by adding two drops of 2000 cs silicone oil volume. Suspension in silicon oil allows for the rotation of pollen grains under a microscope to examine the dimensions and shape of pollen in different orientations (Cushing, 2011). The next step is sealing the slide with a cover slip and nail polish to protect the slides from damage. This method is prevalent among quaternary researchers who make pollen slides from sediment samples in cores for palynology purposes (Cushing, 2011; Balmaki et al., 2019; Riding, 2021). Once pollen slides are prepared, they can serve as reference slides for identification of pollen grains to the genus or species level. Having pollen reference slides from all plant taxa in our study region increases the accuracy of pollen grain identification. A high-resolution light microscope and camera can create detailed images for pollen morphology, which can illustrate the number of apertures, exine sculpture, and internal texture, to analyze and identify pollen grains. In addition, electron microscopes (SEM) can examine the surface structures for pollen identification. Figure 2 indicates the summary of the procedure, from collecting pollen to analyzing the data.


[image: image]

FIGURE 1
Scanning electron microscope images of pollen grains on the legs and eyes of a skipper (Hesperopsis libya, Hesperiidae) from the entomological collections of the University of Nevada Reno Museum of Natural History (UNRMNH). (A) Pinaceae pollen grains adhered to the butterfly’s eye. (B) Asteraceae pollen grains on the butterfly leg.
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FIGURE 2
Summary of pollen analysis method for plant-pollinator studies. Pollen grains are manually extracted from the insect specimen using an entomology pin under a microscope. The grains are then oriented and slide mounted for pollen identification via machine learning methods. The direct associations between insect and pollen are then combined with similar data from several specimens or several species collected at various spatial or temporal scales for examination via network analysis (or other downstream analyses).




Network analysis and parameters

It is useful to quantify species interaction networks because of the importance of biotic interactions for ecosystem functions, from primary productivity to community stability, especially in the context of environmental change (Tylianakis et al., 2010; Losapio et al., 2018; Aslan et al., 2019). The documented relationships between interaction diversity and stability of ecological communities are partly a consequence of the number of network links, their relative strength, nestedness, and degree of specialization (Pawar, 2014; Metelmann et al., 2020). Large disturbances, extreme weather events, and continued global change can decrease the number of potential and realized interactions in mutualistic networks (Balmaki et al., 2022). Extending analyses to examine interaction diversity at multiple scales may provide mechanistic insights into the community and ecosystem-level consequences of climate change. Including interaction diversity and network approaches should contribute to predicting how species interactions will change over time in response to global change as well as across different environmental and disturbance gradients, especially if they are used to construct and validate predictive or forecasting models (Strydom et al., 2021).

Typically, plant-pollinator interaction networks are considered as bipartite, or two-sided networks, in which the nodes indicate plant and pollinator taxa, and the edges represent their interactions. Commonly, the width of the edges represents the frequency of interactions, with wider edges representing higher frequencies of interaction. Dozens of network parameters can be used to summarize bipartite and more complex networks; for example, some useful network metrics for community ecology are connectance, nestedness, and network specialization (H2) (Dormann et al., 2009). Connectance represents the number of links between nodes, and it summarizes the number of realized possible connections (Martinez, 1992). Nestedness describes the degree of subsetting that occurs compared to a random network; in other words, nestedness describes the extent to which more specialized interactions form subsets within more generalized interactions (Bascompte et al., 2003; Pawar, 2014). H2 is an index that quantifies the degree of specialization and is useful for comparisons across multiple networks (Blüthgen et al., 2006).



Automation of pollen grain classification

Deep learning as a subset of artificial intelligence is not a new approach, but it has become more popular in the past decade with the advance of technology, including computational power and the availability of large datasets (Wäldchen and Mader, 2018). Deep learning algorithms are computationally expensive, but for researchers who do not have access to appropriate computational resources and high-speed internet to handle large datasets with many parameters, there are platforms such as Colaboratory by Google (Google Colab), which is a Jupyter notebook-based runtime environment that allows running code entirely on the cloud, that can help train large-scale deep learning models using a standard computer. The main purpose of neural networks in deep learning is to receive a set of inputs, perform complex linear and non-linear calculations on them, and provide output to aid classification or provide classic regression parameter estimates. Deep learning is a technique that enables us to train huge and complex datasets, and applies to many fields, including crop or weed detection (Buddha et al., 2019; Afonso et al., 2020), leaf detection (Younis et al., 2020), detection and classification of plant diseases (Geetharamani and Pandian, 2019; Albattah et al., 2022), species identification (Galanty et al., 2021), and animal counts using camera traps (Norouzzadeh et al., 2018, 2021; Wäldchen and Mader, 2018).

Convolutional neural networks (CNN) are utilized for deep learning (e.g., Norouzzadeh et al., 2018; Astolfi et al., 2020; Polling et al., 2021). A CNN model contains multiple layers, including convolutional layers, pooling, and fully connected (FC) layers (Figure 3). For example, utilizing a pollen image as input, the first layer would include dimensions such as height, width, and color channels (Red, Green, Blue). The neuron in the first convolutional layer transforms this information into a three-dimensional output, yielding non-linear combinations of the input layer or feature extraction. These learned features are utilized as inputs for the next layer, allowing for pooling and data reduction, and at each step, the next node reclassifies the previous node. Learned features become inputs for statistical models, taking advantage of the hierarchical nature of the input data, and summarizing complex patterns using nested patterns that are smaller and simpler. These approaches have rarely been used for pollen identification (Daood et al., 2016; Khanzhina et al., 2018; Sevillano and Aznarte, 2018; Gallardo-Caballero et al., 2019; Astolfi et al., 2020; Romero et al., 2020; Sevillano et al., 2020; Polling et al., 2021), whether the goal is for identifying allergens in the air column or monitoring change in pollinator-plant interactions through time. Whatever the goal, CNN models are ideal for image classification and will be useful for species-level determinations.
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FIGURE 3
Basic convolutional neural network (CNN) architecture, including an input image, convolutional layers (convolution and pooling), fully connected layers, and output classes.


Convolutional neural networks models often achieve prediction capabilities not seen by any other modeling approach (Flagel et al., 2019; Sevillano et al., 2020; Polling et al., 2021). This is because CNN models contain many filters and neural network layers that can extract low and high-level features from images or data matrices. In fact, the CNN method develops algorithms that automatically extract discriminant features from images without human involvement, in contrast to standard statistical approaches, such as ordination (PCA, NMDS) and Support Vector Machine (SVM) analyses, with extraction and preprocessing steps that require user iterations and are time-consuming (O’Mahony et al., 2019; Alzubaidi et al., 2021). There are several advantages of CNN compared to traditional supervised machine learning methods. The CNN method often achieves a higher accuracy score in tasks such as image classification and object detection (Viertel and Konig, 2022). The CNN can be re-trained which allows us to utilize it in different custom datasets (O’Mahony et al., 2019).

In the example presented here for identification of pollen from the Great Basin Desert and Sierra Nevada Mountains, two popular transfer learning (pertained models) approaches have been used, including AlexNet and VGG19, to create and train our models and extract the critical features automatically from the pollen images (Krizhevsky et al., 2012; Simonyan and Zisserman, 2014). AlexNet was initially created to classify millions of images in 1000 categories in ImageNet datasets (Krizhevsky et al., 2012). It takes input images by size 224 × 224 RGB. This method includes five convolutional layers and three fully connected (FC) layers with around 60 million parameters. Through different layers of the CNN network, the first layer extracts the basic features such as color and edges; then, in the deeper layers, the model learns more convoluted features such as spines and pores in pollen grains. After the convolutional layers and extracting the features, AlexNet has three FC layers with 1000 neurons for each category. The output layer in the AlexNet model is interpreted as the probability of an image belonging to each pollen species category. The VGG (Visual Geometry Group) model takes input images with the size of 224 × 224 RGB. This model has five convolutional blocks with a filter size of 3 × 3, a fixed stride size of 1, and each of these convolutional blocks followed by max-pooling with size 2 × 2 with a stride of 2. Also, the VGG has three FC layers, including Rectified Linear Unit (ReLU) and softmax function in the final layer. The main VGG transfer-learning models are VGG16 and VGG19, and the critical difference between them is the number of convolutional layers which are 16 and 19, respectively (Simonyan and Zisserman, 2014). Here, we used VGG19 for our case study.

The pollen image datasets are divided into training and validation sets to evaluate the training error and prevent overfitting, compromising 80% training set and 20% validation sets. There are several regularization approaches to avoid overfitting, including early stopping, batch normalization, dropout, L1 and L2 regularization, increasing the number of training datasets, and data augmentation. For our approach, we used dropout, increasing the number of training datasets, and data augmentation. Dropout is a regularization strategy that involves randomly excluding some number of layer outputs during the training of the CNN model. It helps to force nodes within a layer to probabilistically take on more or less responsibility for the inputs, decreasing the complexity of the model. The data augmentation method was also used on the training dataset after separating the dataset into two training and validation datasets to prevent overfitting and increase the accuracy of the model. The deep learning models need enormous datasets, and it is one of the most significant challenges that researchers face in the case of collecting a large number of samples (e.g., Najafabadi et al., 2015; Polling et al., 2021).

Data augmentation is an approach commonly used in computer vision to increase the amount of training data by adding slightly modified copies of already existing data, only using information from the training data (Perez and Wang, 2017). This method can act as a regularization strategy, and the model is not able to overfit all the image samples, which allows for greater model generalizations (Perez and Wang, 2017). For the data augmentation, we used several transformation methods, such as resizing the images (all of which were the same size), rotating the images across multiple angles, and horizontal flips. All these transformations generate new images from the original. This approach balances the sample sizes for images of different species, it delivers a wider variety of features found in images of the pollen grains, and it increases the number of images in the training datasets (Figure 4).
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FIGURE 4
Flowchart showing the pollen image classification process across several steps, including: (A) creating the image dataset; (B) training the model; (C) testing the model.


To evaluate our CNN algorithm, we used the accuracy metric. The accuracy metric equation includes the terms TP (True Positive), TN (True Negative), FP (False Positive), and FN (False Negative) and provides an estimate of how the model performs through all the classes. It calculates the ratio between the number of correct predictions and the total number of predictions.
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Case study: Pollen analysis of historic Lepidoptera in Great Basin Desert and Sierra Nevada Mountains


Great Basin Desert and Sierra Nevada Mountains pollen-butterfly networks

Our pollen analysis included pollen grains collected from lepidopteran specimens from the UNR Museum of Natural History (UNRMNH) from historic collections dating back to 1910 in the Great Basin and Sierra Nevada Mountains near Reno, NV. Beginning in 2020, we started regular collections of butterflies from three sites to supplement and expand the UNR collections and to improve the resolution of plant-pollinator networks from museum specimens. We selected 266 specimens, including 20 locally abundant native butterfly species from five families in the Great Basin and the Sierra Nevada, for pollen analysis for this study (Supplementary Table 1). Part of the dataset was published recently to reconstruct the butterfly-pollen interaction network in the Great Basin and Sierra Nevada Mountains over the past century (Balmaki et al., 2022); that study used the methods described here, and more specific methods for data collection and statistical analyses are described in that paper. While Balmaki et al. (2022) focused on characterizing changes in pollen-butterfly networks over the past century and comparing these networks to contemporary visitation networks, the current paper focuses more generally on pollinator network methodology with an expanded pollen-butterfly network from the UNRMNH collections.

We prepared more than 400 pollen reference slides from native flowers found in the Reno herbarium (RENO) for cross-validation of pollen identifications. We used a ZEISS, Axiolab 5 light microscope, and Axiocam 208 color microscope camera for pollen identification and photography of pollen grains, and the images were captured using 40× objective lenses and 10× ocular lenses. Z-stack images show the vertical details of pollen grains at various focus levels. To train the model for automating the identification of pollen grains, we cropped all the images using Adobe Photoshop (CS6, 13.0.1.3). We removed images with high levels of noise due to debris, air bubbles, and aggregated pollen.

We then estimated the richness and frequency of butterfly-plant interactions over time and space by bipartite interaction networks, and estimated network parameters using network methods outlined by Dormann et al. (2009). This network provided a summary of butterfly-plant interactions over the last century in the Great Basin Desert and Sierra Nevada Mountains (Figure 5). Using temporal subsets of these networks from 1910 to 2021, Balmaki et al. (2022) demonstrated that there have been shifts in plant species associated with butterflies, with strong shifts in network structure when comparing pre- and post-drought time intervals. For that analysis, pollen species known to be from wind-pollinated plants were excluded. Insect-pollinated plants have spikey, sticky pollen grains that easily attach to butterflies’ bodies when they are foraging for nectar. Wind-pollinated species in the Great Basin Desert and Sierra Nevada Mountains butterfly-pollen network shown here included species in the families of Pinaceae and Poaceae, and insect-pollinated plants are in the Asteraceae, Lamiaceae, Fabaceae, Polemoniaceae, Malvaceae, and Rosaceae. We found pollen grains of these wind-pollinated families were attached to the legs and wings of butterfly specimens, which means they likely were picked up incidentally from the environment (e.g., as butterflies visit or perch on these plants).
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FIGURE 5
Bipartite pollen-butterfly networks of 20 butterfly species from museum collections of butterflies in the Great Basin Desert and Sierra Nevada Mountains (United States). Light green nodes are butterfly species, dark green nodes pollen species, and the size of the nodes indicate the frequency of those species in the dataset, while the edge thickness (gray) indicates the frequency of interactions (or strength of the association) between the insect and plant species.


Results from Balmaki et al. (2022) indicated that the plant community associated with butterflies is shifting and that this shift is temporally associated with periods of extreme drought in the Western United States. This study also showed that pollen richness associated with butterflies has declined over the past 100 years, which can be a consequence of lower local plant diversity or fewer floral resources (Balmaki et al., 2022). Fewer floral resources could potentially lead to the decline of pollinator species, especially specialized butterflies that may depend on nectar or pollen from a limited number of plant species (Schowalter, 2006). These temporal changes in plant-pollinator interaction networks are an example of how anthropogenic change may be influencing biodiversity.

Anthropogenic climate change has been characterized by increased drought frequency and intensity, and extreme temperatures in the Western United States, and has in some cases been linked to phenological mismatches between pollinators and their food plants (Stemkovski et al., 2020). Museum specimens are one of the best options for examining predicted changes in plant-pollinator interactions over time due to specific global change parameters.



Convolutional neural network models for the Great Basin Desert and Sierra Nevada Mountains pollen identification

We used two pretrained CNN models (AlexNet and VGG19) to classify the 21 most common pollen species in the Great Basin, including Achillea millefolium, Cirsium arvense, Erigeron divergens, Erigeron peregrinus, Helianthus annus, Taraxacum officinale, Taraxacum californicum, Ericameria nauseosa, Chrysothamnus viscidiflorus (Asteraceae); Erysimum capitatum (Brassicaceae); Astragalus purshii, Lupinus argenters (Fabaceae); Monardella villosa, Salvia dorrii (Lamiaceae); Calochortus nuttallii (Liliaceae); Sphaeralcea ambigua (Malvaceae); Phlox diffusa, Phlox longifolia (Polemoniaceae); Eriogonum umbellatum, Eriogonum rosense (Polygonaceae); Rosa woodsii (Rosaceae). Our pollen image datasets included 5709 images from 21 different pollen species. The number of images per species ranges between 200 and 650, and the majority of the images belong to these four species (E. peregrinus, S. ambigua, P. diffusa, and R. woodsii).

To evaluate the accuracy of our model, we used the validation set, which was composed of unseen images by the model during the training process. These images did not go through the data augmentation, which let us get the realistic accuracy of our model when encountering a new observation. Our AlexNet model achieved the training and validation accuracy of 96.5 and 92.1%, respectively. On the other hand, we acquired higher training and validation accuracy using VGG19, including 98.8 and 93.1%, respectively. This is likely because our VGG19 model architecture, compared to the AlexNet, has a higher number of parameters (VGG19: 102,850,581, AlexNet: 9,459,733) and deeper layers (VGG19: 19, AlexNet:8 layers) which let the VGG19 model better differentiate features within images. The accuracy obtained by the validation dataset was similar to the accuracy obtained by training datasets in the VGG19 model. The low deviation between training and validation accuracy indicates that our model is robust and rules out the possibility of overfitting, which occurs when a model is too complex.

In addition, to see how our VGG19 model acts in different pollen species, we created a confusion matrix that shows just a few mislabeled species (Figure 6). Finally, we believe this accuracy in VGG19 is high enough to build a web and phone application to create an automatic classification system for pollen grains at the species level.
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FIGURE 6
VGG19 confusion matrix for the 21 pollen species used for the training dataset pollen images from the Great Basin. Rows are species identities and columns are convolutional neural network (CNN) species assignments. The color bar indicates frequency, with dark green being most frequent. The diagonal elements are frequency of correctly classified outcomes, while misclassified outcomes are on the off diagonals.





Conclusion

Decades of research have focused on coevolution between plants and insects; these coevolutionary interactions have generated broad-scale geographic patterns of interactions that can be summarized with network parameters (Olesen et al., 2007; Tylianakis et al., 2010; Pellissier et al., 2018). This plant-insect interaction research is often limited by poor natural history data, for which museum collections can serve as an untapped and unparalleled resource. Current challenges include incorrectly inferring relationships from brief visits (i.e., a butterfly landing on a flower implies pollination), assuming interactions are present throughout the geographic range of a species and inferring interactions from literature sources. Consequently, inferences used for ecological networks, for understanding of plant-pollinator coevolution, and for pollinator conservation efforts are formed using incomplete data (Dyer, 2018). Despite the abundance of lepidopterans in collections, their importance as pollinators still lacks rigorous quantification for many taxa. Mining pollinator interaction data from museum specimens can help to fill this critical knowledge gap.

In this time of well-documented declines in pollinators, there is a clear need for innovative methods for studying plant-pollinator interaction networks using museum collections (Potts et al., 2010; Burkle et al., 2013). Species interactions, and their impact on community structure, and ultimately, ecosystem functioning, can be explored through better-informed network methods, which can help us to describe spatial and temporal changes in these dynamics (Burkle and Alarcón, 2011; Campos-Moreno et al., 2021). For example, many specialist pollinators are more susceptible to declines as their more restricted niches provide less redundancy in resource availability (Weiner et al., 2014). It is also likely that the occupancy of specialists across the landscape is low compared to generalists (Sudta et al., 2022) and that more specialized pollinators are less abundant overall (Fort et al., 2016). In either case, there is an expectation of a strong positive correlation between generalization and abundance at some scale, which has conservation implications for threatened specialized plant-pollinator interactions and overall network complexity. It is difficult to assess such network responses without careful networks that are backed by natural history observations and that take into account changes across spatial and temporal gradients. In particular, because museum collections can provide multiple observations over space and time, they can be a more powerful tool for differentiating specialist and generalist pollinators than more limited field observations. Analyzing pollen grains on butterflies from museum collections adds valuable natural history data to specimens and is an efficient and accurate method for documenting the frequency and richness of interactions with plants. These methods should be used to explore how networks have changed over time and may help us predict further network change. Lastly, this approach can help us identify relationships that are most at risk to environmental perturbations and those that are robust to perturbations associated with global change.
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Advances in the field of museomics have promoted a high sampling demand for natural history collections (NHCs), eventually resulting in damage to invaluable resources to understand historical biodiversity. It is thus essential to achieve a consensus about which historical tissues present the best sources of DNA. In this study, we evaluated the performance of different historical tissues from Iberian wolf NHCs in genome-wide assessments. We targeted three tissues—bone (jaw and femur), maxilloturbinal bone, and skin—that have been favored by traditional taxidermy practices for mammalian carnivores. Specifically, we performed shotgun sequencing and target capture enrichment for 100,000 single nucleotide polymorphisms (SNPs) selected from the commercial Canine HD BeadChip across 103 specimens from 1912 to 2005. The performance of the different tissues was assessed using metrics based on endogenous DNA content, uniquely high-quality mapped reads after capture, and enrichment proportions. All samples succeeded as DNA sources, regardless of their collection year or sample type. Skin samples yielded significantly higher amounts of endogenous DNA compared to both bone types, which yielded equivalent amounts. There was no evidence for a direct effect of tissue type on capture efficiency; however, the number of genotyped SNPs was strictly associated with the starting amount of endogenous DNA. Evaluation of genotyping accuracy for distinct minimum read depths across tissue types showed a consistent overall low genotyping error rate (<7%), even at low (3x) coverage. We recommend the use of skins as reliable and minimally destructive sources of endogenous DNA for whole-genome and target enrichment approaches in mammalian carnivores. In addition, we provide a new 100,000 SNP capture array validated for historical DNA (hDNA) compatible to the Canine HD BeadChip for high-quality DNA. The increasing demand for NHCs as DNA sources should encourage the generation of genomic datasets comparable among studies.
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endogenous DNA, historical DNA, museomics, natural history collections, SNP genotyping errors, target enrichment


Introduction

Natural history collections (NHCs) have been gathered since the seventeenth century, motivated by human curiosity about our planet’s biodiversity and the breakthrough in preserving perishable material (Farrington, 1915). Currently, national, regional, and private collections worldwide own irreplaceable natural resources, offering wide perspectives across distinct temporal and spatial scales that inspire research in many scientific areas (Casas-Marce et al., 2012; Tsangaras and Greenwood, 2012; Lopez et al., 2020; Pearson et al., 2020). Such collections provide unique overviews of historical biodiversity, from both extinct and extant species, and are also essential resources for addressing questions about species that have sampling limitations due to financial, bureaucratic, or conservation constraints (Burrell et al., 2015). Advances in molecular genetics and sequencing technology have promoted the use of the naturally fragmented DNA of historical specimens, transforming NHCs into invaluable sources of material for investigating genetics-related questions among different fields, including phylogenetics, biogeography, and conservation (Suarez and Tsutsui, 2004; Holmes et al., 2016; Bi et al., 2019).

Whereas a growing body of studies using historical DNA (hDNA) illustrate the potential of NHCs in genetic research, their regular use still poses different challenges. Sampling of genetic material is often destructive, eventually compromising the integrity of specimens and jeopardizing their future use. Therefore, because sampling techniques that minimize damages are prioritized (Pálsdóttir et al., 2019), the amount of genetic material collected is often limited (Horváth et al., 2005). Additionally, traditional taxidermy practices, which commonly use hazardous chemicals, and general carelessness in protecting specimens from environmental damage, do not favor DNA preservation. Thus, historical samples often yield limited and highly degraded DNA (Raxworthy and Smith, 2021) that presents major challenges during laboratory and analytical procedures (Allentoft et al., 2012; Dabney et al., 2013). Moreover, hDNA extracts can contain a non-negligible proportion of exogenous DNA from pre- or post-mortem sources, frequently in overwhelming ratios (Weiß et al., 2016; McDonough et al., 2018; Eisenhofer et al., 2019). These factors may explain why genetic studies using hDNA have often relied on the amplification of short nuclear or mitochondrial fragments (e.g., Schwartz et al., 2007; Maebe et al., 2016; Lonsinger et al., 2019). However, the use of hDNA is nowadays facilitated by high-throughput sequencing and by recent developments in molecular methods (e.g., Rowe et al., 2011; Staats et al., 2013; Hung et al., 2014). Methods like sequence capture of target loci, which limits the representation of the genome to specific loci, are among the most used in genome-wide studies of low-quality DNA to achieve large and cost-effective datasets (Jones and Good, 2016; McCormack et al., 2016; Derkarabetian et al., 2019). Furthermore, despite requiring a priori availability of the target genome to design specific baits, target enrichment has been shown to be successful using bait designs based on closely related species (Vallender, 2011).

Mammals have been traditionally preserved in NHCs by archiving skins, bones, teeth, or mounted specimens (Rowe et al., 2011). It is thus not surprising that most of the available genetic studies using hDNA rely on these tissues (Raxworthy and Smith, 2021). However, DNA yields may vary greatly among different tissues and be dependent on curation history (Burrell et al., 2015). Hard tissues, such as teeth and bones, were at first thought to provide higher-quality DNA (Wandeler et al., 2007; Casas-Marce et al., 2010), encouraging proposals to use hard tissues assumed to minimize sampling damage, such as maxilloturbinal bone (Wisely et al., 2004). Yet, recent studies have shown conflicting results (Rowe et al., 2011; Lonsinger et al., 2019; Tsai et al., 2020), revealing soft tissues to be good sources of hDNA when preserved appropriately (Burrell et al., 2015). To date, few studies have implemented genomic resources to assess differences in the performance of distinct tissues, and those tackling this question are often based on very low sample sizes that hamper reliable statistical comparisons (e.g., Rowe et al., 2011; McDonough et al., 2018). Thus, the tissue of choice for increasing the quality of genomic data, while sampling mammal NHCs with minimal damaging, remains an open question (Raxworthy and Smith, 2021).

In this work, we sought to evaluate the performance of different mammalian carnivore tissues generally available at NHCs in genome-wide assessments. Using the Iberian wolf (Canis lupus signatus) as a case study, we first collected bones (jaw and femur), maxilloturbinal bones, and skins from 103 historical specimens (Figure 1A). Then, we performed a shotgun sequencing of these samples to characterize endogenous DNA content. Third, we developed and tested a capture array of 100,000 regions overlapping single nucleotide polymorphisms (SNPs) contained in the commercial Illumina Canine HD BeadChip, ensuring compatibility between datasets generated with both low- and high-quality DNA. We intended to answer three main questions: Does endogenous DNA content differ across historical tissues? How is capture efficiency affected by historical tissue type? What is the effect of read depth on SNP genotyping error rates from hDNA?


[image: image]

FIGURE 1
Characterization of samples and hDNA used in this work. (A) Photographs illustrating the specimens used for the collection of each tissue type (Image credits Raquel Godinho). (B,C) Correlation (r2) between DNA yield (ng) following extraction and the proportion of endogenous DNA content with the original collection date of the specimens. Each dot represents a historical sample and inset boxplots display the median (central line) and distribution per tissue type. Significant differences (p < 0.05) between tissues are identified with an asterisk. Colors depict the three different tissue types used in this study: orange—bones (jaw and femur); yellow—maxilloturbinal (nasal) bones; and, green—skins.




Materials and methods


Sampling, DNA extraction, and shotgun sequencing

We collected 103 samples from Iberian wolf specimens housed at the three largest museum collections in the Iberian Peninsula and at 15 private NHCs, consisting of 43 bones (jaw and femur), 31 maxilloturbinal bones (hereafter nasal bones), and 29 skins. The original collection years for these specimens ranged from 1912 to 1990, except for two samples from 2004 and 2005 (Figure 1, Supplementary Table 1). All our samples conform to the definition of historical samples by Raxworthy and Smith (2021), which restricts hDNA to that fortuitously obtained from traditional museum specimens not intended to serve as sources of DNA. Jaw and femur bones were sampled by drilling ca. 1 g of bone powder with a Dremel tool (Dremel, WI, United States; Supplementary Figure 1). Femurs were sampled in the patellar surface region, whereas jaws were sampled in the posterior lower region of the mandibula (see Supplementary Figure 1 for examples of the drilling location in each bone type). Nasal bones were collected following Wisely et al. (2004), by inserting sterilized forceps into the nasal cavity of the skull to extract the bones. Nasal bone material was posteriorly crushed into small fragments. Bones were not bleached prior to DNA extraction. Skin samples were collected from pelts or mounted specimens by extracting a patch of approximately 2 cm2. Collecting tools, including drill bits, were cleaned with bleach, and flamed with 96% ethanol between samples to minimize cross contamination.

We prepared DNA extracts using 50 mg of sample following Dabney and Meyer (2019). For skins, we favored the inner layer for DNA extraction and discarded hairs to minimize contamination with external DNA sources. DNA concentration was measured using the Qubit fluorometer dsDNA HS Assay Kit (Thermo Fisher Scientific, MA, United States). We used 100–300 ng of DNA to prepare blunt-end dual-indexed DNA sequencing libraries using a full-uracil-DNA-glycosylase treatment following Meyer and Kircher’s (2010) protocol with the modifications described in Kircher et al. (2012). To limit DNA contamination, DNA extractions and library preparations were conducted in dedicated rooms under sterile conditions and positive air pressure, and negative controls were used alongside the procedures. DNA libraries were diluted based on concentration measurements obtained with the Qubit fluorometer dsDNA HS Assay Kit, and library size ranges were characterized using a Bioanalyzer 2100 with High Sensitivity DNA kits (Agilent Technologies, CA, United States). To characterize the endogenous DNA content of each sample, we performed a shotgun sequencing run using one lane of an Illumina HiSeq X instrument (Illumina, CA, United States) in PE 150 bp mode. For this, we selected libraries with concentrations > 15 ng/μl (N = 79; Nbone = 29; Nnasal  bone = 30; Nskin = 20) to ensure that enough library material remained for the following steps (based on the required starting amount for target capture enrichment of 14–72 ng/μl).

We also generated genomic information from two contemporary wolf muscle samples to be used as positive controls to validate the implemented approach. No animals were killed or injured for this study. We isolated DNA from these samples using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany). DNA quantification and library preparation were performed following the same procedures as described above for historical samples but with two modifications during library preparation: (i) a shearing step using a Bioruptor Pico sonication device (Diagenode, NJ, United States) was performed to obtain fragments of ∼250 bp, and (ii) the USER enzyme treatment was not performed. These two samples were genotyped using two different approaches: the Illumina CanineHD BeadChip (Illumina, CA, United States; ∼170,000 SNPs) and the capture array of 100,000 regions developed in this work (see next sections).



Bait design

We targeted a set of autosomal genome-wide SNPs whose positions were defined based on the coordinates available on the CanineHD BeadChip. With this experimental design, we ensured the compatibility of historical datasets with other datasets generated using the same SNP chip. From the ∼170,000 SNPs in the CanineHD BeadChip, only uniquely mapped autosomal SNPs were considered for probe design. Based on this list of putative SNPs, we custom designed a sequence capture panel containing a final set of 100,000 SNPs distributed across the wolf genome using MYbaits Target Capture technology (Arbor Biosciences, Ann Arbor, MI, United States). The implemented methods for probe design followed the strategy described by Haak et al. (2015) and Cruz-Dávalos et al. (2017), in which four probes of 60 bp each were designed to target fragments of 120 bp per SNP: one upstream of the SNP, one downstream, and one for each possible allele, with the allele positioned at the center of the probe. RNA probes were designed and synthesized by Arbor Biosciences (product code #302016). The selection of the final set of MYbaits RNA probes was based on their capture efficiency (stringent criteria ≤ 25% repeat masked). A FASTA file providing the sequences of all 400,000 synthesized probes is available online.



Capture enrichment

We performed target enrichment using the MYbaits Custom Target Capture Kit following the manufacturer protocol (v.3.02). DNA libraries with similar endogenous DNA content were pooled in equimolar sets of 8–10 samples per capture reaction (600 ng in the final pool). Hybridization between RNA probes and the DNA library occurred at 65°C for 40 h. Real-time PCRs were performed to determine the number of amplification cycles required to obtain sufficient molarity for sequencing. Post-enrichment libraries were amplified using KAPA HiFi Hotstart Ready Mix (KAPA Biosystems, MA, United States), following the manufacturer recommendations, with an annealing temperature of 60°C. The amplified enriched DNA libraries were purified in 20 μl of EB buffer using the MinElute PCR Purification kit (Qiagen, Hilden, Germany) and quantified by the Qubit dsDNA HS Assay Kit. Library size ranges were characterized using a Bioanalyzer 2100 with High Sensitivity DNA kits and pooled in equimolar ratios. Pooled libraries were then sequenced using 2 lanes of an Illumina HiSeq X instrument in PE 150 bp mode.



Processing of sequencing reads and single nucleotide polymorphism calling

Raw sequences from shotgun sequencing and target enrichment were processed similarly in different time periods. First, sequence reads were demultiplexed and quality assessments were done using FastQC (Andrews, 2018) and MultiQC (Ewels et al., 2016). Sequence reads were then processed and aligned using the PALEOMIX v.1.2.13.2 BAM pipeline (Schubert et al., 2014). Briefly, the pipeline consisted of the following steps: (i) adapter sequences were removed, low-quality and N bases were trimmed, and overlapping read pairs were collapsed using AdapterRemoval v.2.2.2 (Schubert et al., 2016) with the default parameters (on average, 96 and 95% of reads were collapsed for shotgun and capture sequencing, respectively); (ii) all sequence reads were then aligned against the CanFam3.1 dog reference genome (Lindblad-Toh et al., 2005) using BWA-MEM v.0.7.17 (Heng, 2013); and (iii) PCR duplicates for each library were marked by the “paleomix rmdup_collapsed” tool but were not used for the following steps. The final alignment file was subjected to local realignment around indels using the GATK v.3.8 IndelRealigner tool (DePristo et al., 2011). The endogenous content was determined by the ratio of unique reads (no duplicates) that mapped to the dog reference genome with mapping quality above 20 (MQ > 20) to the total number of available reads (also referred as library complexity by some authors; Dehasque et al., 2022). For the target enrichment experiment, the number of reads mapping on target was defined as the total number of unique high-quality (MQ > 20) reads overlapping at least 1 base of the 120 bp target region. Enrichment success was determined by the ratio of reads on target in relation to (i) the total number of available reads and (ii) the total number of uniquely and high-quality mapped reads. These metrics were retrieved from the PALEOMIX summary report and, additionally, with the help of SAMtools v.1.9 (Li et al., 2009). Fold enrichment was determined by the ratio of the number of on-target reads to the total number of uniquely and high-quality mapped reads, divided by the expected representation of the target regions without enrichment (i.e., the ratio of genome length, 2.4 Gb, to target length, 100,000 × 120 bp, corresponding to 0.5%).

Following target enrichment, genotypes were called using BCFtools v.1.10.2 (Li, 2011) mpileup/call -m tools, with minimum Phred-scaled thresholds of 20 for base quality and read mapping quality. At the end, to evaluate the effect of sequencing depth on genotyping quality rates, we considered genotypes supported by at least three (DP ≥ 3), four (DP ≥ 4), or more reads (DP ≥ 5) using the custom python script gtvalues2plink.py, which was also used to convert the final VCF file to plink format. The distribution and density of SNPs in our dataset (using DP ≥ 4) was visualized using the R/Bioconductor package karyoploteR (Gel and Serra, 2017) in R (R Development Core Team, 2017).

Genotypes were ultimately validated by estimating their concordance rates with the genotypes obtained from the control samples using the Canine HD BeadChip. In this last approach, genotype calling was performed using GenomeStudio software (Illumina), following Illumina’s recommendations. Sex-chromosome-related SNPs and non-uniquely mapped SNPs (SNPs with multiple positions attributed) were removed from the dataset using PLINK v.1.9 (Purcell et al., 2007), resulting in a final dataset of ∼ 121,000 SNPs. Concordance rates were calculated for the entire set of genome-wide SNPs obtained across the three depth thresholds for each control sample, using a second custom script, SNP_concordance.py. We also calculated concordance rates for SNPs called exclusively with 3x and 4x coverage in each control sample and estimated the associated error rates. Additionally, to assess the genotype quality across all historical samples, we estimated the potential genotyping error rate associated with low read depth using the ErrorCount.sh script from the dDocent pipeline (Puritz et al., 2014). Briefly, this script reports a low range based on a 50% binomial probability of observing the second allele in a heterozygote and a high range based on a 25% probability. All genotyped SNPs were considered for this analysis without any filter for missing data.



Statistical analysis

To determine whether the amount of endogenous DNA and capture efficiency were influenced by sample type (bone, nasal bone, and skin), we implemented a set of generalized linear models (GLMs). We ran four different GLMs with the following dependent variables: (i) proportion of endogenous DNA, i.e., number of reads that mapped uniquely with MQ > 20 in relation to the total number of available reads, following shotgun sequencing; (ii) mapped reads after capture, i.e., proportion of the number of reads that mapped uniquely and with MQ > 20 to the total number of reads available after target enrichment; (iii) reads on target (all), i.e., number of unique and high-quality (MQ > 20) reads that mapped on target regions in relation to the total number of reads available; and (iv) reads on target (mapped), i.e., the same as above, but in relation to the total number of mapped reads. All GLMs were fitted with a binomial error distribution and a logit link. The fit of each model was further assessed using the Pearson’s χ2 residuals, which test whether any significant patterns remain in the residuals. Given the unavailability of shotgun sequencing data for all the samples, we tested levels of correlation between the proportion of endogenous DNA and the proportion of reads mapping after capture to understand if the latter could be interpreted as a proxy for endogenous content. We also tested correlation coefficients using the following variables: original collection year, DNA yield (ng) following extraction, endogenous DNA proportion, fragment length (average length of filtered reads from shotgun sequencing), and mapping length (average length of mapped and unique reads, with MQ > 20). The effect of sample type on DNA concentration was also evaluated using a Kruskal-Wallis test. All the previously mentioned tests were performed in R, and all the plots were constructed using the R package ggpubr (Kassambara, 2020).




Results


Endogenous DNA content

We successfully obtained DNA extracts for all 103 historical samples, with an average DNA yield of 469.91 ± 63.18 (s.e.) ng; (range 84–3,812 ng). DNA yield was not correlated with the original specimen collection year (r2 = 0.15) nor with the sample type (Kruskal-Wallis test, p = 0.256; Figure 1B). Nevertheless, even using the same quantity of starting material for DNA extraction, we cannot rule out greater effects due to histological differences between hard and soft tissues. The initial sample characterization by shotgun sequencing resulted in an average fragment length of 97 bp (range 42–145 bp). Endogenous DNA content across all samples varied from 0.05 to 76.35% (mean: 14.48 ± 2.47%; Figure 1C) and was not correlated with the fragment length (r2 = −0.42; Supplementary Figure 2A) nor with the original collection year (r2 = −0.24; Figure 1C). The average mapping length across all samples was 75 bp (range 40–116 bp) and was not correlated with specimen original collection year (r2 = 0.15; Supplementary Figure 2B). Among sample types, skin samples retrieved the highest proportion of endogenous DNA (43.49 ± 4.76%, p = 0.008; Figure 1C and Supplementary Tables 2, 3) in relation to bones (8.14 ± 2.66%) and nasal bones (1.28 ± 0.22%).

After capture enrichment, the proportion of reads mapping to the reference genome ranged from 0.13 to 78.26% (mean: 19.89 ± 2.59%; Supplementary Table 2). Consistently, skin samples presented a significantly higher proportion of mapped reads (49.01 ± 4.69%, p = 0.001; Figure 2 and Supplementary Tables 2, 4) relative to bones (12.57 ± 2.99%) and nasal bones (2.79 ± 0.64%). Across contemporary control samples, the average proportion of reads mapping after capture was 32.85 ± 0.56% (Supplementary Table 5), with 65.4% of filtered reads being duplicates. Endogenous DNA content and the proportion of reads mapping to the reference genome following capture were highly correlated (r2 = 0.93; Supplementary Figure 3A).
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FIGURE 2
Genomic metrics assessed from capture enrichment for each tissue type: bones (orange), maxilloturbinal (nasal) bones (yellow), and skins (green). Boxplots display the proportion of reads mapping after capture enrichment and reads mapping on target region in relation to all or mapped reads for each tissue. Within boxplots, dots represent historical samples, and the central line indicates the median value. Significant differences (p < 0.05) between tissues for each metric are identified with an asterisk.




Capture efficiency across sample types

Following capture enrichment, the proportion of reads mapping on target regions ranged from 0.01 to 27.79% (mean: 4.75 ± 0.73%; Supplementary Table 2) in relation to all available reads and from 1 to 37% (mean: 19.82 ± 0.84%; Supplementary Table 2) in relation to all mapped reads. The average fold enrichment was 39.64x, with 91% of all samples presenting an enrichment > 10x. Among sample types, skin samples showed the highest proportion of reads mapping on target regardless of the metric used (12.35 ± 1.58% of all reads; 22.49 ± 1.65% of mapped reads; Figure 2). Bones (2.68 ± 0.78% of all reads; 18.13 ± 1.41% of mapped reads) and nasal bones (0.50 ± 0.11% of all reads; 19.68 ± 1.18% of mapped reads) worked less successfully; however, differences were not significant among the three sample types (Figure 2 and Supplementary Tables 6, 7). For the two contemporary control samples, the proportion of reads mapping on target regions was 17.54 ± 0.01% of all available reads and 53.42 ± 0.69% of mapped reads (Supplementary Table 5).



Genotyping errors and coverage effect

We were able to generate genotypes for a panel of 99,982 genome-wide SNPs (Supplementary Figure 4) using the target enrichment approach, with distinct levels of missing data across samples. For contemporary control samples, concordance rates between genotypes obtained from the capture array developed in this study and those from the Canine HD BeadChip were above 99%. Error rates for the two control samples (i.e., rates of genotype discordance) were almost negligible but increased with decreasing coverage at the target sites (0.64 and 0.91% error rate, at coverage ≥ 5x and ≥ 3x, respectively; Figure 3A and Supplementary Table 8). When calculating the genotype concordance rates using SNPs called exclusively with 3x and 4x, we found a decrease to 94.1 and 96.4%, respectively (Supplementary Table 8). The most common error found in genotypes called with the lowest coverage (3x) was the dropout of a second allele (miscalled homozygous in relation to the SNP chip), corresponding to 79.5% of the observed discordances. The number of loci obtained in contemporary control samples increased as the coverage decreased; for example, the average number of SNPs obtained across both samples declined from 93,948 to 88,173 at coverage ≥ 3x and ≥ 5x, respectively (Figure 3B and Supplementary Table 9).
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FIGURE 3
Genotyping performance of hDNA from three sample types. (A) Interval of potential genotyping error rate estimates (%) for the three hDNA sample types, and average empirical genotyping error rate for control samples, considering the three minimum depth levels. (B) Percentage of genotyped SNPs (N = 99,982) considering a minimum depth of 3x, 4x, or 5x per SNP across 103 samples. Each dot represents a sample.


We found the same pattern across historical samples, with increased estimates of potential genotyping error rates associated with SNPs called with decreasing coverage (Figure 3A). Nevertheless, the highest error rate estimate for coverage ≥ 3x did not reach 7%. Concordantly, we also found an increase in the average number of SNPs across all samples for lower read depths (24,663 and 18,523 SNPs at coverage ≥ 3x and ≥ 5x; Figure 3B and Supplementary Table 9). Overall, the average number of SNPs obtained across historical samples was substantially lower than in contemporary control samples. Still, the highest genotyping success rates were found among three historical samples, which presented very similar rates (>95%) to those found in the contemporary samples (Figure 3B and Supplementary Table 9). Skin samples presented the highest average numbers of SNPs genotyped (Figure 3B). Genotyping success rate (number of genotyped SNPs) was positively correlated with the proportion of reads mapping to the genome after capture (r2 = 0.85; Supplementary Figure 3B).




Discussion

In this study, we evaluated the performance of different historical tissues—bones, nasal bones, and skins—across a population sampling of Iberian wolf NHCs, in whole-genome sequencing and target enrichment. Specifically, we analyzed metrics based on endogenous DNA content, uniquely high-quality mapped reads after capture, and enrichment proportions.

Bones, nasal bones, and skins all succeeded as DNA sources but differed in endogenous DNA content. Based on equal starting amounts of DNA for shotgun sequencing, skins yielded significantly higher amounts of endogenous DNA than did the other sample types. This concords with other studies that have previously shown that soft tissues of mammals (van der Valk et al., 2017) and birds (Tsai et al., 2020) provide higher endogenous DNA content than hard tissues, although these are based on less comprehensive sample sizes than the one used here. Although nasal bones were initially recommended for presenting higher genotyping success rates than other bones (Wisely et al., 2004), a recent study showed conflicting results (Lonsinger et al., 2019). Here, we assessed for the first time the proportion of endogenous DNA retrieved from nasal bones, showing that this bone type provides lower content than other commonly used bones. Despite the observed significant effect of tissue type on endogenous DNA, we cannot disregard the impact of distinct collection histories in this result (Raxworthy and Smith, 2021). We did not observe significant associations between endogenous DNA content, or its mapping length, and the original collection year, suggesting no substantial DNA degradation across the period under evaluation.

There was no direct effect of tissue type on capture efficiency, with most samples presenting an enrichment > 10x. This result emphasizes the efficiency of target capture as a powerful method for building genomic datasets from hDNA and is in line with other studies using capture approaches (Carpenter et al., 2013; van der Valk et al., 2017). An a priori understanding of the importance of endogenous DNA content in the success of a capture experiment (Hernandez-Rodriguez et al., 2018) has driven our decision to perform shotgun sequencing prior to capture enrichment. Using this approach, we were able to demonstrate a perfect association between the number of resulting SNPs and the initial amount of endogenous DNA, emphasizing that this is a practical and cost-effective way to select samples prior to capture experiments. Furthermore, knowing the endogenous DNA content across samples also allows to minimize variation within each sequencing experiment, ensuring low rates of index hopping and reducing possible bias in downstream analysis (van der Valk et al., 2020). Our SNP genotyping results demonstrate that historical samples with high amounts of endogenous DNA can behave similarly to, or even better than, contemporary samples in capture procedures, further supporting the use of capture enrichment to genotype thousands of genome-wide SNPs in hDNA samples (Bi et al., 2013; Smith et al., 2014; Harvey et al., 2016; Lim and Braun, 2016).

The final number of SNPs in a dataset can be a trade-off between coverage and genotyping error rates: relaxing the minimum read depth to increase the number of SNPs is accompanied by higher uncertainty in genotype calling. Still, we were able to generate an average of ca. 25,000 genome-wide SNPs per sample, called with ≥ 3x coverage and with low potential error rates (<7%). Reducing coverage led to an increase in the number of SNPs, mostly across samples with intermediate genotyping success, i.e., those where SNPs were captured but read depth was generally low. In such cases, decreasing the coverage from ≥ 4x to ≥ 3x represented an increase of ∼11,000 SNPs. Regardless of the threshold used for minimum coverage, genotypes obtained for the contemporary control samples were confirmed and validated against the SNP chip genotypes. The average error rates found in the controls were within, or very close to, the potential error rate intervals estimated for the historical dataset. This overlap suggests that the use of such an analytical approach (Puritz et al., 2014) can be a reliable alternative to estimate potential error rates when no control samples are available. Observed error rates in our work for ≥ 5x coverage, which is a widely accepted threshold for SNP calling (Yi et al., 2010), were much lower than those reported by Fountain et al. (2016) at the same coverage for fresh tissue samples.

The most common error found among control samples was the dropout of a second allele after target enrichment. Given the overall low error rates, we predict minimal impact associated with allelic dropouts in downstream analysis. However, even low rates of genotyping error tend to overestimate genetic variation and can affect population genetic studies in different ways, or, to a greater extent linkage and association studies (Pompanon et al., 2005; Gautier et al., 2013). Since most studies do not have control samples available to calculate empirical concordance rates and validate genotypes (Fountain et al., 2016), predicting the effects of errors might be difficult, and in this case higher minimal depth thresholds (>5x) may be considered. Choosing between increasing the number of loci or having high reliability in the genotypes should be considered on a case-by-case basis to ensure compatibility with downstream applications. Alternatively, historical datasets can be analyzed based on genotype likelihoods instead of genotypes, in order to take the inherent uncertainty of the genotypes into account (Nielsen et al., 2011).


Reducing sample damage without compromising data recovery

Skin samples were revealed to be a good source of endogenous DNA while still being minimally destructive to specimens, as small patches can be easily sampled from non-unique morphological features of hides or skin mounts. Bone sampling is generally more destructive and does not necessarily translate into higher endogenous DNA content. This applies in particular to nasal bones, which yield the lowest endogenous DNA content while relying on a quite destructive sampling process in which a large part of the structure is removed. Although we acknowledge that the consumptive sampling of nasal bones does not compromise the utility of a specimen for morphometric or character studies (Wisely et al., 2004), our results discourage their sampling for genomic studies of mammalian carnivores.

As the demand for NHCs in molecular studies increases, conscious sampling of specimens should now become routine to not compromise their future use. The drilling procedure we used for bone sampling left a small hole in the bone tissue (Figure 1A and Supplementary Figure 1) but did not hamper future morphometric studies. This sampling approach is less damaging than cutting bone fragments (Supplementary Figure 1) and still ensures that enough material is collected for genomic analysis without further manipulation. Sampling the petrous bone, a recognized excellent source of endogenous DNA (Pinhasi et al., 2015), would only be recommendable for NHC specimens if entailing the use of damaged skulls, as its sampling is highly destructive to the skull (Charlton et al., 2019). The starting amount of endogenous DNA can also be maximized through wet lab procedures by performing several rounds of DNA extraction, creating multiple and differentially indexed DNA libraries to increase complexity levels, and/or captures per sample (Hernandez-Rodriguez et al., 2018; White et al., 2019; Fontsere et al., 2021; von Seth et al., 2021). Understanding that a reduced fragment of the appropriate tissue is enough to successfully recover molecular data without compromising the reusability of the specimen is of remarkable importance for managing NHCs.



Limitations and opportunities for further development

In contrast to current practices for preserving biological material in controlled environments and using sophisticated resources that prevent DNA damage, older traditional methods did not prioritize DNA integrity (Hall et al., 1997; Burrell et al., 2015; Card et al., 2021). Thus, these preservation techniques and storage conditions can greatly impact the quality and quantity of DNA. In this work, we used wolf specimens from three museums and 15 private collections distributed across a 90-year period, where most samples (∼60%) were collected between 1960 and 1980. These samples likely have different collection histories, particularly those in private collections, where less-standardized preservation methods can be expected. Such heterogeneity may explain the observed levels of variability in endogenous DNA content, although our sample size hampers a statistical evaluation of these metrics across sampling origins. We acknowledge that it would be relevant to assess the effects of different preservation techniques on DNA degradation; unfortunately, information about the method applied to each specimen used for this study was not available, as is often the case in NHCs.

One of the major challenges the museum community currently faces is improving the documentation of collection histories for individual specimens and to make it accessible to the scientific community. Global initiatives have been promoting the digitization of specimens’ metadata and digital images to make them available in electronic databases that can be easily accessed (e.g., The Global Information Facility; Robertson et al., 2014). As this process evolves, it is essential that researchers working in the field of museomics synergize genomic data with NHCs metadata to enhance the scientific impact and traceability of their studies by, for example, always providing the catalog numbers of specimens used (Card et al., 2021).




Concluding remarks

To our knowledge, this study uses the most comprehensive dataset to date—in terms of sample size and genome representation—to test the performance of three wolf tissues as sources of hDNA. Based on our findings, we recommend the use of skins for sampling mammalian carnivore specimens, as these are reliable and minimally destructive sources of endogenous DNA suitable for whole-genome and target enrichment approaches. This study should also encourage future research with the same aims but targeting different vertebrate and invertebrate groups. In addition, we provide a validated genome-wide SNP tool (i.e., probe design) that allows for direct comparison between historical and contemporary data. Although the enrichment approach presented here was based on canid genomes, its conceptual design can be implemented in any species for which SNP chips are available. We believe that the increasing demand for NHCs as DNA sources, and the requirements for minimal damage to the specimens, should encourage the generation of genomic datasets comparable among studies.
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Historical DNA obtained from voucher specimens housed in natural history museums worldwide have allowed the study of elusive, rare or even extinct species that in many cases are solely represented by museum holdings. This has resulted in the increase of taxonomic representation of many taxa, has led to the discovery of new species, and has yielded stunning novel insights into the evolutionary history of cryptic or even undescribed species. Peromyscus mekisturus, is a critically endangered cricetid rodent endemic to Mexico and is only known from two museum specimens collected in 1898 and 1947. Intensive field work efforts to attempt to determine if viable populations still exist have failed, suggesting that this species is extinct or is nearing extinction. In addition, a recent study using mitogenomes demonstrated that P. mekisturus forms a well-supported clade outside the genus Peromyscus and hypothesized that this taxon is the sister group of the genus Reithrodontomys. Here, we used target enrichment and high-throughput sequencing of several thousand nuclear ultraconserved elements and mitogenomes to reconstruct dated phylogenies to test the previous phylogenetic hypothesis. We analyzed the holotype and the only other known specimen of P. mekisturus and museum samples from other peromyscine rodents to test the phylogenetic position of the species. Our results confirm that the only two specimens known to science of P. mekisturus belong to the same species and support the hypothesis that this species belongs to an undescribed genus of cricetid rodents that is sister to the genus Reithrodontomys. We dated the origin of P. mekisturus together with other speciation events in peromyscines during the late Pliocene – early Pleistocene and related these events with the Pleistocene climatic cycles. In light of our results, we recommend a taxonomic re-evaluation of this enigmatic species to properly recognize its taxonomic status as a new genus. We also acknowledge the relevance of generating genomic data from type specimens and highlight the need and importance of continuing to build the scientific heritage of the collections to study and better understand past, present, and future biodiversity.
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historical DNA, genomics, mitogenomes, Peromyscus mekisturus, type specimen, ultraconserved elements


Introduction

Museomics is a booming field that leverages the potential of natural history museums as a source of DNA (ancient DNA – aDNA – naturally preserved, heavily degraded trace amounts with both low quality and quantity yields, and usually between thousands to a million years old; historical DNA – hDNA – fortuitously preserved in voucher specimens almost always collected during the last 200 years, highly degraded with both low quality and quantity yields; and modern DNA – mDNA – tissues stored frozen or in preservatives, usually of high DNA quality and quantity, but in some cases, they can be affected by the mode of preservation regardless of time) coupled with genomic methods and techniques (Schmitt et al., 2018; Raxworthy and Smith, 2021). It has transformed the field of collection-based research, extending research possibilities for paleontological and natural history specimens (Buerki and Baker, 2016; Rubi et al., 2020). Museomics-based research has yielded new insights into the evolutionary history of organisms and has greatly impacted our knowledge regarding the tree of life, filling gaps in the majority of its branches and revealing unknown or controversial phylogenetic positions (Buerki and Baker, 2016; Kehlmaier et al., 2019; Cong et al., 2021).

This innovative tool has been applied to discover and delimit species (Abreu-Jr et al., 2020; Lyra et al., 2020; McDonough et al., 2022), to sample extinct species (Roycroft et al., 2021) and extirped populations (Shepherd and Lambert, 2008), to clarified taxonomic classifications with type specimens (Prosser et al., 2016; Kehlmaier et al., 2019). It has also been used in population genetic studies (Yuan et al., 2022), to document changes in genetic diversity through time (Schmitt et al., 2018; Bi et al., 2019) and the species’ response to environmental change and genetic erosion (Bi et al., 2013; Dussex et al., 2019). Museomics has even been used to track the origins and spread of infectious diseases (Schmitt et al., 2018; Karwacki et al., 2021), and to investigate epigenetic effects (Rubi et al., 2020).

In the current biodiversity crisis, the discovery and documentation of biodiversity on earth should be a priority (Campana et al., 2021). It is of great concern that many species could be lost before they or their ecological roles have been described, without even being aware of what is being lost (Kehlmaier et al., 2019). Although accurate species identification should be the backbone of biodiversity research it is not sufficient to just identify and count these species, but we also need to better understand their evolutionary and environmental history. In this sense, the use of type specimens, within a taxonomic and phylogenetic framework, is essential to ensure the accurate identification of specimens (Buerki and Baker, 2016; Kehlmaier et al., 2019). Type specimens (or simply referred to as types) are the exemplar specimens that are representative of the species description, and as such, determine the correct application of nomenclature and represent the link between a name and a taxonomic unit (Buerki and Baker, 2016; Cong et al., 2021). Within types, a holotype is a single specimen designated, in the original publication, as the name-bearing exemplar of a species (International Commission on Zoological Nomenclature1). Despite their great contribution to science, the representation of holotypes in genetic studies is scarce. This is due to the impact that “destructive sampling” can have on these invaluable and irreplaceable specimens because it will likely involve damaging or destroying a portion of the specimen to obtain the genomic data. These specimens are, in general, very old – between 10 and 200 years old, and therefore they are understandably highly protected and valued by the curators and collection managers of their museum collections. Since specimens represent finite resources, most museums have strict policies governing destructive sampling, limiting the availability of samples (Holmes et al., 2016). However, recent phylogenetic studies have successfully demonstrated the importance of including type specimens, and as such museum curators are carefully evaluating the proper use and sampling of these unique specimens (e.g., Prosser et al., 2016; McGuire et al., 2018; Kehlmaier et al., 2019; Cong et al., 2021; Reyes-Velasco et al., 2021; Roos et al., 2021; Roycroft et al., 2021).

The Puebla deer mouse, Peromyscus mekisturus, is a critically endangered cricetid rodent endemic to Mexico and is only known from two museum specimens. The holotype (Smithsonian Institution’s National Museum of Natural History – USNM64108) collected by Merriam (1898) in Chalchicomula (= Ciudad Serdán) and a second individual captured by Hooper (1947) in Tehuacán, both in the state of Puebla (University of Michigan Museum of Zoology – UMMZ88967). Unfortunately, multiple expeditions after 1947 targeting this species have failed to find more specimens. This suggests that the Puebla deer mouse may have already become extinct or is close to extinction.

Peromyscus mekisturus, based on morphology (Osgood, 1909; Carleton, 1989; Musser and Carleton, 1993, 2005) and on a few mitochondrial genes (Castañeda-Rico et al., 2014), had been traditionally placed within the Peromyscus melanophrys group, together with P. melanophrys and P. perfulvus. However, Castañeda-Rico et al. (2020) using mitogenomes and ultraconserved elements (UCE) obtained from the P. mekisturus specimen collected in 1947 [University of Michigan Museum of Zoology – UMMZ88967– the same specimen analyzed by Castañeda-Rico et al. (2014)], found that this species was not part of the Peromyscus melanophrys group, as previously suggested. In addition, with a denser sampling of mitogenomes including more cricetid species, they also uncovered that P. mekisturus was more closely related to the genera Reithrodontomys and Isthmomys than to any other member of the genus Peromyscus. However, they suggested that the latest results needed to be confirmed with a denser taxon sampling of the nuclear genome. Castañeda-Rico et al. (2020) also found that the mitochondrial sequence obtained by Castañeda-Rico et al. (2014) was incorrect due to (i) cross contamination with other Peromyscus samples processed in the same lab during extraction and/or PCR steps, (ii) a chimera sequence product of jumping PCR, and/or (iii) contamination from the environment caused by not performing the extractions in a dedicated facility for ancient DNA analysis.

In this study, we show how museomics has revolutionized phylogenetic studies, improving our understanding of the biodiversity of our planet. Importantly, we demonstrate that holotype specimen data is crucial for confirming the accurate identification of poorly studied species, especially, when it concerns rare, extinct or under-collected species such as P. mekisturus. Here, we improved on the previous study by Castañeda-Rico et al. (2020) by obtaining genome-wide data, specifically mitogenomes and thousands of UCE loci from a larger number of representative species of the genus Peromyscus and some of their outgroups obtained from specimens in museum collections. We tested the phylogenetic hypothesis that P. mekisturus is more closely related to the genera Reithrodontomys and Isthmomys than it is to members of the genus Peromyscus. We analyzed the holotype of P. mekisturus and compared it to the previously sequenced museum specimen from Tehuacán, Puebla, in order to confirm its correct identification and the phylogenetic position of the species. Finally, we conducted molecular dating to estimate the timing of the divergence events of P. mekisturus. Our results conclusively support the genetic uniqueness of P. mekisturus and have important implications for taxonomy and the impact of biodiversity loss.



Materials and methods


Sample collection and laboratory methods

We obtained 12 samples (ca. 2 mm2 of frozen tissue –internal organ– or dry skin) from specimens deposited at the Smithsonian Institution’s National Museum of Natural History and the Museum of Texas Tech University (Supplementary Table S1). Sampling comprised of one sample per each species (Peromyscus attwateri, P. aztecus, P. megalops, P. polionotus, P. crinitus, Neotomodon alstoni, Podomys floridanus, Onychomys leucogaster, Reithrodontomys mexicanus, Isthmomys pirrensis, and Neotoma mexicana), including the holotype specimen of P. mekisturus (collected in 1898) see Supplementary Figure S1. We selected these species so that we could incorporate all of the species used in mitochondrial phylogeny obtained by Castañeda-Rico et al. (2020) and test their hypothesis using nuclear genome-wide data. We followed strict protocols to avoid cross-contamination during sampling, as described in McDonough et al. (2018) and Castañeda-Rico et al. (2020).

We performed all laboratory work at the Center for Conservation Genomics (CCG), Smithsonian National Zoo and Conservation Biology Institute, Washington, DC. DNA was extracted from frozen-preserved internal organs (i.e., liver or muscle, hereafter modern samples), in the modern lab at the CCG, using a DNeasy Blood and Tissue Kit (Qiagen Inc., Valencia, CA, USA) following the manufacturer’s protocol. We conducted all pre-PCR steps for the historical samples in a laboratory specifically dedicated to processing of historical and ancient DNA at the CCG. We extracted DNA from historical samples (i.e., dry skin), using the silica column extraction protocol (McDonough et al., 2018). We quantified DNA samples with a Qubit 4 fluorometer (Thermo Fisher, Waltham, MA, USA) using a 1x dsDNA HS assay and visualized DNA with a TapeStation 4200 System (Agilent Technologies, Santa Clara, CA, USA) using High Sensitivity D1000 reagents. We sheared modern DNA to an average length of 250 base pairs (bp) using a Bioruptor® Pico sonicator (Diagenode Inc., Denville, NJ, USA) with a pulse of 30 s on/30 s off for 90 cycles. We did not shear DNA from historical samples due to its inherent degradation and fragmentation.

We prepared dual-indexed libraries using the Kapa HyperPrep kit (Roche Sequencing) with 1/2 reactions, following the manufacturer’s protocol. To library prep the holotype specimen, we used the SRSLY PicoPlus NGS library prep kit (Claret Bioscience, LLC), according to the manufacturer’s protocol. We performed dual indexing PCR with TruSeq-style indices (Meyer and Kircher, 2010) using Kapa HiFi HotStart Uracil + (Roche Sequencing) for historical samples and Kapa HiFi HotStart Ready Mix (Roche Sequencing) for modern samples, following the manufacturer’s protocol. Libraries were amplified with 8–13 cycles of PCR. We cleaned the indexed libraries using 1.6x solid-phased reversible immobilization (SPRI) magnetic beads (Rohland and Reich, 2012), quantified concentration using a Qubit 4 fluorometer, and inspected size-ranges and quality with a TapeStation 4200 System (conditions as mentioned above). Each capture reaction contained pooled libraries, which consisted of equimolar pools of two individuals for historical samples and three individuals for modern samples. The holotype specimen was not pooled with any other sample and captured alone. We performed target enrichment using the myBaits® UCE Tetrapods 5Kv1 kit (Faircloth et al., 2012) produced by Daicel Arbor Biosciences following the myBaits protocol v3, and the myBaits® Mito kit (Daicel Arbor Biosciences) for the house mouse Mus musculus panel, following the myBaits protocol v4 to capture ultraconserved elements (UCE) and mitogenomes, respectively. We amplified post-enrichment UCE and mitogenomes libraries with 14–18 cycles of PCR using Kapa HiFi HotStart Ready Mix (Roche Sequencing), following the manufacturer’s protocol. A 1.6x SPRI magnetic bead clean-up was performed subsequently. We quantified and visualized the enriched libraries pool using a Qubit 4 fluorometer and a TapeStation 4200 System, respectively (conditions as mentioned above). Finally, we pooled captured libraries equimolarly and sequenced on a NovaSeq 6000 SP PE 2 × 150 bp (Illumina, Inc., San Diego, CA, USA) at the Oklahoma Medical Research Foundation, Oklahoma City (combined with samples from unrelated projects). We used two lanes of NovaSeq, one for historical samples and another for modern samples, to avoid biased sequencing.

We also reanalyzed UCE and mitogenomes published by Castañeda-Rico et al. (2020), and mitogenomes from Bi (2017) and Sullivan et al. (2017). We should note that we detected a misidentification labeling error in a museum specimen that was previously designated as P. eremicus in Castañeda-Rico et al. (2020) (GenBank accession number MT078819). It has now been correctly identified as P. pectoralis based on a BLAST analysis of the cytochrome b gene in GenBank2, and corroborated with the voucher specimen deposited at the Museo de Zoología, Facultad de Ciencias, Universidad Nacional Autónoma de México. A list of all samples used in this study is found in Supplementary Table S1.



Data processing and phylogenetic analyses of ultraconserved elements

We processed raw data, provided by the sequencing core, following the PHYLUCE v1.6.7 pipeline (Faircloth, 20163). We used Illumiprocessor 2.10 (Faircloth, 2013) and Trim Galore 0.6.54 to trim adapters, barcode regions and low-quality bases. The PHYLUCE script phyluce_assembly_get_fastq_lengths.py was used to check average fragment size after trimming. Reads were assembled into contigs using Trinity 2.8.5 (Grabherr et al., 2011), and identified contigs matching UCE loci in the 5K UCE locus set5. We generated two “taxon sets”: (1) containing all of our samples to query the database obtained during UCE contig identification and created a list of UCE loci by sample, and (2) without the holotype specimen to test if including a sample which recovered fewer loci and higher amounts of missing data could affect phylogenetic relationships. We produced a monolithic FASTA file to extract sequences from each sample. We aligned FASTA sequences using MAFFT 7.4 (Katoh and Standley, 2013; Nakamura et al., 2018) and performed edge trimming. We also tested the internal trimming using Gblocks 0.91b (Castresana, 2000; Talavera and Castresana, 2007), but we found that this approach increased branch lengths on samples with a high percentage of missing data. However, the phylogenetic relationships remained the same with both trimming methods (data not shown for the internal trimming). We filtered the resulting alignments to test them for various degrees of missing data (matrix completeness): 65% matrix for which 65% of the taxa were present for each UCE locus, 75% matrix (25% of taxa missing), 85% matrix (15% of taxa missing), and 95% matrix (5% of taxa missing), where the number of missing taxa is directly proportional to the number of UCE loci and missing data on the final matrices. We quantified informative sites with the PHYLUCE script phyluce_align_get_informative_sites.py. All of these analyses were performed on the Smithsonian Institution High Performance Computing Cluster (Smithsonian Institution6). The final UCE dataset included data generated in this study and in Castañeda-Rico et al. (2020).

We performed two independent phylogenetic analyses using: (1) a concatenated dataset including all of our samples (N = 18), and (2) a concatenated dataset without the holotype specimen of P. mekisturus (N = 17) due to high amounts of missing data. We tested the aforementioned levels of matrix completeness (65, 75, 85, and 95%) for both datasets.

First, we conducted a Maximum Likelihood (ML) analysis, for both datasets and all levels of matrix completeness, using RAxML 8.12 (Stamatakis, 2014) with a GTRGAMMA site rate substitution model and 20 ML searches for the phylogenetic tree that best fit each set of data. We generated non-parametric bootstrap replicates using the -N autoMRE option which runs until convergence is reached. We reconciled the best fitting ML tree with the bootstrap replicate to obtain the final phylogenetic tree with support values using the -f b command.

We performed a Bayesian Inference (BI) analysis, with all levels of matrix completeness and both datasets, using MrBayes 3.2.6 (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003). First, we estimated the best evolutionary model of nucleotide substitution in jModelTest 2.1.1 (Guindon and Gascuel, 2003; Darriba et al., 2012) using the Akaike Information Criterion (AIC). The GTR + G model was selected as the best fitting model for both datasets (N = 18 and N = 17) with the following parameters: base frequencies A = 0.3041, C = 0.1960, G = 0.2039, T = 0.2960; nst = 6; and gamma shape = 0.1220; and base frequencies A = 0.2995, C = 0.2006, G = 0.2012, T = 0.2988; nst = 6; and gamma shape = 0.1270, respectively. The BI analyses were run using two independent runs with 50 million generations for the 95% matrix and 20 million generations for the 65, 75, and 85% matrices due to the high number of loci, sampling trees and parameters every 1,000 generations with four Markov-chains Monte Carlo (MCMC), three heated and one cold. Heating temperature was set at 0.2 to facilitate greater movement between the four MCMC chains. We visualized output parameters using Tracer v1.7.1 (Rambaut et al., 2018) to check for convergence between runs and we discarded the first 25% of the trees as burn-in.

Maximum Likelihood and Bayesian Inference analyses were performed without partitions (as mentioned above) and with partitions only on the 95% matrix of both datasets to test if there was any difference due to partitioning and to account for heterogeneity in rates and patterns of molecular evolution within each UCE loci. First, the Sliding-Window Site Characteristics (SWSC) partitioning method based on sites entropies (Tagliacollo and Lanfear, 2018) was used to generate partitions that account for within-UCE heterogeneity. We followed the code implemented by Tagliacollo and Lanfear (2018) in the SWSC-EN method7. Then, we used PartitionFinder 2.1.1 (Lanfear et al., 2016) to optimize the partition scheme, by joining together similar subsets, obtained with the SWSC-EN method. After the final partition scheme was obtained, we performed the ML and BI analyses as mentioned above.

Finally, we used the dataset without the holotype of P. mekisturus –high number of missing data– (N = 17) with all levels of matrix completeness, to conduct a species tree analysis under the multispecies coalescent (MSC) model with ASTRAL-III v.5.7.8 (Zhang et al., 2018). We used the uce2speciestree pipeline script (Campana, 20198) to generate input files for ASTRAL. This script uses RAxML to infer individual gene trees under the GTRGAMMA substitution model, and 100 bootstrap replicates. The local posterior probability – LPP – (Sayyari and Mirarab, 2016) was used as branching support, where an LPP ≥ 0.95 is considered as strong support (Erixon et al., 2003).



Data processing and phylogenetic analyses of mitogenomes

We analyzed read quality of the FASTQ format files using FastQC v0.11.5 (Andrews, 20109). We removed adapter sequences and low-quality reads using the default parameters (Phred:20, mean min-len:20) in Trim Galore 0.6.5 (see text footnote 4). We removed exact duplicates (-derep1,4) using Prinseq-lite v0.20.4 (Schmieder and Edwards, 2011). We mapped the resulting high quality reads to a reference genome according to a species-specific reference (see GenBank accession numbers for each reference genome in Supplementary Table S1), using the Geneious algorithm in Geneious Prime® 2021.2.210 with default parameters (Medium-Low sensitivity, Maximum mismatches = 20%, Maximum gaps = 10%). We generated consensus sequences with Geneious Prime® 2021.2.2 (see footnote 11), using 5X as the lowest coverage to call a base, a Highest Quality control, and the remaining default parameters, and aligned them using MAFFT 7.45 plug-in (Katoh and Standley, 2013). We transferred annotations from each species-specific reference (Supplementary Table S1) to rule out the presence of nuclear copies of mitochondrial genes (NUMTs), and translated all protein-coding genes to check for frame shifts or stop codons.

We aligned sequences with MAFFT 7.45 plug-in (Katoh and Standley, 2013) in Geneious Prime® 2021.2.2 (see footnote 11). We used samples generated in this study and data previously published by Bi (2017), Sullivan et al. (2017), and Castañeda-Rico et al. (2020) (Supplementary Table S1). For most of the species with a mitogenome previously published we generated a new mitogenome sequence from a different sample but same species (except for Peromyscus melanophrys, P. perfulvus, P. mexicanus, and Habromys ixtlani). We used the mitogenome alignment to infer the phylogenetic relationships of P. mekisturus in relation to other neotomine rodents. We performed a ML analysis using the concatenated dataset (without partitions) in RAxML 8.12 (Stamatakis, 2014) with a GTRGAMMA site rate substitution model. Clade support was assessed by bootstrapping with the -N autoMRE option for a bootstrap convergence criterion. We used the -f b option to reconcile the best fitting ML tree with the bootstrap replicate to obtain the final phylogenetic tree (as mentioned above).

We conducted a BI analysis, on a partitioned dataset, using MrBayes 3.2.6 (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003). The best model and partition scheme were estimated using PartitionFinder 2.1.1 (Lanfear et al., 2016). Our search was limited to the models available in MrBayes, with linked, corrected Akaike Information Criterion (AICc) and greedy parameters. The data block was defined by codon position, tRNA, rRNA and D-loop selection, and the result was incorporated in the phylogenetic reconstruction. We used two independent runs with 50 million generations, sampling trees and parameters every 1,000 generations with four MCMC, and a heating temperature set at 0.2, as mentioned above, to perform the BI analysis. We checked convergence between runs using Tracer v1.7.1 (Rambaut et al., 2018), and we discarded the first 25% of the trees as burn-in.

DNA damage patterns were evaluated for the historical samples with mapDamage2.0 (Joìnsson et al., 2013). We analyzed the reads obtained from the mitogenome enrichment and mapped to the reference genome. We used the –rescale, -y 0.1, –plot-only commands.



Divergence time estimates

We estimated molecular dates of divergence using Bayesian MCMC searches implemented in BEAST2 v2.6.6 (Bouckaert et al., 2019) using the concatenated 95% matrix of the UCE data (N = 17) without partitions. The holotype specimen of P. mekisturus was not included in the matrix due to a high number of missing data. The analysis was performed under an uncorrelated lognormal relaxed molecular clock model. The calibrated Yule speciation processes model (Heled and Drummond, 2012) with a randomly generated starting tree were set up as priors. We used three calibration points with a lognormal distribution. Calibrations were based on fossil records (million years ago [mya]) of (1) Reithrodontomys (mean = 1.8, stdev = 1.076, offset = 1.63), as used by Steppan and Schenk (2017); (2) Onychomys (mean = 4.9, stdev = 1.169, offset = 4.753), as used by Steppan and Schenk (2017); and (3) the most recent common ancestor of P. attwateri (mean = 2.7, stdev = 0.9, offset = 2.4 [ Dalquest, 1962; Karow et al., 1996; Wright et al., 2020]) (Supplementary Tables S2, S3). Two separated runs of 50 million iterations each were sampled every 1,000 iterations. We checked convergence statistics for Effective Sample Sizes (ESS) using Tracer v1.7.1 (Rambaut et al., 2018) and a 25% of burn-in was performed on each run. We used LogCombiner v2.6.6 to combine trees and TreeAnnotator v2.6.2 to get a consensus tree with node height distribution (both packages available in BEAST).

We also estimated the divergence times on the complete mitogenomes dataset. First, we obtained the best model and partition scheme in PartitionFinder 2.1.1 (Lanfear et al., 2016). Our search was limited to the models available in BEAST, with linked, AICc, and greedy parameters. The data block was defined by codon position, tRNA, rRNA and D-loop selection, and the result was incorporated in the dating analysis. The analysis was performed under the same conditions and priors set up for the UCE data (mentioned above). We used the same three calibrations points set up for the UCE analysis. Two separated runs of 50 million iterations each were sampled every 1,000 iterations, with a burn-in of 25% on each run. We evaluated convergence with Tracer v1.7.1 (Rambaut et al., 2018), and LogCombiner v2.6.6 was used to combine trees. Finally, we obtained a consensus tree with node height distribution in TreeAnnotator v2.6.2.

We visualized all phylogenetic and dated trees from the UCE and mitogenomes datasets in FigTree 1.4.411. Phylogenetic, dating and DNA damage analyses were performed on the Smithsonian Institution High Performance Computing Cluster (Smithsonian Institution, see footnote 6).




Results

We successfully sequenced UCE’s (raw data is available in GenBank under BioProject PRJNA838631), and mitogenomes (GenBank accession numbers ON528108 – ON528119), from all samples processed, three historical and nine modern samples. The average number of paired-end reads were 11,632,614 (ranging from 8,998,310 to 13,693,826) and 12,272,671 (ranging from 9,480,276 to 21,093,430) for historical and modern samples, respectively. The average fragment size after trimming ranged from 59 to 123 bp and from 134 to 144 bp for historical and modern samples, respectively.


Multilocus nuclear phylogenies

Trinity assemblies yielded an average of 24,543 contigs per sample (min = 2,056; max = 87,428) for historical samples and 197,503 contigs (min = 43,081; max = 450,450) for modern samples. We recovered 4,406 UCE loci in the incomplete matrix (N = 18; average = 2,537 min = 306 max = 3,575 for historical samples, and average = 3,305 min = 1,375 max = 3,859 for modern samples). We obtained 303 UCE loci for the holotype specimen of P. mekisturus.

We tested topologies with different levels of missing data for: (a) complete dataset (N = 18), and (b) dataset without the holotype specimen (N = 17). For the complete dataset the 65% matrix contained 3,659 UCE loci (NL) with an average of 13.9 informative sites per locus (AIS), the 75% matrix (NL = 2,899, AIS = 14.4), the 85% matrix (NL = 1,334, AIS = 14.4), and the 95% matrix (NL = 85, AIS = 14.1). For the dataset without the holotype specimen the 65% matrix contained 3,649 UCE loci with an average of 13.9 informative sites per locus, the 75% matrix (NL = 3,361, AIS = 14.1), the 85% matrix (NL = 2,155, AIS = 14.3), and the 95% matrix (NL = 417, AIS = 14.9).

Maximum Likelihood and Bayesian Inference analyses for both datasets (N = 18 and N = 17) with all levels of matrix completeness yielded the same topology with high support values for all branches (Figure 1, phylogenetic trees obtained from the 65, 75, and 85% matrices are shown in Supplementary Figures S2, S3). The different levels of missing data reflected with the percentage matrices showed, at least for these datasets, that the inclusion of more or less samples per locus did not affect the phylogenetic inferences nor the support values. Both phylogenetic trees (Figure 1) placed Peromyscus mekisturus as the sister species of Reithrodontomys mexicanus with high bootstrap support values (bootstrap > 92, pp = 1), and it is more closely related to Isthmomys pirrensis than to any other member of the genus Peromyscus (bootstrap > 98, pp = 1). We also confirmed that the holotype specimen, despite its amount of missing data, was confidently placed within the clade that include the only other known specimen of this species. The ML and BI trees, using the 95% matrix, with and without partitions (Figure 1), supported the same topology with high bootstrap and posterior probability values (bootstrap > 92, pp = 1) for all branches.
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FIGURE 1
Ultraconserved elements (UCE) phylogenetic trees constructed using Bayesian Inference and Maximum Likelihood with and without partitions. Trees from all analyses yielded identical topologies. Nodal support is denoted with posterior probability/bootstrap values (numbers above the branches indicate results without partitions, those below with partitions). (A) Phylogenetic tree using a complete dataset (N = 18) based on 85 UCE loci (95% matrix) showing the phylogenetic position of the two Peromyscus mekisturus specimens. The pink block highlights the phylogenetic position of the P. mekisturus holotype collected in 1898, and the purple block shows the position of the P. mekisturus specimen collected in 1947; (B) phylogenetic tree based on 417 UCE loci (95% matrix, N = 17). Note that the removal of the holotype due to missing data (306 loci) does not change the tree topology but increases the nodal support between P. mekisturus and R. mexicanus. Asterisks* denote specimens that were sequenced from museum specimens for this study.


The species tree analysis, with all levels of matrix completeness and the dataset without the holotype specimen, estimated the same topology from all matrices (Figure 2) with high support values (local posterior probability – LPP > 0.95). The species tree was concordant with the ML and BI analyses, supporting the placement of P. mekisturus outside the genus Peromyscus, and as the sister species of R. mexicanus (LPP = 1). It also supported the relationship of P. mekisturus + R. mexicanus as the sister group of I. pirrensis (LPP > 0.95). The only difference between the concatenated analyses (ML and BI), and the species tree analysis was the phylogenetic relationship between P. mexicanus and P. megalops. The first analysis placed P. mexicanus and P. megalops as sister species, while the second analysis placed P. mexicanus as sister of P. melanophrys + P. perfulvus, and P. megalops as sister of P. mexicanus + (P. melanophrys + P. perfulvus).


[image: image]

FIGURE 2
ASTRAL species tree estimation based on different levels of matrix completeness (65% −3,649 UCE loci−, 75% −3,361 UCE loci−, 85% −2,155 UCE loci−, and 95% −417 UCE loci−) and the N = 17 dataset. Nodal support is provided with local posterior probability in the same order as the matrices were mentioned. Note that the phylogenetic position of the P. mekisturus specimen collected in 1947 (purple block) also shows strong support for its close relationship to R. mexicanus. Asterisks* denote specimens that were sequenced from museum specimens for this study.




Mitochondrial phylogenies

We recovered near-complete mitogenome sequences for all samples, including the holotype specimen of P. mekisturus (>95% of the reference mitogenome covered). The mitochondrial sequences contain the standard features present in a mammalian genome as similar size, structure and gene arrangement. The final alignment was 16,228 bp length and included 30 individuals. The BI (with six partitions) and ML analyses (Figure 3) supported the placement of P. mekisturus outside the genus Peromyscus, and more closely related to the genus Reithrodontomys and Isthmomys. The closer phylogenetic relationship of P. mekisturus to R. mexicanus, as sister species, is strongly supported (pp = 1, bootstrap = 98). We also confirmed, with high support values (pp = 1, bootstrap = 100) that the two samples of P. mekisturus were closely related and placed in the same clade. The only difference between the BI and ML trees is the phylogenetic relationship of Neotomodon alstoni + Podomys floridanus with other peromyscine rodents. The BI analysis placed this clade as sister of P. attwateri, P. pectoralis, P. aztecus, P. megalops, P. mexicanus, P. melanophrys, P. perfulvus, and H. ixtlani, while the ML analysis place it as sister to P. attwateri, P. pectoralis, P. aztecus, and H. ixtlani.
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FIGURE 3
Mitogenome phylogenies based on Bayesian Inference (BI) and Maximum Likelihood (ML). Nodal support is provided with posterior probability and bootstrap values, respectively. The pink block highlights the phylogenetic position of the Peromyscus mekisturus holotype collected in 1898, and the purple block shows the position of the second specimen collected in 1947. Asterisks* denote specimens that were sequenced from museum specimens for this study and compared with previous GenBank accessioned mitogenome sequences.


In addition, all of the species which included both a mitogenome generated in this study and one obtained from GenBank were very similar and clustered together in our phylogenetic analysis. This allowed us to corroborate the taxonomic identity of the samples by using voucher specimens deposited in scientific collections. Finally, the results of mapDamage2.0 analysis showed a weak signal of DNA damage typical of historical DNA (Supplementary Figure S4). The weak damage signal is expected since the oldest sample was collected in 1898 and was well-preserved.



Divergence time estimates of Peromyscus mekisturus and its close relatives

For the UCE dataset, the analysis estimating the time to the most recent ancestor (TMRA) recovered that the divergence between I. pirrensis + R. mexicanus + P. mekisturus from the genus Peromyscus + O. leucogaster occurred ca. 8.60 mya (95% Highest Posterior Density [HPD]: 6.00 – 11.51 mya). While the split of P. mekisturus + R. mexicanus versus I. pirrensis is dated ca. 6.74 mya (95% HPD: 5.51 – 8.19 mya). Finally, the divergence between P. mekisturus and R. mexicanus occurred ca. 3.80 mya (95% HPD: 1.67 – 6.27 mya) (Figure 4).
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FIGURE 4
Divergence dated nuclear phylogeny based on 417 UCE loci (95% matrix, N = 17). Dates above the branches are provided in millions of years. Blue horizontal bars and numbers below the branches show the 95% confidence intervals. The purple block shows the phylogenetic position of the Peromyscus mekisturus specimen collected in 1947. Asterisks* denote specimens that were sequenced from museum specimens for this study.


For the mitogenome dataset with six partitions, we estimated the split between I. pirrensis + R. mexicanus + P. mekisturus versus the genus Peromyscus + O. leucogaster dated ca. 5.85 mya (95% HPD: 5.19 – 6.64 mya). While the divergence between P. mekisturus + R. mexicanus versus I. pirrensis occurred ca. 5.38 mya (95% HPD: 4.65 – 6.23 mya), followed by the split between P. mekisturus and R. mexicanus dated ca. 4.42 mya (95% HPD: 3.61 – 5.30 mya). Finally, we dated the diversification within P. mekisturus ca. 0.26 mya (95% HPD: 0.15 – 0.37 mya) (Figure 5).
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FIGURE 5
Divergence dated whole mitochondrial genome phylogeny. Dates above the branches are provided in millions of years. Blue horizontal bars and numbers below the branches show the 95% confidence intervals. The pink block highlights the phylogenetic position of the Peromyscus mekisturus holotype collected in 1898, and the purple block shows the position of the second specimen collected in 1947. Asterisks* denote specimens that were sequenced from museum specimens for this study and compared with previous GenBank accessioned mitogenome sequences.





Discussion


Phylogenetic relationships of Peromyscus mekisturus and its relatives

All of our ML, BI, and species tree analyses, with both mitochondrial and nuclear datasets, strongly supported that the Puebla deer mouse, P. mekisturus, is the sister species of the genus Reithrodontomys, and it is more closely related to the genus Isthmomys than to any other member of the genus Peromyscus. Therefore, our nuclear data results support previous mitochondrial hypothesis proposed by Castañeda-Rico et al. (2020). In addition, the successful sequencing of UCE loci and mitogenome from the holotype of P. mekisturus allowed us to confirm the identification of the only two known specimens of this species.

To better understand the phylogenetic position of P. mekisturus, it is important to outline some of the previous taxonomic problems that have emerged for the genus Peromyscus and its relationship with the genera Isthmomys and Reithrodontomys. Peromyscus is a very large and diverse group in which new species are still being described (Bradley et al., 2007, 2014) making taxonomic sampling challenging for this genus. It has also been demonstrated that this genus has a high and rapid diversification rate complicating the reconstruction of its phylogenetic relationships (Platt et al., 2015). Thus, Peromyscus has presented a great challenge to systematists and after over 100 years – since Osgood’s (1909) monograph – its evolutionary boundaries remain unresolved (Carleton, 1980, 1989; Bradley et al., 2007; Miller and Engstrom, 2008; Platt et al., 2015). An additional conflict is the taxonomic status of Habromys, Megadontomys, Neotomodon, Osgoodomys, Podomys, and Isthmomys, recognized at the generic (Peromyscus – sensu lato –) or subgeneric (Peromyscus – sensu stricto –) level. To date, no single classification fits perfectly into one category, and not a single study has been able to offer unambiguous taxonomic recommendations for Peromyscus and its close relatives (Platt et al., 2015).

Isthmomys was first suggested as a subgenus of Peromyscus (Hooper and Musser, 1964) but later it was elevated to a separate genus (Bradley et al., 2007; Miller and Engstrom, 2008; Platt et al., 2015; Sullivan et al., 2017). In addition, several studies have placed Isthmomys as the sister taxon of Reithrodontomys, and these two genera are the nearest taxa to Onychomys + Peromyscus (Bradley et al., 2007; Miller and Engstrom, 2008; Platt et al., 2015; Sullivan et al., 2017; Castañeda-Rico et al., 2020). In our study, we found that the divergence between Peromyscus versus Isthmomys + (Reithrodontomys + P. mekisturus) was strongly supported by the UCE’s BI tree and the mitogenomes analyses (Figures 1, 3), even though the ML and species tree analyses did not yield strong node support for this node (Figures 1, 2). Furthermore, we confirmed that Isthmomys is the sister genus of Reithrodontomys and P. mekisturus with high support values for all analyses and datasets (Figures 1–3).

To date, no phylogenetic hypothesis has ever suggested that the genus Reithrodontomys should be nested within Peromyscus (Sullivan et al., 2017). Additionally, no morphological similarities have been found between Reithrodontomys and its close relative Isthmomys (Miller and Engstrom, 2008). Harvest mice belonging to the genus Reithrodontomys, are small-bodied rodents with long tails and are distinguished from other peromyscine rodents by possessing grooved or sulcate upper incisors – a key synapomorphy defining this genus – (Le Conte, 1853; Musser and Carleton, 1993; Arellano et al., 2005). Peromyscus mekisturus is also a small-bodied rodent with a very long tail, equaling three-fourths of the total length that is associated with its arboreal habits. This same character was used to place it as sister of P. melanophrys within the Peromyscus melanophrys group (Osgood, 1909; Carleton, 1989). In addition, P. mekisturus does not have grooved or sulcate incisors, but only a greater development of an incisor capsule on the dentary compared with other peromyscine rodents (Carleton, 1989). To date, no morphological character has shown similarities or has suggested a close phylogenetic relationship between P. mekisturus and Reithrodontomys.

A recent study by Castañeda-Rico et al. (2020), suggested the placement of P. mekisturus and Isthmomys at the same taxonomic level, i.e., still considered part of Peromyscus (sensu lato or sensu stricto) but supporting the paraphyly of the genus as has been suggested (Bradley et al., 2007; Miller and Engstrom, 2008; Platt et al., 2015; Sullivan et al., 2017). However, based on the fact that Isthmomys is currently accepted as a separate genus (Sullivan et al., 2017) and coupled with our genomics results, we recommend that P. mekisturus be recognized at the generic level. In support of our recommendation is the phylogenetic position, and genetic uniqueness and distinctiveness of P. mekisturus alongside with its close relationship with Reithrodontomys but lacking the synapomorphy (i.e., grooved or sulcate upper incisors) that defines this genus. We also propose that a taxonomic revision of P. mekisturus should be undertaken to incorporate a morphological re-evaluation to formally recognize it as a new genus. If our results lead to a taxonomic re-evaluation and rearrangement of this group into a monotypic genus, this would have a great impact on their conservation management as it would likely represent the description of a nearly, or recently extinct unique lineage of rodents (Castañeda-Rico et al., 2020).

Even though the objectives of this study were not to further investigate the phylogenetic relationships within the genus Peromyscus, our sampling and novel results using mitogenomes and UCE loci of representative museum specimens within this genus allowed us to make some interesting inferences. First, all of our phylogenetic analyses (Figures 1–3) continue to support the paraphyly for the genus Peromyscus, including representatives of the genera Habromys, Podomys, and Neotomodon, as was previously suggested (Bradley et al., 2007; Miller and Engstrom, 2008; Platt et al., 2015; Sullivan et al., 2017; Castañeda-Rico et al., 2020). All of the analyses based on the UCE dataset showed a well-supported clade for P. crinitus and P. polionotus (Figures 1, 2). Sullivan et al. (2017) and Castañeda-Rico et al. (2020), both using mitogenomes, identified the same clade with high support values for the BI analysis but lacking support or low support values for the ML tree. In sharp contrast, our mitogenome trees did not support this clade, instead, P. crinitus was the most divergent species within Peromyscus, followed by the split of P. polionotus (Figure 3). This mito-nuclear discordance, commonly seen in mammals (Hawkins et al., 2016), requires further investigation. We suggest that future studies increase taxon sampling.

The relationship between P. mexicanus and P. megalops also recovered some discrepancies. The species tree analysis placed P. mexicanus as the sister of P. melanophrys + P. perfulvus, with P. megalops being the most closely related species to a clade containing all three, with high LPP support values (Figure 2). However, ML and BI nuclear UCE trees as well as all mitogenome trees showed a well-supported clade including P. mexicanus and P. megalops being the sister to a clade containing P. melanophrys + P. perfulvus (Figures 1, 3). The same phylogenetic relationships were also supported by Castañeda-Rico et al. (2020) but only the clade of P. mexicanus and P. megalops was identified by Sullivan et al. (2017) due to the inclusion of less taxa.

Neotomodon alstoni and Podomys floridanus constitute a well-supported clade across all the phylogenetic analyses, however, the placement of this clade is in conflict. All nuclear trees and the BI mitogenome tree with high support values (Figures 1–3) placed N. alstoni + P. floridanus as the sister clade of P. megalops, P. mexicanus, P. perfulvus, P. melanophrys, P. aztecus, P. attwateri, P. pectoralis, and H. simulatus/H. ixtlani. In contrast, the ML mitogenome tree and the time tree (Figures 3, 5) placed N. alstoni + P. floridanus as the sister clade of P. aztecus, P. attwateri, P. pectoralis, and H. ixtlani but with a lower support value (bootstrap = 72). Sullivan et al. (2017) and Castañeda-Rico et al. (2020) also supported the same phylogenetic relationship with high support values but only using mitogenomes. Finally, our genome-wide analyses confirm the sister genera relationship of Onychomys and Peromyscus which had been previously suggested using single genes (Platt et al., 2015), and that the Peromyscus melanophrys group (P. melanophrys + P. perfulvus) is sister to P. mexicanus + P. megalops previously suggested using only mitogenomes (Castañeda-Rico et al., 2020).

In general, our nuclear and mitochondrial phylogenetic trees largely mirror the mitogenome trees of Sullivan et al. (2017) and Castañeda-Rico et al. (2020) save a few exceptions. However, here we present the first nuclear and mitogenome-wide phylogeny with the most complete taxon dataset of peromyscine rodents to date. Given our results, we consider that the next step to unraveling the phylogenic relationships within the genus Peromyscus and its close relatives is to increase taxon sampling. However, this study has demonstrated that using museum specimens to increase taxa using UCE and mitogenomes is suitable to address complex phylogenetic studies, particularly when some taxa are only known from museum specimens.



Divergence time estimation indicates a late Pliocene – early Pleistocene origin of Peromyscus mekisturus

Our divergence time estimates (based on separate UCE and mitogenome datasets) resulted in similar dates (Figures 4, 5). Although mitochondrial divergence dates were slightly older than those obtained with nuclear data, with the exception of the three oldest splits [Neotoma, Isthmomys + (Reithrodontomys + P. mekisturus), and Isthmomys]. Nuclear and mitochondrial estimates indicated that the main speciation events started in the late Miocene and Pliocene up to the Pleistocene, when the diversification started within each species. A majority of the divergences appear to correspond with the timing of the Quaternary climatic fluctuations, mostly during the Pleistocene glacial/interglacial cycles.

We dated three late Miocene – Pliocene events: the divergence between Isthmomys + Reithrodontomys + P. mekisturus versus Onychomys + Peromyscus ca. 8.6–5.85 mya, the split of Isthmomys from Reithrodontomys + P. mekisturus ca. 6.74–5.38 mya, and the divergence between Onychomys and Peromyscus ca. 5.72–5.32 mya. The order of these divergence events coincides with those proposed by Platt et al. (2015) using a combined dataset of one mitochondrial and three nuclear genes, however, their dates are slightly older but still place these events during the Miocene and Pliocene (i.e., ca. 7.93, 7.30, and 7.20 mya, respectively). The divergence between P. mekisturus and Reithrodontomys dated ca. 3.80 – 4.42 mya coincides with the beginning of diversification within Peromyscus ca. 4.31 – 4.62 mya, both events during the late Pliocene and early Pleistocene. Platt et al. (2015) estimated an older origin for Peromyscus that began at approximately 8 mya, but its diversification appears to have been focused at ca. 5.71 mya (95% HPD: 3.37 – 9.08). Our estimates are placed within the range reported by them and with smaller 95% HPD values (Figures 4, 5). Finally, based on the mitogenome calibrated tree including the holotype specimen, we dated the diversification within P. mekisturus at ca. 0.26 mya at the end of the Pleistocene.

Similar divergence times have been found in other studies of Peromyscus (e.g., Castañeda-Rico et al., 2014; Cornejo-Latorre et al., 2017; Bradley et al., 2019) but they also analyzed single genes. Here, we present the first dated phylogeny obtained from genome-wide data for these groups of rodents. We expect that future genomic studies will continue to investigate and provide new insights into the divergence times in neotomines and other groups of rodents.

The complexity of elucidating the evolutionary history of P. mekisturus, with only two specimens known to science, can be decreased by making inferences about its closest relatives. For example, among peromyscines, the genus Peromyscus ranks first in species richness, followed by Reithrodontomys [ca. 70 and 24 species, respectively] (Miller and Engstrom, 2008; Platt et al., 2015; Martínez-Borrego et al., 2022). Both genera are found in most habitats distributed in North and Central America but only Reithrodontomys is found in South America. However, Mesoamerica, specifically Mexico, has been recognized as the center of biodiversity and diversification for both genera due to the unique physiographic characteristics that have promoted the isolation and differentiation of taxa in this region (Hooper, 1952; Hall, 1981; Eisenberg, 1989; Sullivan et al., 2000; Bradley et al., 2004; Arellano et al., 2005; Dawson, 2005; Miller and Engstrom, 2008). Speciation and diversification processes for these peromyscines have also been driven by the Pleistocene climatic cycles that expanded North American taxa southward during glacial advances, and retracted them northward during interglacial warming, giving rise to numerous vicariant and dispersal events (Dawson, 2005; Castañeda-Rico et al., 2014; Platt et al., 2015; Martínez-Borrego et al., 2022). Future phylogenetic studies should also include a denser taxon sampling of members of the genus Reithrodontomys and incorporate P. mekisturus as its closest outgroup to validate the timing and process of diversification of this group.

Information on environmental fluctuations and the existence of corridors at that time that favored movement across the landscape followed by post-glacial isolation strongly support the role of Pleistocene climate changes in the diversification process of many taxa (Martin and Klein, 1984; Ceballos et al., 2010; Ferrusquía-Villafranca et al., 2010). Therefore, we propose that both P. mekisturus and Reithrodontomys were also greatly impacted by the climatic fluctuation events that occurred during the Pleistocene, in agreement with our molecular dating. These taxa generated evolutionary novelties after repeated cycles of expansion and isolation that gave rise to unique lineages at the generic level. However, a surprisingly interesting revelation of our study regarding the phylogenetic placement and evolutionary history of P. mekisturus is that despite their close relatives (Peromyscus and Reithrodontomys) show high diversification rates, P. mekisturus did not and remained isolated in a restricted geographic area in central Mexico. We can only speculate that the distribution of this unique lineage was once more widespread with larger population sizes and that the subsequent biotic and/or abiotic conditions in the Anthropocene drastically decreased its population sizes putting it on a trajectory toward extinction.



The impact of museomics on present and future research

The case of P. mekisturus is particularly interesting as it demonstrates the positive impact of museomics, highlighting the importance of the inclusion of holotypes in phylogenetic studies, but it also provides evidence of the biodiversity loss that we are currently facing due to the ongoing mass extinction caused during the Anthropocene (Ceballos et al., 2020). We also demonstrate that it is possible to carefully design a protocol for destructive sampling that requires a very small amount of skin sample and that causes minimal damage to the voucher holotype specimen, ensuring all diagnostic characters remain intact. We also show that hDNA from museum specimens coupled with high throughput capture hybridization technologies are capable of yielding powerful genome-scale data. From a small piece of dry skin from the holotype specimen of P. mekisturus, we recovered a near-complete mitogenome sequence and 306 UCE loci that were enough to obtain well-resolved dated phylogenies. Therefore, we confirmed that the removal of tiny amounts of material from museum specimens by best practices of destructive sampling may add enormous value to the content of collections and will allow them, together with hDNA, to meet their full and incredible research potential (Bailey et al., 2016; Schmitt et al., 2018; Raxworthy and Smith, 2021). We expect that this example, confirming the ability of even very old specimens to yield genomic data, will motivate researchers to utilize type specimens and give confidence to curatorial staff who are tasked with ensuring the proper use of these valuable specimens.

Throughout this manuscript, we have continuously mentioned the value and importance of natural history museums and the specimens that are currently housed in their collections to conduct a wide range of cutting-edge research as well as continue with more traditional studies. However, we also need to highlight and advocate for the need to continue collecting specimens and to continue building the scientific heritage of the collections in the forthcoming years to keep a record of the historical biodiversity on the planet for the future generations of researchers and society in general. From a general perspective, Schmitt et al. (2018) argued that creative and novel uses of museum specimens have provided diverse applications of value to society, among them, is the research on biodiversity and global sustainability. Continued support of museums by funding agencies and dedication to collect specimens by museums are urgently needed to build and maintain this critical scientific resource moving forward and this topic should be a global priority. Yet collecting new specimens is still criticized and overlooked as an invaluable investment in the future (Minteer et al., 2014). However, this criticism is often due to misconceptions about the perceived negative impact of museum collecting on wildlife populations (Remsen, 1995; Hope et al., 2018). We expect that our case study of P. mekisturus can be used as justification for the need to continue to direct efforts and funding support for the collection and preservation of specimens across time, space, and taxonomic diversity with sufficient sample sizes, metadata, and breadth to ensure maximum impact across multiple disciplines (Brooks et al., 2011; Ward et al., 2015; Schmitt et al., 2018). There is still much work to be done in the field of museomics and the forthcoming years will surely offer astonishing results, new applications and uses, and even more improvements in methods and technologies.
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The subterranean ecosystem exerts strong selection pressures on the organisms that thrive in it. In response, obligate cave-dwellers have developed a series of morphological, physiological, and behavioral adaptations, such as eye reduction, appendage elongation, low metabolic rates or intermittent activity patterns, collectively referred to as troglomorphism. Traditionally, studies on cave organisms have been hampered by the difficulty of sampling (i.e., small population sizes, temporal heterogeneity in specimen occurrence, challenges imposed by the difficult-to-access nature of caves). Here, we circumvent this limitation by implementing a museomics approach. Specifically, we aim at comparing the genetic population structures of five cave spider species demonstrating contrasting life histories and levels of troglomorphism across different caves in the northern Dinarides (Balkans, Europe). We applied a genome-wide hybridization-capture approach (i.e., HyRAD) to capture DNA from 117 historical samples. By comparing the population genetic structures among five species and by studying isolation by distance, we identified deeper population structuring and more pronounced patterns of isolation by distance in the highly troglomorphic Parastalita stygia and Stalita pretneri ground dwellers, while the three web-building Troglohyphantes species, two of which can occasionally be found in surface habitats, showed less structured populations compatible with higher dispersal ability. The spatial distribution of genetic groups revealed common phylogeographic breaks among lineages across the studied species, which hint at the importance of environmental features in driving dispersal potential and shaping underground diversity.
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Introduction

The underground habitat, with its conspicuous features such as complete darkness and low availability of food, is a very different environment compared to the surface. The absence of light and thus of primary producers, as well as stable climatic conditions over time, have imposed strong adaptive constraints on organisms that thrive therein, the troglobionts. As a response to the extreme environmental conditions, cave-dwelling organisms have evolved a series of morphological, physiological, and behavioral adaptations, such as elongated appendages or reduced visual system, collectively referred to as troglomorphisms (Christiansen, 2012). The two prevailing theories of the colonization and speciation of cave animals are the climate-relict and the adaptive-shift hypotheses (Barr, 1968; Howarth, 1987), which presume that isolation of cave populations happens either by extinction of the surface population (due to climatic changes) or by divergent natural selection resulting in reduced gene flow, respectively. Once diverged from their closest surface relatives, cave species, which have become highly adapted and dependent on stable underground conditions, are thought to be unable to use surface habitats for dispersal, which could still occur in a restricted manner through a single aquifer or a fissured and permeable geotectonic unit (Trontelj, 2018). The dispersal potential of cave species depends on the continuity and the size of the limestone outcrops in which caves develop (Barr, 1967; Bregović and Zagmajster, 2016), and on the potential of a given region for long cave passages, which is directly linked to the total length of subterranean voids (Curl, 1986; Culver et al., 2004). Most cave species have restricted distributions when compared to surface relatives, and some are known from one or from a limited number of nearby caves (Ribera et al., 2018). Still, there are some examples of species with large distributions (Lefébure et al., 2006; Eme et al., 2013).

Despite the possibility of dispersing through aquifers or fissures in the rock, connectivity among karstic areas is generally limited due to the impermeable landscape separating them, and thus organisms strictly associated with caves might show population dynamics similar to those found in island species (Barr and Holsinger, 1985), such as counter-selection for traits related to dispersal (Zimmerman, 1949; Borregaard et al., 2017; Salces-Castellano et al., 2020), and strong adaptive traits to their local environment. Since isolation and local adaptation are crucial mechanisms governing patterns of gene flow among populations, it is expected that the level of troglomorphism of a given species relates to the pattern of population structuring (Caccone, 1985; Sbordoni et al., 2000; Trontelj, 2018). Several studies on cave arthropods revealed lower levels of gene flow in troglobiont species compared to troglophiles (cave species able to survive and disperse through surface habitats) (Caccone, 1985; Sbordoni et al., 2000). However, reduced gene flow and highly structured populations were for instance found in North American Nesticus spiders regardless of the level of cave adaptation (Hedin, 1997). Still, in the absence of physical barriers to dispersal, the levels of gene flow among co-occurring cave arthropod populations should be better explained by the intrinsic characteristics of the organisms Caccone (1985).

The Dinarides, a mountain chain in the western Balkans (south-eastern Europe), is a global hotspot of cave biodiversity with more than 1,000, mostly endemic, obligate cave species (Sket et al., 2004; Culver et al., 2006; Sket, 2012; Jalžić et al., 2013). The spiders, with 101 species, rank second among the most species-rich terrestrial groups, only after beetles (Pavlek and Mammola, 2021). Around 1,000 cave spider species have been recorded worldwide (Mammola and Isaia, 2017), 10% of which are found in the Dinarides. This exceptional diversity could be explained by the abundance of suitable habitat composed of more than 20,000 karstic caves (Zupan Hajna, 2019), by habitat heterogeneity (Bregović and Zagmajster, 2016), and by the long-term climatic stability and high productivity of the region (Culver et al., 2006). During the Pleistocene, the Dinarides remained mostly ice-free (Mihevc et al., 2010), giving lineages the opportunity to survive, disperse and colonize new caves.

The two most speciose groups of cave spiders from the Dinarides belong to the families Dysderidae and Linyphiidae, in the second case mostly restricted to the genus Troglohyphantes (Sket et al., 2004). Dysderidae and Troglohyphantes species are characterized by contrasting lifestyles. Dysderidae do not build webs, but wander through the cave passages actively hunting their prey, while Troglohyphantes species build sheet webs near the substrate, from which they hang upside down (Figure 1). The majority of Dinaric Dysderidae species display extreme troglomorphic traits, while Troglohyphantes species exhibit levels of troglomorphisms ranging from shallow to extreme. Based on their different life-history traits, we predict that the highly troglomorphic Dysderidae species would show deeper population structure and steeper isolation by distance, compared to the less troglomorphic Troglohyphantes species, assuming the latter demonstrate better dispersal abilities. To test this hypothesis, we selected samples from a region in the north-western part of the Dinarides (Figure 2) where two Dysderidae species, Stalita pretneri (Deeleman-Reinhold, 1971) and Parastalita stygia (Joseph, 1882), and three Troglohyphantes species, Troglohyphantes excavatus (Fage, 1919), T. croaticus (Chyzer, 1894) and Troglohyphantes kordunlikanus (Deeleman-Reinhold, 1978), co-exist. All species are endemic to the northern Dinarides (Figure 2), except T. excavatus that reaches the southern Austrian Alps (Deeleman-Reinhold, 1978; Thaler, 1986; Pavlek and Mammola, 2021). The two Dysderidae species are eyeless, highly depigmented (Figures 1A,B), and have never been collected outside caves (Deeleman-Reinhold, 1971; Pavlek and Mammola, 2021). They both belong to a clade of highly cave-adapted species (Pavlek and Mammola, 2021). On the other hand, the three Troglohyphantes species have eyes of variable size, show variable levels of depigmentation, and two of them (T. excavatus and T. kordunlikanus) are occasionally found in dark and humid places outside caves (Deeleman-Reinhold, 1978). Although no molecular data is available for these species, morphological characters suggest that the three species belong to two distantly related lineages—T. croaticus and T. excavatus belong to the croaticus group, while T. kordunlikanus belongs to the polyophthalmus group (Deeleman-Reinhold, 1978; Isaia et al., 2017).
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FIGURE 1
Photographs of the five studied species. (A) Parastalita stygia, (B) Stalita pretneri, (C) Troglohyphantes croaticus, (D) Troglohyphantes excavatus, (E) Troglohyphantes kordunlikanus. Photos by: (A,B) Tin Rožman; (C) Jana Bedek; (D,E) MP.
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FIGURE 2
Map showing the distributions of each of the five studied species. Dots represent the localities from specimens used in this study, and lines in matching colors encircle the species’ distributions. Overlapping dots represent caves with more than one species. Changes in dot sizes are used as a means of showing overlapping species presences.


Cave fauna are generally difficult to sample due to the technical obstacles in entering and exploring the caves and pits (Zagmajster et al., 2010). In addition, population densities seem to be low and show a strong temporal variability of their presence. To overcome these sampling limitations, we took advantage of the sampling carried out over the past decades, stored in natural history collections. Despite not having been preserved in DNA-compliant conditions, these samples have the advantage of being accessible. Recent developments in molecular biology, such as hybridization capture methods, e.g., HyRAD (Suchan et al., 2016), facilitates recovery of genetic information from museum samples for which the DNA is often degraded and in low quantities (Toussaint et al., 2021). By applying museomics techniques, we retrieved DNA polymorphisms and inferred population genetic structures in each of the five species described above. Specifically, we applied the HyRAD technique and the popHyRAD pipeline (Gauthier et al., 2020) to specimens from the natural history collection of the Croatian Biospeleological Society (CBSS) from Zagreb, which holds one of the largest collections of cave spiders in the world. We then performed a comparative phylogeographic approach involving the five above mentioned co-distributed cave-dwelling spider species to test (1) if the degree of troglomorphism relates to the patterns of isolation by distance, and (2) whether the studied species underwent similar phylogeographic processes and thus share the same breaks in the spatial patterning of their genetic variation, or, alternatively, if spatial population structure is distinctive to each species.



Materials and methods


Sampling

Our sampling performed at the Croatian Biospeleological Society (CBSS Collection, Zagreb, Croatia), ZCSL (Zoological collection of SubBioLab, University of Ljubljana, Ljubljana, Slovenia), and ROC (Roman Ozimec collection, Zagreb, Croatia) natural history collections encompasses 117 specimens from the five studied species (i.e., 34 specimens of P. stygia, 26 of S. pretneri, 12 of T. kordunlikanus, 24 of T. excavatus, and 21 of T. croaticus) (Figure 2 and Supplementary Table 1A). The oldest sample was collected in 1974, 5 samples were collected before 2000, 49 samples were collected between 2000 and 2010, and 61 were collected between 2010 and 2018. Their preservation conditions varied in different concentrations of ethanol, ranging from absolute to 40% ethanol, and all samples were kept at room temperature (Supplementary Table 1).

Since the information on the level of troglomorphy as suggested by eye reduction and depigmentation for the three Troglohyphantes species was only reported in a few relatively old papers (Fage, 1919; Deeleman-Reinhold, 1978), and include very limited geographic sampling, we checked the level of depigmentation and eye reduction in all available specimens from the CBSS collection. Observed troglomorphic patterns are reported in Supplementary Table 1B. We used the QGIS software in order to represent the distribution of specimens on maps.



DNA extraction and HyRAD protocol

To retrieve DNA from old and poorly preserved samples, the HyRAD protocol (Suchan et al., 2016) was applied following Toussaint et al. (2021) with some modifications specified below. To produce the probes used in the capture process, we first extracted DNA from four fresh specimens corresponding to the studied species: sample psty_5115_1 for P. stygia, sample spre_5118 for S. pretneri, sample tcro_4274 for T. croaticus and T. excavatus (as the two species are closely related), and sample tkor_5227_1 for T. kordunlikanus (Supplementary Table 1A). Genomic DNA was extracted using Speedtools Tissue DNA Extraction Kit (Biotools), DNeasy Blood, and Tissue Kit (Qiagen) and QIAamp DNA Micro Kit (Qiagen), depending on the sample condition. The preparation of the ddRAD library comprised a digestion with the restriction enzymes MseI and PstI-HF (New England Biolabs, Ipswich, MA, USA), ligation of adaptors and individual barcodes, size selection with Blue Pippin (2% dye-free Agarose Gel Cassette marker V1, Sage Science) with a range of 190–240 bp and a final amplification by PCR for 20 cycles using NEBNext Hi-Fi 2X PCR Master Mix (New England Biolabs, Ipswich, MA, USA). An aliquot of the final library was sequenced on one lane of an Illumina MiSeq 150 bp paired-end at the Lausanne Genomic Technology Facility (LGTF) in order to obtain a sequence catalog of the loci represented in the ddRAD probes, and the rest of the library was transcribed into RNA probes and biotinylated using HiScribe T7 High Yield RNA Synthesis Kit (New England Biolabs, Ipswich, MA, USA).

Historical DNA from collection samples was extracted using the same DNA extraction kits as for the probes design, and in some cases only one or few legs were used through non-destructive extraction consisting in putting the material in a buffer with proteinase K overnight, and returning it back to the collection specimen. The purified DNA was quantified and the quality was assessed using a Fragment Analyzer. For specimens with large DNA fragment sizes (>1 kb) a shearing step was performed using the NEBNext® dsDNA Fragmentase® (New England Biolabs, Ipswich, MA, USA) protocol, except that only 1 μl of enzyme was used. A shotgun library preparation was applied to each sample following Suchan et al. (2016), comprising phosphorylation with T4 Polynucleotide Kinase, heat-denaturation, G-tailing with Terminal Transferase, second strand DNA synthesis with Klenow Fragment (3’–>5’ exo-) using a poly-C oligonucleotide, blunt-end reaction with T4 DNA Polymerase, barcoded adapters ligation to the phosphorylated end with T4 DNA ligase, and PCR amplification using Phusion U Hot Start DNA Polymerase (Thermo Scientific). Libraries were purified and quantified using Quant-iT PicoGreen® dsDNA reagent (Invitrogen) on a Hidex Sense Microplate reader and pooled equimolarly based on their concentration. Hybridization capture was performed with a two-step capture at two temperatures, i.e., 55 and 65°C to improve the stringency of the reaction, as suggested by Li et al. (2013) as well as Suchan et al. (2022). Enriched libraries were sequenced on two lanes of an Illumina HiSeq2500 using a paired-end 100 bp protocol at the LGTF.



Demultiplexing and Single Nucleotide Polymorphisms identification

The first part of the bioinformatic pipeline consisted in the identification of the ddRAD loci present in the probes specimens used for the capture, in order to build a reference catalog. The probe reads generated from the ddRAD libraries were demultiplexed according to barcodes and cleaned using Cutadapt v1.18 (Martin, 2011) to remove adaptors, bases with a quality lower than 20 and reads smaller than 30 bp. Read quality was checked using FastQC v0.11.8 (Babraham Institute, Babraham, England). Loci construction was performed for each species individually, except for the pair of sister species T. croaticus and T. excavatus. Ipyrad v0.7.30 (Eaton and Overcast, 2020) was used with a minimum depth of six and a clustering threshold of 0.80 (selected threshold after testing values of 0.70, 0.80, and 0.90). Shared loci were retained to build the reference catalogs for each species. In practice, a catalog of 23,031 loci was used for the mapping of T. croaticus and T. excavatus, a catalog of 20,691 loci for T. kordunlikanus, a catalog of 22,150 loci for P. stygia, and a catalog of 23,022 loci for S. pretneri. Reads from historical samples were cleaned using Cutadapt v1.18 (Martin, 2011) to remove barcodes, adaptors, terminal poly-Cs, and bases with a quality lower than 20 and reads smaller than 30 bp. Read quality was checked using FastQC v0.11.8 (Babraham Institute, Babraham, England). Clean reads were individually mapped on the corresponding probe catalogs using BWA-ALN v0.6 (Li and Durbin, 2009). Indels were realigned using the GATK IndelRealigner v3.8 (McKenna et al., 2010), PCR duplicates were removed using MarkDuplicates from the Picard toolkit v2.20.21, and base quality was rescaled using MapDamage v2.0 (Jónsson et al., 2013) to take into account post-mortem DNA deamination.

To verify the species status of each sample, the phyloHyRAD pipeline (Toussaint et al., 2021) was applied to reconstruct the ddRAD sequence alignment for each locus and perform phylogenetic inferences within the two groups. Consensus sequences were generated from the previous mapping files using samtools mpileup v1.4, bcftools v1.4 and vcfutils, keeping the main bases and a minimum coverage of three. Resulting consensus loci were combined from the shared loci resulting from the abovementioned iPyRAD analysis, i.e., at the family level for Dysderidae and at the genus level for Troglohyphantes. They were further aligned using MAFFT v7.407 (Katoh et al., 2002). Alignments were cleaned to keep loci shared by at least one third of the samples and checked manually. We finally obtained 1,915 loci for P. stygia, 989 loci for S. pretneri and 2,276 loci for the three Troglohyphantes species. Loci were concatenated using AMAS v1.02 (Borowiec, 2016). Best partitioning schemes were estimated using PartitionFinder2 (Lanfear et al., 2017), and corresponding models of nucleotide substitution were determined using ModelFinder (Kalyaanamoorthy et al., 2017). Phylogenetic inferences were performed on the concatenated alignment using IQ-TREE v 1.6.11 (Minh et al., 2020), and branch support was estimated using 1,000 ultrafast bootstraps along with 1,000 SH-aLRT tests.

To identify genetic variations in each species confirmed by the phylogenetic approach, the PopHyRAD pipeline was applied (Gauthier et al., 2020). A variant calling was performed between each sample from the same species using Freebayes v1.3.1 (Garrison and Marth, 2012). Single Nucleotide Polymorphisms (SNPs) were filtered to keep only bi-allelic SNPs with a calling quality above 100 and shared by at least 60% of the samples in each species using vcftools (Danecek et al., 2011). Finally, samples with more than 90% of missing data, i.e., 11 samples in total, were removed.



Population genetic structure analyses

In order to investigate population genetic structure in the five species, we extracted a subset of unlinked SNPs by randomly selecting one SNP per locus. To infer intraspecific genetic structures, we used principal component analysis (PCA) as implemented in the adegenet R package v2.1.5 (Jombart and Ahmed, 2011). PCA plots were performed using direct PCA values (Figure 3), and integrating eigenvalues to take into account the weight of the PC axis (Supplementary Figure 1). Secondly, a Bayesian admixture analysis as implemented in STRUCTURE v 2.3.4 (Pritchard et al., 2000) was performed. We ran analyses with K ranging from 1 to 10, assuming correlated allele frequencies and admixture, and performed 10 independent replicates for each K with 200,000 Markov chain Monte Carlo including a burn-in step of 10,000 iterations. We evaluated the number of genetic clusters that best describes our data according to log likelihoods of the data (LnPr (X| K) for each value of K (Pritchard et al., 2000) and the ΔK method (Evanno et al., 2005) with Structure Harvester (Earl and VonHoldt, 2012). We used CLUMPP and the Greedy algorithm to align multiple runs of STRUCTURE for the same K value (Jakobsson and Rosenberg, 2007), and distruct (Rosenberg, 2003) to plot the individual’s cluster membership probabilities. Additionally, to overcome the STRUCTURE constraints related to discrete population inference and to investigate putative continuous patterns of population structure, we also analyzed data under a model-based method that simultaneously infers continuous and discrete patterns integrating geographic distances, as implemented in conStruct (Bradburd et al., 2018). To test the best fit to the data between discrete versus continuous clusters, we used the cross-validation procedure implemented in the conStruct package for each species with K ranging from 1 to 10, with three repetitions for each K value, 15,000 iterations per repetition, and a training proportion of 0.9. The best K was identified based on comparing predictive accuracy for each K and for each model, i.e., with and without geographic distances. Considering that the larger the number of K tested, the larger the number of parameters implemented (potentially inducing an overparameterization and artificially increase the accuracy; Bradburd et al., 2018), the best K can be considered as the lowest K for which the accuracy has reached a plateau. Results were visualized using plots generated by conStruct.
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FIGURE 3
Population structure of the five studied species as inferred by STRUCTURE and principal component analyses (PCA) analyses. Colors on the pie charts correspond to the proportion of each specimen assigned to each of the genetic clusters inferred for a given K value. For each species, both the optimal K value and an additional one showing a relevant geographical pattern with good statistical support, according to log probabilities of the data (LnPr (X| K)), are presented. (A) Scatterplot of the first two PCA components is given for every species with a pie chart taken from one of the best K values associated with each locality. Main population breaks are marked with dashed and dotted lines. Parastalita stygia maps with K2 (A), K3 (B), and PCA (C); Stalita pretneri maps with K3 (D), K5 (E) and PCA (F); Troglohyphantes croaticus maps with K2 (G), K5 (H) and PCA (I); Troglohyphantes excavatus maps with K2 (J), K5 (K), and PCA (L); Troglohyphantes kordunlikanus maps with K2 (M), K5 (N), and PCA (O). In Troglohyphantes species PCAs (I,L,O), pies denote clustering with K5, and lines encircle K2 grouping. Optimal K for each species is marked with an asterisk.


For each population, descriptive statistics including the observed heterozygosities (Ho), mean gene diversities within population (Hs), allelic richness (Ar), and inbreeding coefficient (FIS) were estimated using the hierfstat package v0.5-7 (Goudet, 2005). Genetic differentiation (FST) between pairs of populations was estimated using vcftools (Danecek et al., 2011).

Isolation by distance (IBD) was calculated as follows: first, we performed a simple Mantel test as implemented in the R package vegan (Oksanen et al., 2020) to compare genetic and geographic distances for all sample pairs, and the significance was assessed with 999 permutations. Genetic distances were calculated as pairwise Nei’s distance values between samples using the dist.genpop function in the R package adegenet (Jombart and Ahmed, 2011), and geographic coordinates of caves were used to calculate straight-line geographic distances between sampling sites using the pointDist function in the R package enmSdm (Morelli et al., 2020). Secondly, a Spearman’s correlation test was applied for testing the correlation between genetic and geographic distances, and a linear model including an estimate of goodness-of-fit (R-squared), slope, and intercept, was set. These analyses were performed for each species. In addition, supplementary analyses were made for some species after excluding population pairs that demonstrated a pattern of very strong genetic isolation.

We used Stairway Plot 2 (Liu and Fu, 2020) to infer the demographic history of the two main genetic groups established by K = 2 in STRUCTURE for each species (Supplementary Table 2). Site frequency spectrums were estimated using easySFS.2 We assumed a mutation rate per site per generation of 2.8 × 10–9 as estimated for Drosophila melanogaster (Keightley et al., 2014), and a generation time of 2 years according to our knowledge on the species biology.




Results


Museomics and HyRAD efficiency

The HyRAD approach allowed the recovery of a large number of reads and loci from the historical samples regardless of their age and storage conditions (Supplementary Tables 1, 2). The capture and sequencing method resulted in a total of 470 million reads distributed across the 106 samples for which HyRAD was successfully applied (of a total of 117 samples) with a mean of 4.44 million reads per sample (sd = 1.63 millions). The cleaning of reads resulted in a loss of 2.3% of reads (details in Supplementary Table 2). The oldest sample in the analysis was a sample of T. croaticus (ARCBSS 3422) collected in 1974 and despite being nearly 50 years old, the analysis yielded 6.14 million reads. Mapping of historical clean reads to the corresponding probe catalog resulted in mean mapping percentage of 55.6% (sd 7.2). After another stringent cleaning step, this proportion decreased to 25.4% (sd 7.3), corresponding to a mean of 14,367 bi-allelic SNPs (sd 4657) shared by at least 60% of the samples in each species and a mean read coverage of 43.85 (Table 1 and Supplementary Table 2). Finally, in order to perform genetic structure analyses, we kept one single SNP per locus, resulting in a mean of 6847 unlinked SNP by sample (sd 1967). The summarized data on the number of samples, SNPs, and the overall percentage of missing data is given in Table 1 (see also Supplementary Table 2).


TABLE 1    Number of samples and single nucleotide polymorphisms (SNPs) per species after filtering steps.
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Population genetic structure

Phylogenetic inferences performed on P. stygia, S. pretneri, and the three Troglohyphantes species, confirmed the morphological identifications made on the historical samples and their species-level status, at least on the basis of our sampling (Supplementary Figure 2). Population genetic analyses were then carried out within each species. The STRUCTURE and conStruct analyses showed different patterns of genetic clustering for each of the five studied species (STRUCTURE statistics and conStruc results are shown in Supplementary Table 3 and Supplementary Figure 3, respectively). For each species, a map was made with pie charts corresponding to the STRUCTURE Bayesian assignment probabilities per sampling location exemplified for the best run of each selected K values (Figure 3 and Supplementary Figures 3, 4). Supplementary Figures 3, 4 show the summed results of all K runs for each species. Overall, the conStruct results showed that the spatial model presents, for each species, a better accuracy than the non-spatial model (Supplementary Figure 3), highlighting the fact that the clustering recovered in the STRUCTURE analysis is not the consequence of isolation by distance alone. Thus, additional phylogeographic breaks or ecological traits potentially driving lineage divergence might be at work in the case of all five species studied here.

For P. stygia, STRUCTURE analyses yielded an optimal clustering value for K = 2 according to the ΔK criterion, while the log likelihood of the data [L (K) (mean ± SD)] (see Supplementary Table 3) increased steadily up to K = 6. ConStruct results also confirm the structuring of the samples in clear genetic groups; we observe a plateau in the accuracy values after K = 3, a result that might be interpreted as three clusters being the optimal way to partition the data, as well as a sustained contribution of these three groups to the total covariation between the clusters (Supplementary Figure 3A). The genetic clusters inferred by STRUCTURE at K = 2 follow a north-south geographical distribution pattern with the break being located in the northern Lika region (dashed line in Figures 3A–C). Several hybrid specimens were identified, one near the break-line, and a group of four samples in the central-north area. This main genetic differentiation is also denoted in the PCA analyses, with axis 1 describing the two main genetic groups (Figure 3C). The second best STRUCTURE clustering scenario according to the ΔK criterion is K = 3, which is also considered as the best K value in conStruct. It revealed the presence of a third cluster, distributed across the central and northern sampling area (gray in Figures 3B,C) and separated by two break lines from the central (blue) group—one in the eastern part of Gorski kotar region (dotted line in Figures 3A,B), and a second in the area of the Ogulin-Plaški valley (wavy line in Figures 3A,B). On the PCA, this separation is supported by axis two (Figure 3C). Analyses with a higher number of clusters, e.g., K = 6, revealed additional structuring within the large southern group, south to the northern Lika break (Supplementary Figure 4A).

For S. pretneri, STRUCTURE analyses showed that log probabilities of the data [L (K) (mean ± SD)] reached a plateau at K = 5. Also, the ΔK criterion indicated K = 5 as the best clustering solution, and K = 3 as the second best (Supplementary Table 3). In the conStruct analysis, accuracy reached a plateau after K = 5, similarly as revealed by STRUCTURE results, but additional spatial layers beyond K = 4 only contributed marginally to the total covariance among clusters. The same breaks as in P. stygia were recognized in S. pretneri−one in the northern Lika (dashed line in Figures 3D–F), one in the eastern part of the Gorski kotar region (dotted line in Figures 3D,E), and one in Ogulin-Plaški valley (wavy line in Figures 3D,E). The PCA yielded analogous results to those obtained with STRUCTURE, separating northern from southern populations along axis 1, and grouping populations according to their geographical location.

For T. croaticus the optimal clustering solution identified with STRUCTURE was K = 2 based on both the ΔK criterion and the log probabilities of the data (Supplementary Table 3)—there is a clear genetic and geographic separation between eastern (blue in Figure 3G) and western (orange in Figure 3G) individuals, and no hybrids were detected. In the conStruct results, the predictive accuracy reached a plateau at K = 2, and the layer contribution is clearly more important for the two main clusters even when the number of K tested is larger (Supplementary Figure 3C). In addition, the conStruct analysis revealed some level of admixture between them. The position of a genetic break at the eastern part of the Gorski kotar region (dotted line in Figures 3G,H) is the same as in the two Dysderidae species (Figures 3A,B,D,E). Although less supported by the ΔK criterion, the K = 5 in STRUCTURE, revealed substructuring only in the western group, with the locality Sniježna jama (cave 117, yellow in Figure 3H) genetically distant (Figure 3I) from the other samples, even those that were geographically very close. The other localities of the western group were more admixed (Figure 3H).

For T. excavatus the best K value according to the ΔK criterion in STRUCTURE was also K = 2, with K = 5 being the second best (Supplementary Table 3). In conStruct, the layer contribution analysis showed that one of the clusters had a dominant contribution, and that after K = 2 the contribution of other clusters was very limited suggesting also an optimal clustering at K = 2. Overall, we observed a similar situation at K = 2 as in T. croaticus with a break at the eastern part of the Gorski kotar region (dotted line in Figures 3J,K), separating eastern and western genetic groups (blue and orange in Figure 3J, respectively), but in addition, this species demonstrated a hybrid zone in the middle of its geographic range. At K = 5 the STRUCTURE analysis showed that western- and eastern-most specimens were fully assigned to one of the two groups already found at K = 2, while the samples at the geographic boundary showed some levels of admixture (Figure 3K). The PCA plot showed the same pattern with a clear separation between the two main clusters according to axis 1, which is the axis carrying the main proportion of the genetic variation (Figure 3L).

For T. kordunlikanus the best K values according to the ΔK criterion in STRUCTURE were K = 2 and K = 5 (Supplementary Table 3). In conStruct, the analysis of the layer contribution and the distribution of the clusters confirmed the separation into two clusters: the eastern group (orange on Figure 3M) was restricted to north-west Bosnia and Herzegovina, and the western group (blue in Figure 3N) was distributed across the whole species range in Croatia. This split into two clusters is also clear from the PCA along axis 1 (Figure 3O). At K = 5, although the statistical support in STRUCTURE was strong (Supplementary Table 3), none of the analyses did present any clear spatial pattern—the eastern group remains separated, while the whole western group is composed of admixed individuals from several genetic clusters, without any clear barrier to gene flow.

Our comparative analysis has shown distinctive spatial genetic structuring patterns for each species. At the same time several similarities were revealed: one genetic break at the eastern part of Gorski kotar region is common to four species (both Dysderidae, and T. croaticus and T. excavatus), and two breaks are shared by the two Dysderidae species, one in northern Lika, and the other in the area of the Ogulin-Plaški valley. In contrast, T. kordunlikanus did not share any pattern in genetic structure with the other four species, partly since its distribution only overlaps that of the others across a small area. Troglohyphantes kordunlikanus aside, the observed breaks among species have been revealed whatever method used (including the two conStruct variants, with or without embedding a spatial model). These results confirm that the discrete distribution of genetic variation reported in all species is not merely due to isolation by distance processes coupled with non-continuous sampling.

Despite a clear genetic structuring revealed by the population structure analyses, the genetic differentiation (FST) observed among the main populations remained limited (<0.07). Analysis of the different genetic diversity statistics showed a variability across populations and species, e.g., the species T. kordunlikanus seems to demonstrate a higher genetic diversity than the other species, as well as a lower inbreeding coefficient (FIS) (Table 2). However, these results should be considered with caution because of the small number of samples encompassed in our study. The demographic inference analysis showed a similar pattern among species and populations, i.e., an increase in population size 100,000–200,000 years ago, and then a progressive reduction (Supplementary Figure 5).


TABLE 2    Descriptive statistics estimated in each population identified by the best ΔK criterion, including the observed heterozygosities (Ho), mean gene diversities within population (Hs), allelic richness (Ar), inbreeding coefficient (FIS) and genetic differentiation (FST).

[image: Table 2]



Isolation by distance

Significant isolation by distance was found in all five species (Table 3). Although Dysderidae species (S. pretneri and P. stygia) showed lower P-values than the three Troglohyphantes species as computed with a Mantel test, the slopes and intercepts were higher in the latter species (Table 3, Figure 4). Analyses conducted on the subset of populations not showing complete geographic and genetic isolation, mostly agreed with the whole-population analyses, with few exceptions (Supplementary Figure 6). In the case of the P. stygia central group (light blue on Figures 3A,B) the slope and the intercept were both lower than for the southern group (orange on Figures 3A,B). In T. croaticus the western group from the K = 2 analysis (orange on Figure 3G) showed a higher slope than the eastern group (blue on Figure 3G), while the western group found in T. kordunlikanus (blue on Figure 3M) showed no correlation between genetic and geographic distance (also visible from the structure analyses, Figure 3N). In the case of T. kordunlikanus, the sampling also included two easternmost populations (not hosting any of the other species)–interestingly, when these two populations were removed, isolation by distance was found to be non-significant.


TABLE 3    Correlations among pairwise genetic and geographic distances based on Mantel tests and Spearman’s rho correlation coefficient. Adjusted R-squared (R2) of the linear model are included and linear equations are indicated in slope-intercept form.
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FIGURE 4
Plot showing the overall relationship between pairwise Nei’s genetic and linear geographical distances for each of the five studied species. A linear model is represented for each species, with corresponding information, adjusted R-squared (R2) and linear equations indicated in Table 3.




Troglomorphy

The Troglohyphantes species exhibited different levels of troglomorphic adaptation (Supplementary Table 1B). Troglohyphantes excavatus typically exhibited partial pigmentation and normal eyes, and only a few depigmented individuals were found. In the case of T. kordunlikanus, all specimens were depigmented, while their eyes were normally developed, and had thick or thin pigment rings around them. Interestingly, T. croaticus showed greater diversity, and a clear geographical segregation of troglomorphic traits. All individuals in the Kordun region (eastern part of the species’ distribution) were depigmented, most of them with eyes reduced to tiny white spots. Only a few individuals had normally developed eyes with thin black rings around them. In contrast, specimens from the western part (Gorski kotar region) were mostly depigmented, but with normally developed eyes with thin or thick black rings around them. Additionally, few individuals were strongly pigmented and with normally developed eyes, similar to what is found in T. excavatus.




Discussion


Museomics as a powerful tool to investigate “rare” species

Our study was made possible thanks to the application of museomics to historical samples. Indeed, as the availability of samples in the field is limited and our target organisms are difficult to sample in natura, the progressive accumulation of samples in the CBSS, ZCSL, and ROC natural history collections has made it possible to obtain enough samples to allow the comparative phylogeography inferences produced in this study. This opportunity to exploit tissues or even only DNA molecules from historical samples is associated with recent developments in museomics that allow the extraction and sequencing of degraded and low-concentration DNA from collection samples. Whereas it was previously only possible to recover specific gene sequences (usually short barcodes) through PCR-based approaches (Raxworthy and Smith, 2021), the development of innovative hybridization-capture methods such as HyRAD now allows the recovery of a large number of loci along the genome, and a more detailed investigation in a vast array of evolutionary questions (Suchan et al., 2016). The HyRAD method is based on the construction of probes from a ddRAD library followed by capture of these loci in the historical DNA. This approach allows capturing only the loci of interest and avoids inclusion of possible contaminants linked to historical samples.

Thus, in our study, we integrated 106 samples from the 117 samples initially sampled (91% success). At the scale of our study, the ability to capture DNA in a sample does not appear to be related to its age or to the concentration of DNA initially retrieved (Supplementary Table 2 and Supplementary Figure 7), as previously observed in a study on ground beetles using a similar method from the HyRAD family (Toussaint et al., 2021). Anecdotally, the oldest sample in the analysis collected in 1974 (tcro_3422) yielded enough information to be included in the analysis, which enabled us to detect a labeling mistake. The locality on the label was 200 km from the closest T. croaticus locality, but this sample grouped with a sample from the Vrelo cave (number 147) (Supplementary Figure 2), which is located in the middle of the species distribution. This, combined with the fact that the collector, the famous Dutch arachnologist Christa Deeleman-Reinhold, visited Vrelo cave just a few days after collecting sample tcro_3422, was sufficient evidence to demonstrate that the label was wrong and that the species distribution is not drastically different than previously known. Furthermore, thanks to the HyRAD approach, we were able to recover 9,212 loci (42% of the target loci), 8,356 loci (36% of the target loci), 11,883 loci (52% of the target loci), 9,656 loci (42% of the target loci), and 7,418 loci (35% of the target loci) for P. stygia, S. pretneri, T. croaticus, T. excavatus, and T. kordunlikanus, respectively. This is a larger amount of genetic information than what has been reported using UCEs, an alternative approach for retrieving molecular information from historical samples (Derkarabetian et al., 2019). The downside of the HyRAD strategy is that it requires the construction of a specific probe set for each group of closely related taxa, while UCE probes may enrich historical samples across a wider taxonomic range. As a matter of comparison, a recent UCE-based study, also on cave dwelling arachnids, recovered 289 loci (Derkarabetian et al., 2022). Meanwhile, HyRAD does not require any previous knowledge of genome sequences to produce orthologous data across samples. Moreover, HyRAD loci, which are derived from a ddRAD template, are potentially more informative at the intraspecific evolutionary scale, as exemplified by the present study. Whereas Derkarabetian et al. (2022) recovered a total of 1,277 SNPs from UCEs, we identified here a number of genetic polymorphisms larger by an order of magnitude, ranging between 13,621 and 27,206 SNPs, which enabled us to provide fine-scale insights into the population genetic structuring of our target species.



Geography, climate, and topography as possible causes for observed boundaries

In general, the distribution of genetic groups for all five species cannot be explained by current climate or habitat suitability that was modeled for the two Dysderidae species (Pavlek and Mammola, 2021; Supplementary Figure 8), and the reasons probably lie in the complex geological and climatic history, both of which are still not sufficiently explored for the area in question, and for the Dinarides in general.

Comparison of the spatial genetic structuring in the five species revealed common phylogeographic patterns except for T. kordunlikanus, whose different spatial distribution with only a narrow overlap with that of the four other species makes it difficult to identify common genetic breaks. A common barrier to gene flow has been observed for four of the five species (P. stygia, S. pretneri, T. croaticus, and T. excavatus) in the eastern part of the Gorski kotar region. One of the hypotheses to explain this barrier resides in differences in climatic conditions on both sides of the barrier. Indeed, the south-western side of this break shows a lower average temperature and higher precipitation levels than the other side (Supplementary Figure 8). For two species (S. pretneri and T. croaticus), no gene flow was identified across this barrier. Such strong genetic isolation between populations could explain morphological differences found on both sides of the genetic boundary for T. croaticus (see below). In the case of T. excavatus, a species able to use surface habitats for dispersal, some hybrid specimens were observed in this region, indicating the existence of detectable gene flow. Conversely, P. stygia seems to be able to disperse southwards across the break line, demonstrating good dispersal abilities also revealed by the large distribution observed for the central P. stygia lineage (blue pie charts in Figures 3A,B). Two other breaks are shared between the two Dysderidae species: one in the northern Lika region (dashed line in Figures 3A,B,D,E) that separates northern and southern clusters in both species, and a second one at the Ogulin-Plaški valley (wavy line in Figures 3A,B,D,E). While we were not able to identify the topographic features associated with the northern Lika break line, the second break could be explained by the specific geology of this area. The Ogulin-Plaški valley is a relatively narrow valley made from a less permeable rock (dolomites) than the surrounding area (Velić et al., 1980), resulting in surface streams that spring on one side, and sink on the other side of the valley. Our results might indicate that there is no underground system of crevices, which could be used for migration by the two Dysderidae species studied here, thus effectively isolating populations from the opposing sides of the valley. A similar explanation for the distribution throughout an area of dolomite deposits was invoked to explain the lower dispersal and deeper isolation of a lineage of the troglobiotic beetle Troglocharinus ferreri (Reitter, 1908) from Catalonia, when compared to another lineage distributed in a more permeable, and thus more connected limestone rock (Rizzo et al., 2017). The deep geographical structuring found in both Dysderidae species is comparable to that reported in North America cave beetles and harvesters for which geographic distance and landscape features each contributed to the formation of distinct genetic clusters (Kane and Brunner, 1986; Boyd et al., 2020; Derkarabetian et al., 2022). Conversely, no evidence of gene flow was detected among populations of troglobiotic spider and beetle species in caves less than 15 km apart (Balogh et al., 2020).



Links between genetic structure, isolation by distance, species biology, and ecology

Comparison of isolation by distance patterns shows that two factors, among others, could influence the genetic structuring of a given species, namely the level of troglomorphism and the foraging strategy (ground-dwellers vs. web-builders). Both Dysderidae species analyzed here are blind, depigmented, and restricted to cave habitats, while the three studied Troglohyphantes species display different levels of eye reduction, depigmentation, and the possibility, for two species at least, to disperse through surface habitats. The former observation would hint at a lower dispersal ability of Dysderidae and hence more structured populations. However, Troglohyphantes species build webs on which they spend most of their lives, while Dysderidae are active hunters which move swiftly around the cave in search for prey or mates, which, alternatively, would suggest better chances for dispersal through a well-connected underground system of crevices (Barr, 1967; Culver et al., 2004) for Dysderidae than for Troglohyphantes. In order to confront the two hypotheses, we examined IBDs in all five studied species and found that the slope and intercept of the correlation between geographic and genetic distances were always larger in Dysderidae than in Troglohyphantes. While the slopes and intercepts for one species of Troglohyphantes, i.e., T. kordunlikanus, are only marginally below those of the two species of Dysderidae, the pattern seems clearer still when the two easternmost populations of T. kordunlikanus (i.e., those that do not overlap with the other species’ distributions) are removed, as at this point no significant isolation by distance is retrieved. Altogether, our results suggest that lower levels of cave adaptation are associated with higher dispersal ability, regardless of the hunting strategy (Table 3 and Figure 4). Our study also reinforces the hypothesis that web-building species disperse better (T. kordunlikanus and T. excavatus even being found outside caves occasionally) and corroborate recent findings in sympatric cave springtails of the Salem Plateau in North America, which revealed stronger correlation between genetic and geographic distance in troglobionts when compared with troglophiles (Katz et al., 2018). Whereas differences in the intercept might reveal other scenarios such as different lineage age or timing of colonization in the studied clades (older species or older cave colonizers would demonstrate steeper slopes in the relationship between geographic and genetic distances), we currently lack data for alternative scenario testing. Different patterns were also unveiled among the Troglohyphantes species. Within the croaticus group, T. croaticus, which is the most troglomorphic species in the Troglohyphantes genus, and presumably the most dependent on its stable conditions—it was never collected outside caves—shows a steeper IBD than T. excavatus, indicating lower dispersal ability. Interestingly, genetic clusters in T. croaticus matched the morphological variation observed in the distribution of troglomorphic traits and in the levels of IBD, which warrants a re-examination of the species status across different populations. Indeed, the eastern group included mostly anophthalmic and depigmented individuals, while in the western group, which is genetically much more heterogeneous (Figures 3H,I and Supplementary Table 1B), a high degree of polymorphisms in troglomorphic traits was observed. This is also reflected in a higher IDB of the western group compared to the eastern one (Supplementary Figure 6). It is worth noting that no admixture was found between these two lineages. Contrastingly, T. excavatus showed a shallower IBD slope (Figure 4), suggesting higher connectivity among populations, which fits well with the fact that this species shows the lowest levels of troglomorphism among the five studied here. As mentioned above, results obtained for T. kordunlikanus are difficult to compare with those of the other species given the fact that its distribution only partly overlaps with that of the two other Troglohyphantes species as well as with the two Dysderidae species.

The fact that both Dysderidae species showed more marked IBD patterns was coherent with their blind and depigmented habitus, and the fact that they were never found outside caves—features we hypothesized would cause isolation of distant populations. Interestingly, both Dysderidae species demonstrate very similar values of Mantel and Spearman statistics, and geographical patterning of genetic lineages. Their ecological niche is also very similar, their distribution almost completely overlaps, and they can often be found in sympatry (Pavlek and Mammola, 2021). The only obvious difference is in the cheliceral morphology—P. stygia has elongated chelicerae, a trait that has been associated with trophic specialization (oniscophagy, i.e., feeding on woodlice) in other Dysderidae species (e.g., genus Dysdera, Rezaè et al., 2008)—which could imply that a segregation in diet may underlie and promote co-existence of the two species in sympatry.

Contrasting life-history traits of the two spider families are, as we predicted, reflected in their spatial population structures. Highly adapted Parastalita stygia and Stalita pretneri species show higher values of slope and intercept in the isolation by distance regression, suggesting lower dispersal ability, despite of their non-stationary and active way of life in caves. In contrast, lower dependency on cave conditions, as indicated by lower levels of troglomorphy, seems to be associated with higher dispersal rates in Trologyphantes species, regardless of their more stationary lifestyle. Spatial distribution of genetic groups revealed some common underlying breaks in the spatial genetic structure, indicating that geographic and climatic features probably influence dispersal potential of whole communities. Lastly, the existence of distinct genetic groups in all five studied species and their distinctive geographical distribution, should be considered when making management and conservation decisions.
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SUPPLEMENTARY FIGURE 1
For each species, principal component analysis (PCA) plots integrating eigenvalues.

SUPPLEMENTARY FIGURE 2
Phylogenetic trees for (A) Parastalita stygia and Stalita pretneri, (B) Troglohyphantes croaticus, Troglohyphantes excavatus, and Troglohyphantes kordunlikanus. Branch support, SH-aLRT support/ultrafast bootstrap support (%), is shown for all branches.

SUPPLEMENTARY FIGURE 3
Population structure of the five studied species as inferred by conStruct. For each species cross-validation results, layer contribution for each K value examined and admixture proportions pie charts are shown for spatial and non-spatial models. The colors in the bars show the contribution of each cluster or layer to the total covariance for each K. Each pie represents an individual. The color of the pie shows the proportion of the individual’s genome that is assigned to each of the K layers.

SUPPLEMENTARY FIGURE 4
For each species, spatial genetic structuring for several K values (different for each species, based on STRUCTURE statistics) with pie charts corresponding to the Bayesian assignment probabilities per sampling locality exemplified for the best run of each K value. Summed results of all runs for each K value and for each species are shown as bar plots next to a map with the corresponding best K value or below the maps for the rest of K values. (A) Parastalita stygia, (B) Stalita pretneri, (C) Troglohyphantes croaticus, (D) Troglohyphantes excavatus, (E) Troglohyphantes kordunlikanus.

SUPPLEMENTARY FIGURE 5
Stairway plots for each population, with population one in blue and population two in orange, in each species.

SUPPLEMENTARY FIGURE 6
(A–C) Plots showing the relationship between genetic and simple geographical distance (expressed in km). (A) Parastalita stygia, plot for all samples together (black line), samples from central and southern group as in the K = 3 clustering analyzed together (green line), samples from southern (orange), and central (blue) group as in the K = 3 clustering. (B) Troglohyphantes croaticus, plot for all samples together (black line), samples from western (orange) and eastern (blue) groups as in the K = 2 clustering. (C) Troglohyphantes kordunlikanus, plot for all samples together (black line), and samples from western (blue) group as in the K = 2 clustering. (D) Correlations among pairwise genetic and geographic distances for groups within P. stygia, T. croaticus, and T. kordunlikanus based on Mantel tests and Spearman’s rho correlation coefficient.

SUPPLEMENTARY FIGURE 7
Plots representing the relationship between the age of the specimens and the amount of reads and loci recovered (the samples included in the study are in black and the samples excluded in gray).

SUPPLEMENTARY FIGURE 8
Distribution of each of the five species as a function of climatic factors. (A–C) Parastalita stygia; (D–F) Stalita preneri; (G,J) Troglohyphantes croaticus, (H,K) Troglohyphantes excavatus, (I,L) Troglohyphantes kordunlikanus. (A) Records of P. stygia overlapped with modeled habitat suitability taken from Pavlek and Mammola (2021) (white patches presenting areas of high suitability). (D) Records of S. pretneri overlapped with modeled habitat suitability taken from Pavlek and Mammola (2021) (white patches presenting areas of high suitability). (B,E,G–I) Species records overlapped with annual temperature values. (C,F,J–L) Species records overlapped with annual precipitation values. Climatic variables (annual precipitation and temperature) were taken from the WorldClim website (Fick and Hijmans (2017). Worldclim 2: New 1 km spatial resolution climate surfaces for global land areas. International Journal of Climatology, 37 (12), 4302–4315.).

SUPPLEMENTARY TABLE 1
(A) Samples information. (B) Troglomorphism measurements.

SUPPLEMENTARY TABLE 2
Sequencing statistics for each sample: raw reads number, clean reads number, raw number of mapped reads, % of mapped reads, number of mapped reads after cleaning, number of loci, and number of SNPs.

SUPPLEMENTARY TABLE 3
Structure statistics for all five species. (A) Parastalita stygia, (B) Stalita pretneri, (C) Troglohyphantes croaticus, (D) Troglohyphantes excavatus, (E) Troglohyphantes kordunlikanus.


Footnotes

1     http://broadinstitute.github.io/picard

2     https://github.com/isaacovercast/easySFS
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Museomics is an approach to the DNA sequencing of museum specimens that can generate both biodiversity and sequence information. In this study, we surveyed both the biodiversity information-based database BOLD (Barcode of Life System) and the sequence information database GenBank, by using DNA barcoding data as an example, with the aim of integrating the data from these two databases. DNA barcoding is a method of identifying species from DNA sequences by using short genetic markers. We surveyed how many entries had biodiversity information (such as links to BOLD and specimen IDs) by downloading all fish, insect, and flowering plant data available from the GenBank Nucleotide, and BOLD ID was assigned to 26.2% of entries for insects. In the same way, we downloaded the respective BOLD data and checked the status of links to sequence information. We also investigated how many species do these databases cover, and 7,693 species were found to exist only in BOLD. In the future, as museomics develops as a field, the targeted sequences will be extended not only to DNA barcodes, but also to mitochondrial genomes, other genes, and genome sequences. Consequently, the value of the sequence data will increase. In addition, various species will be sequenced and, thus, biodiversity information such as the evidence specimen photographs used as a basis for species identification, will become even more indispensable. This study contributes to the acceleration of museomics-associated research by using databases in a cross-sectional manner.

KEYWORDS
sequencing data, voucher specimen, DNA barcode, biodiversity information, taxonomy database


Introduction

Museomics is, in very simple terms, an approach to DNA sequencing on museum specimens (Raxworthy and Smith, 2021). Museomics research generates both biodiversity and sequence information. Therefore, it is necessary to use these two data in an integrated manner. In this study, we surveyed both BOLD (Barcode of Life System; a biodiversity-based database)1 (Ratnasingham and Hebert, 2007) and GenBank2 (a sequence information database) (Sayers et al., 2022b), by using DNA barcoding data as an example, and attempted to merge the data obtained from these two databases.

DNA barcoding technology has been used in order to identify species from DNA sequences as short genetic markers (Hebert et al., 2003). The most commonly used barcode region for animals is a portion of the cytochrome c oxidase I (COI or COX1) gene, found in mitochondrial DNA. Other genes suitable for DNA barcoding are the internal transcribed spacer (ITS) rRNA (often used for fungi) and RuBisCO (used for plants). In addition, the development of massively parallel sequencing technology, also called “next-generation sequencing technology” (NGS), has also made it possible to comprehensively identify the biological flora in the observed environment (Buerki and Baker, 2016; Miya, 2022). Metagenome analysis is a technique used for profiling 16S rRNA and detecting functional genes by sequencing environmental samples on a large scale, without isolating or culturing the microorganisms contained in the samples. For animals, plants, and fungi, a method of large-scale detection of DNA barcodes with NGS can also be used in the form of metabarcoding, by combining DNA barcoding and NGS (Adamowicz et al., 2019; DeSalle and Goldstein, 2019). DNA barcoding technology interests not only biodiversity researchers such as taxonomists and phylogeneticists, but also molecular biologists and bioinformaticians involved in the performance of metagenomics.

DNA barcoding requires a database for querying sequences of DNA barcodes as genetic markers, and the species information identified by the DNA barcode (or the specimen information required in order to identify the species). BOLD (see text footnote 1) is a popular database of DNA barcodes for animals and plants (Ratnasingham and Hebert, 2007), and so is UNITE3 for fungi (Nilsson et al., 2019). DNA barcodes also include DNA sequence aspects; thus, DNA barcodes have also been deposited in the NCBI (National Center for Biotechnology Information, US) GenBank Nucleotide (see text footnote 2); a database of nucleotide sequences. BOLD and GenBank Nucleotide collect DNA barcode data separately, and import the data from each other. However, the contents are different due to the difference in their backgrounds.

BOLD is an informatics workbench aiding the acquisition, storage, analysis, and publication of DNA barcode records; it was launched in 2005 (Ratnasingham and Hebert, 2007). BOLD provides about 11 million barcodes, thereby indexing 239,000 animals, 71,000 plants, and 24,000 fungi and other species as of May 2022. BOLD requires data with the following seven elements in order for them to qualify as a specimen record with a formal DNA barcode status: (i) species name, (ii) voucher data (catalog number and institution storing), (iii) collection record (collector, collection date, and location with GPS coordinates), (iv) identifier of the specimen, (v) barcode sequence, (vi) PCR primers used in order to generate the amplicon, and (vii) trace files (Ratnasingham and Hebert, 2007). BOLD has been widely used, especially by taxonomists and phylogeneticists, for the referencing of biodiversity information assigned to DNA barcoding due to the large archive of photographic data of evidence specimens and the richness of information on specimens enabling the user to identify or to review for identification.

DNA sequences have been collected for more than 30 years by International Nucleotide Sequence Database Collaboration (INSDC)4 (Arita et al., 2021), that consists of NCBI5, the European Bioinformatics Institute (EBI)6, and the DNA Data Bank of Japan (DDBJ)7, and are provided as databases in the NCBI GenBank (Sayers et al., 2022b), the European Nucleotide Archive (ENA)8, and DDBJ9, respectively. In recent years, DNA barcodes, mitochondrial genomes, whole genomes, and other gene sequences have been obtained for various organisms, and sequence information has been archived in these databases. In addition, NGS data (including metagenomics and metabarcoding) are also collected by INSDC in the form of a Sequence Read Archive (SRA)10 (Sayers et al., 2022a). Molecular biologists and bioinformaticians usually perform their research from DNA sequence aspects, and make extensive use of the NCBI services dealing with DNA sequences.

Recently, it has become possible to register occurrence information based on sequences such as environmental DNA (eDNA) in the Global Biodiversity Information Facility (GBIF)11 ; the major database of biodiversity information (Andersson et al., 2020). In addition, GenBank is now also able to record much biodiversity information. In this study, we focus on DNA barcode data as an actual use scene of museomics, and point out the necessity of integrated use of BOLD and GenBank and the associated problems. We also propose that GenBank will become a useful resource for species identification by gene sequences other than the current DNA barcode region in the future. We believe that our work will accelerate future life science- and museomics-associated research employing biodiversity and sequence data (Groom et al., 2021).



Methods


Downloading GenBank data from national center for biotechnology information

We obtained all data on the base sequence of fish from NCBI. NCBI GenBank provides data on other vertebrates except mammals in the form of VRT divisions (for reference, they are distributed as HUM for humans, ROD for rodents, and MAM for mammals). We downloaded all VRT division data (gbvrt###.seq.gz, ### = 1–277) from the GenBank FTP site12 (as of December 2021). The files are distributed in FASTA format (Supplementary Figure 1). Subsequently, we extracted the entry containing “Actinopterygii” in the taxonomy hierarchy from the downloaded files, and created the entire data of the base sequence of fish.

As with fish, we downloaded the invertebrate data file provided as an INV division (gbinv###.seq.gz, ### = 1–461), as well as the plant and fungi data file distributed as a PLN division (gbpln###.seq.gz, ### = 1–723) from the NCBI FTP site. Subsequently, we extracted only the entries containing “Insecta” and “Magnoliopsida” in taxonomy tree from the downloaded data, respectively, and used them as insect and flowering plants data for the subsequent analyses.



Data extraction from GenBank

Data submitters can label their sequence as DNA barcoding data by describing “BARCODE” in the KEYWORD field of the GenBank entry (Supplementary Figure 1). We counted the number of data containing this description.

Moreover, the BOLD ID is listed in the db_xref qualifier in the “Features” field as the ID of the external database (Supplementary Figure 1). We extracted such BOLD IDs from the downloaded GenBank files. The BOLD ID is written after the description of “BOLD.” We looked at the number of BOLD IDs mentioned in GenBank and compared them with the BOLD data. GenBank provides qualifiers in order to record biodiversity information for the registration of gene sequences derived from specimens: voucher_specimen, lat_lon (latitude and longitude), altitude, collection_date, collected_by, identified_by, and country (Supplementary Figure 1). We surveyed how many entries were given these qualifiers related to biodiversity information. Finally, we especially extracted the specimen IDs listed in the specimen_voucher qualifier of the “Features” field.



Downloading barcode of life system data

We downloaded the public data of the DNA barcode of fish (Animals; Chordata; Actinopterygii)13 from the BOLD database. Herein, we downloaded the combined data in a tab-delimited format, containing both specimen and sequence data.

As with fish, we downloaded the data of flowering plants (Plants; Magnoliophyta; Magnoliopsida, see text footnote 13).

In addition, we attempted to obtain data on insects (Animals; Arthropoda; Insecta, see text footnote 13). However, BOLD’s web pages and APIs are so slow to respond, and the insect data are so extensive that it often seemed that the process had finished before all the data were downloaded. Therefore, we downloaded the specimen and sequence data separately instead of downloading them in the form of combined data. We, herein, attempted to download the data twice, and after confirming that the same data were obtained, the subsequent analysis was performed.



Data extraction from barcode of life system

From the downloaded BOLD data, we extracted BOLD IDs (Specimen ID, Sequence ID), data sources, taxonomic classifications (such as species_name and genus), linked GenBank IDs, and gene names. Especially, BOLD has imported data from GenBank and has labeled them as “Mined from GenBank, NCBI” in the institution_storing field.



Comparison of referring status to each other’s IDs for barcode of life system and GenBank

We created pairs of GenBank Accession numbers and BOLD IDs described in the db_xref qualifier from the GenBank data on fish. We also created pairs of BOLD sequence IDs and referring GenBank Accession numbers from the BOLD data. We then compared these two groups of pairs in order to investigate whether the GenBank and the BOLD data refer to each other (Figure 2). In BOLD, the barcode sequences of multiple different genes obtained from one specimen are often registered. In order to distinguish these, the “specimen ID.gene name” style was used as the ID of BOLD (e.g., BCF519-07.COI-5P), but some GenBank entries refer to BOLD by only the specimen ID. We, therefore, extracted the gene names in addition to the BOLD IDs from GenBank, and restored the “specimen ID.gene name” style ID.



Comparison of biological classifications between barcode of life system and GenBank

National center for biotechnology information GenBank uses NCBI Taxonomy as Taxonomy data, and BOLD seems to be based on the GBIF Backbone Taxonomy. We downloaded both these data. We downloaded the new_taxdump.tar.gz file from the FTP site as NCBI Taxonomy data. We used names.dmp, rankedlineage.dmp, and nodes.dmp files among the uncompressed files, and extracted the scientific name, the taxonomy ID, and the taxonomy tree information. We also downloaded the GBIF Backbone Taxonomy from the GBIF website (GBIF Secretariat, 2021). The file is distributed in the form of a tab-delimited format, and we used TaxonID, scientific name, and taxonomy classification information.

Subsequently, we compared the biological taxonomy information described in BOLD and GenBank, and the identified level of classification (such as species, genus, and class). The description written as a species name may include sp. (species: no valid published scientific description or lack of information), aff. (affinis: the identity of a distinct biological species is unknown, but it has a striking similarity or close relation with a known species), or cf. (confer: the specimen resembles the named species very closely, but has certain minor features not found on the type specimens). Since these have not been identified as a species level, we excluded species names containing these suffixes, and treated such data as species level names.

We also surveyed how much of those data accounted for in the taxonomy database. As a biological taxonomy database, GenBank uses NCBI Taxonomy, and BOLD uses a GBIF Backbone Taxonomy-based classification.



Extraction of new DNA barcode candidates from the GenBank data

There are many entries in GenBank that do not have a BOLD ID, but have a sample ID in voucher_specimen. We regarded these sequences as new candidates for DNA barcodes, and extracted these data. We extracted data from voucher_specimen, but without the BOLD ID from db_xref from the sequence data of all fish and flowering plants previously created from the GenBank Nucleotide. In the GenBank data, the gene name is written in the gene qualifier in the “Features” field (Supplementary Figure 1). We have summarized the generated DNA barcode candidate gene data by gene name. Since the described gene name could be freely described by the submitters, there were cases where the same gene had a different description (e.g., COI, COX1, and CO1). Text mining technology can solve this problem, but this time we have simply listed the genes described without it. In addition, species names were extracted from these candidate data, and were compared with the list of species covered by existing DNA barcode data.




Results


DNA barcode data in GenBank

GenBank Nucleotide is originally a database of DNA sequences, and DNA barcoding data are also registered in GenBank as they are nucleotide sequences. DNA barcode data are increasingly being used in order to monitor fish as “environmental DNA” (Miya, 2022). In this study, we obtained all GenBank Nucleotide data for fish and extracted the DNA barcoding data for trend analysis and comparison with those of BOLD. In addition, a large amount of DNA barcode data has been accumulated for insects. On the other hand, BOLD collects not only animal data, but plant data as well. Thus, similar analyses were also performed for insects and flowering plants.

All GenBank Nucleotide data used in this study consisted of 1,272,272 entries for fish, 7,010,856 entries for insects, and 1,356,592 entries for flowering plants. There is a way to write the “BARCODE” description in the KEYWORD section so as to indicate that the entry refers to DNA barcoding data in GenBank (Supplementary Figure 1). We extracted this description from fish, insect, and flowering plant data, and found that it was present in 50,373 (4.0%), 768,010 (11.0%), and 17,377 (0.8%) of the entries, respectively (Figure 1B). In addition, there are entries in GenBank that provide a more direct link to BOLD data. The BOLD ID can be found in the db_xref qualifier in the Features field of GenBank (Supplementary Figure 1). We surveyed how many GenBank entries referred to BOLD IDs: 90,927 (7.1%) for fish, 1,836,440 (26.2%) for insects, and 10,249 (0.8%) for flowering plants (Figure 1). The most major data registration source was iBOL (International Barcode of Life): 9,070 entries (10.0% of entries with BOLD ID) for fish, 283,215 entries (15.4%) for insects, and 485 entries (4.7%) for flowering plants.
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FIGURE 1
Status of entries with information related to the DNA barcoding in GenBank. By using GenBank, we extracted the BARCODE from the KEYWORD section, the BOLD ID referenced as the ID of the external database in the db_xref qualifier, and the sample ID written in the specimen_voucher qualifier as information related to DNA barcoding. (A) Percentage of entries with BOLD ID and the specimen_voucher qualifier. We examined the proportion of entries with BOLD ID and the specimen_voucher information in fish, insects, and flowering plants. In insects, a quarter of the entries correspond to barcode sequences with links to BOLD, and rich barcode information can be obtained from GenBank. Plants, on the other hand, have poor links to BOLD, but half of the entries are assigned specimen IDs, and DNA barcode candidates may be hidden in these entries. (B) Venn diagram of entries with BARCODE keyword, BOLD ID, and specimen_voucher qualifier. We examined the overlap of entries with the BARCODE keyword, BOLD ID, and sample ID in the GenBank fish data. In order to extract the entry corresponding to the DNA barcode, not only the BARCODE in the KEYWORD section must be extracted, but also the entry with the BOLD ID as the external database ID.


In addition to the nucleotide sequence, the specimen information as the basis for identification is essential for DNA barcoding data. GenBank has several qualifiers for describing biodiversity information such as altitude, collection_date, and country (Supplementary Figure 1). GenBank has a specimen_voucher qualifier for entering the sample ID, and if a re-identification is required, it is theoretically possible to trace the sample information based on this qualifier. We examined the number of entries with specimen_voucher information in GenBank. We found 475,392 (37.4%) entries for fish, 2,628,876 (37.5%) entries for insects, and 718,212 (52.9%) entries for flowering plants (Figure 1A). These are more than the entries identified with the use of the “BARCODE” description in the KEYWORD section (Figure 1B).



Link to GenBank in barcode of life system data

We obtained Public Data from the BOLD website and examined the links to GenBank for fish, insects, and flowering plants. The total number of specimens was 274,717 for fish, 7,122,873 for insects, and 258,436 for flowering plants.

We counted the data imported from GenBank by checking the description of those “Mined from GenBank, NCBI” in the institution_storing field, and we identified 138,050 (50.3%) fish, 542,035 (7.6%) insects, and 180,146 (69.7%) flowering plants indexed for such data.

Of the fish data registered in BOLD, GenBank IDs were assigned to 234,491 sequences in 213,088 specimens. These correspond to 215,806 GenBank entries.

The number is reduced because multiple sequence entries from the same specimen (e.g., GBMTG999-16.COI-5P, GBMTG999-16.ND5-0, and GBMTG999-16.CYTB) refer to the same GenBank entry (e.g., NC_008679: Schistura balteata mitochondrion, complete genome).

Of the 234,491 sequences with GenBank IDs, 4,330 GenBank entries were in the “suppressed state” (e.g., HM379807). NCBI labels the data as a “suppressed state” in cases where there is doubt or inadequate registration. We were not able to find corresponding data in the “suppressed state” by keyword search, but we were able to see them by specifying the Accession ID. In this case, these data did not qualify for the iBOL/GenBank early release agreement due to the lack of tentative taxonomic identifications (National Library of Medicine [NLM], 2009). In addition, some GenBank entries have been assigned with the “WITHDRAWN” label.



Mismatch between barcode of life system data and GenBank data

We compared these two groups of pairs in order to investigate whether the GenBank and the BOLD data refer to each other by creating GenBank-BOLD ID pairs from GenBank and BOLD data, respectively.

We present the obtained referring status in Figure 2. Of the 234,491 ID pairs with GenBank Accession linked from BOLD, 80,878 GenBank entries (34.5%) contained a description of the BOLD ID. Of these, 71,314 pairs referred to each other for the same ID in both GenBank and BOLD (Figure 2A). The 9,564 pairs had different BOLD IDs that refer to GenBank, and BOLD IDs that refer to GenBank. Herein, we found that IDs for specimens (e.g., FOA941-05) and IDs for barcode sequences (e.g., FOA941-05.COI-5P) coexist in the writing style of GenBank. For fish, 9,162 specimens were written in the former style and 81,676 specimens were written in the latter. Of 9,567 pairs, 8,720 BOLD IDs in GenBank were written in a BOLD Specimen ID format, so the IDs were actually the same. It can be said that they actually refer to each other (Figure 2B). For the 844 pairs, the BOLD ID of the reference source and the BOLD ID of the reference target are completely different. For example, BOLD: ANGBF29940-19.COI-5P refers to GenBank: KY570698, but GenBank: KY570698 refers to GAMBA659-12.COI-5P. This seems to be a case where both direct submission data and imported data from GenBank exist in BOLD because the researchers submitted the same data in both the BOLD and the GenBank databases (Figure 2C). In past cases, these duplications have been resolved, and it is assumed that BOLD is taking some action regarding this issue.
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FIGURE 2
Reference status of the BOLD entry and the GenBank entry to each other. Since GenBank and BOLD import data from each other, their IDs are often mentioned in their entries. However, the references may not be reciprocal due to ambiguity in the description or duplicate registrations. (A) ID references are reciprocal. (B) GenBank refers to the ID of the specimen from which the DNA barcode is derived, but the BOLD Barcode ID can be recovered by extracting the gene name as well. (C) The case where the ID of a direct submission and the import data exist because the data were registered in both GenBank and BOLD. In past examples, these will be unified later. (D) BOLD ID is not described in GenBank.




Species covered by barcode of life system and GenBank

We investigated the number of species covered by BOLD data in the case of fish. There were 274,717 sample data entries in total, of which 238,633 entries (86.9%) had data as species_name. This number corresponds to 20,660 types of descriptions, but it has not been identified down to the species level, and contains an entry with the genus name followed by sp./aff./cf. By excluding these, 224,742 entries (81.8%) corresponding to 15,882 species of fish were identified down to the species level (Figure 3). Similarly, there were 251,540 (91.6%) entries at the genus level, 255,094 (92.9%) at the family level, and 270,539 (98.5%) entries at the order level. We also looked at the number of species covered by the GenBank entries referencing the BOLD ID. As a result, 12,251 types of descriptions were found in GenBank. After excluding sp./aff./cf. from here, GenBank covered 8,744 species of fish with its DNA barcoding data (Figure 3). In addition, we found that some GenBank data were described up to the species level or the species name with a BIN ID (e.g., Platycephalus sp. 1 BOLD:ACT2912) (Ratnasingham and Hebert, 2013), whereas BOLD data were described up to the genus level.
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FIGURE 3
Venn diagram of overlapping species covered by GenBank and BOLD DNA barcode entries. We investigated how many species do BOLD and GenBank cover, and how many species overlap in these databases with regard to the fish DNA barcode data. Even if there are data in the species field, they are often not identified to the species level (such as sp. or aff.). Most of the species covered by GenBank are also covered by BOLD, which may be because BOLD imports GenBank data.


We then compared how many species did these species cover in the NCBI Taxonomy14 (Schoch et al., 2020) and the GBIF Backbone Taxonomy15 in the case of the fish. NCBI Taxonomy includes 22,041 species and subspecies. By comparing these with the 15,882 species that appear in BOLD, the descriptions of 14,505 matched (Table 1). Among the 1,377 descriptions that did not match, there were some that did not produce a hit because their description in BOLD was synonym, and so the percentage of matches was actually higher. If this synonym is not taken into account, then one could say that BOLD covers 65.8% of the NCBI Taxonomy species. In addition, GenBank covers 39.7%. The GBIF Backbone Taxonomy includes 104,767 species and subspecies of fish. By comparing these with the 15,882 species that appear in BOLD, the descriptions of 15,608 matched (Table 1). This is simply equivalent to 14.9% of the GBIF Backbone Taxonomy (Table 1). Of the 274 descriptions that did not produce a hit, 69 referred to hybrids. Moreover, of the 8,744 species that appeared in GenBank, 8,668 descriptions matched those of the GBIF Backbone Taxonomy. This is equivalent to 8.3% of the GBIF Backbone Taxonomy entries (Table 1).


TABLE 1    Species coverage by the GenBank and BOLD DNA barcode entries.
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Subsequently, we compared the similarities and the differences of the organisms covered by BOLD and GenBank. By comparing the list of species identified down to the species level, 8,189 descriptions were found to be common between BOLD and GenBank, and 7,693 descriptions were found to exist only in BOLD. Moreover, GenBank covered the description of 555 descriptions on its own (Figure 3).



New DNA barcode sequence candidates in GenBank

As mentioned earlier, a specimen_voucher qualifier is provided in GenBank in order to record the specimen ID. The number of entries with data here is much larger than the number of entries that refer to BOLD IDs (Figure 1B). Such entries without BOLD IDs but with specimen_voucher are potential candidates for new DNA barcode sequences, and we extracted these data from GenBank Nucleotide. There were 386,078 GenBank entries for fish with no BOLD IDs, but with data in the specimen_voucher field. Table 2 shows a list of candidate genes for DNA barcodes extracted from these entries, including COI, ND2, and RAG1. The candidate gene list in Table 2 contains descriptions representing the same genes because the various patterns of the gene names described by the submitters are not unified by text mining (e.g., COI and COX1, and cytb and Cytb).


TABLE 2    Candidate list of DNA barcodes in GenBank.
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Moreover, we surveyed how these candidate data would increase the species coverage. There are data on candidate barcode genes for 4,089 new organisms when compared to GenBank entries with BOLD IDs and BOLD data, and for 685 organisms when limited to data with gene name as “COI.” In addition, the same analysis was performed on flowering plants, and entries for genes such as matK, rbcL, and trnL were obtained.




Discussion


Data import between barcode of life system and GenBank

Researchers can use BOLD and GenBank Nucleotide as databases for DNA barcodes. However, the two are different in nature: BOLD is the workbench for DNA barcoding projects, while INSDC (including GenBank Nucleotide) is a public repository of DNA data. In addition, the use of these databases differs between biodiversity researchers focusing on specimens, and molecular biologists focusing on nucleotide sequences.

Researchers often submit the same data in both databases. This should not be prohibited, and the Earth BioGenome Project16 (Lewin et al., 2022) recommends submitting data to both databases (Lawniczak et al., 2022). This suggests the convenience of using the two databases in an integrated manner, and emphasizes the differences in format and description.

BOLD imports DNA barcode sequences from GenBank. For the submission to both databases, we found an example where both the direct submission data and the imported data from GenBank for the same DNA barcode exist in the BOLD database (e.g., GAMBA659-12.COI-5P and ANGBF29940-19.COI-5P). We have previously reported examples of data directly being registered with BOLD (JBOL054-11) and data imported from GenBank (GBDP15012-14) (Nakazato, 2019). In these data, there was a difference in the description contents due to the differences in the formats applied by BOLD and by GenBank (Supplementary Figure 2). However, these duplicated data have now been resolved and unified to JBOL054-11.



Differences between barcode of life system and GenBank descriptions

GenBank utilizes BOLD IDs, but two types of writing style coexist: IDs for specimens (e.g., FOA941-05) and IDs for barcode sequences (e.g., FOA941-05.COI-5P). Specimen IDs often have multiple barcode genes assigned, thus GenBank should probably refer to IDs in the style of IDs for barcode sequences (i.e., FOA941-05.COI-5P). In order to solve this problem, the INSDC may need to check the format upon submission, or a secondary integration site may be required to do so. BOLD records data on a Darwin Core17 (Wieczorek et al., 2012) basis, while GenBank records data in its own format; biodiversity information can also be described within GenBank: voucher_specimen, lat_lon (latitude and longitude), altitude, collection_date, collected_by, idetified_by, and country (Supplementary Figure 1). GenBank has been collecting sequences for over 30 years (Sayers et al., 2022b), so it will be difficult to comply with the Darwin Core anytime soon. NCBI and other bioinformatics organizations are working on data standardization and Semantic Web activities, thereby including data integration with the biodiversity field (Chawuthai et al., 2016; Groom et al., 2021; Nakazato, 2021).



Differences in taxonomy between barcode of life system and GenBank

GenBank and BOLD have different taxonomies: sequencing data-indexing GenBank uses the NCBI Taxonomy as its species list, while biodiversity databases such as GBIF and BOLD usually use the GBIF Backbone Taxonomy. For example, in BOLD, one level above Magnoliopsida as a class one will find Magnoliophyta (flowering plants) as a phylum, while in GenBank, the phylum is Streptophyta (green plants), and there are several hierarchical terms designed between the phylum and the class. We used Actinopterygii for fish, Insecta for insects, and Magnoliopsida for flowering plants in this study, which was the result of a careful selection of a common biological classification group for both BOLD and GenBank.

It should also be noted that the NCBI Taxonomy is a list of organisms for which sequences have been archived in INSDC, and it is not intended to cover all species. In addition, the NCBI Taxonomy may have the wrong species name because the submitter made a mistake when submitting the sequence (e.g., Scarabaeus typhon with Taxonomy ID: 1685123 should have been Scarabaeus typhon).

In this study, we have not normalized the descriptions of the NCBI Taxonomy and the GBIF Backbone Taxonomy. This is because the two databases are so different that the integrating of their data would be a big project by itself. However, we are able to assign the species that the DNA barcode indicates to the species in each database, and we have compared the assigned species. Currently, taxonomic information can only be confirmed by NCBI Taxonomy in GenBank and by the GBIF Backbone Taxonomy in BOLD. The integration of GenBank and BOLD data will make it easier to confirm the taxonomy of organisms in both the NCBI Taxonomy and the GBIF Backbone Taxonomy, and will enrich the information on the species indicated by the DNA barcode.



Further usefulness of using GenBank for the mining of DNA barcode data

In the field of DNA barcoding, DNA metabarcoding by using NGS is also performed (Adamowicz et al., 2019; Miya, 2022), and these data are archived in the SRA. The sequences assembled from these results will also be deposited in the NCBI database. Moreover, GenBank has rich literature information, and the use of this information is another advantage of data integration.

In addition, GenBank data were described up to the species level or the species name with BIN IDs (e.g., Platycephalus sp. 1 BOLD:ACT2912) (Ratnasingham and Hebert, 2013), whereas BOLD data were described up to the genus level. GenBank may be less reliable in identifying species than BOLD, since GenBank data are usually submitted by molecular biologists who are not experts in taxonomy (Leray et al., 2019; Meiklejohn et al., 2019; Pentinsaari et al., 2020). However, combining data from BOLD and GenBank would generate more detailed data that would complement each other. In this case, the identified_by field may increase the reliability of the obtained data.

Some of these may contain sequences corresponding to BOLD simply because there is no link from GenBank to BOLD, but they represent new possibilities for GenBank.

In animals, COI genes are currently used primarily as barcodes, but in the future other genes, mitochondrial genomes, and whole genomes will be used as sources of barcodes. The value of using GenBank entries other than COI genes with specimen IDs will also increase. In fact, many gene sequences with specimen_voucher information are archived in GenBank, and it is expected that more data will be added through future museomics-associated research.

In this study, it was very difficult for us to download insect DNA barcoding data from BOLD in bulk. In order to solve this, there is a way to allow BOLD data downloadable from FTP sites for each taxonomic group. Alternatively, a further collaboration with GenBank would make it easier to do the research we have done here by processing the data provided by NCBI.

The Earth BioGenome Project (see text footnote 16) (Lewin et al., 2022) is another example that produces both sequences containing genomes and biodiversity information. They provide reports on various standards on their web page (see text footnote 16), and the information regarding the data registration in “IT and Informatics Standards18” is a particularly useful resource. The summaries of those reports have also been published in the form of a journal article (Lawniczak et al., 2022).



DNA barcoding research accelerates museomics

Museomics is a method of obtaining gene sequences from museum specimens. Museomics makes it possible to ascertain the phenotype (such as morphology and color), and the genotype (by gene sequence) of an organism of interest without the need to sample at the right time and place so as to obtain a living organism. In addition, sequence information can be used in order to distinguish between species and populations of organisms, which was not previously known from morphology. By sequencing older specimens, one gains the ability to perform a phylogenetic analysis of how evolution and differentiation occurred from both morphological and genetic aspects. This way, gene sequences are now an indispensable resource even in the field of biodiversity. The development of molecular biology in the last half-century may have brought about an unfortunate division in the life science fields: DNA-central molecular biology and bioinformatics, and non-DNA-central ecology and taxonomy. Museomics can fill these gaps, and DNA barcoding is also an important technology that bridges these two fields. The integration of biodiversity and sequence data will make these studies easier, and our current study will facilitate the application of museomics and bring the biological world together.
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Footnotes

1     https://www.boldsystems.org/

2     https://www.ncbi.nlm.nih.gov/nuccore

3     https://unite.ut.ee/

4     https://www.insdc.org/

5     https://ncbi.nlm.nih.gov/

6     https://www.ebi.ac.uk/

7     https://www.ddbj.nig.ac.jp/

8     https://www.ebi.ac.uk/ena/browser/

9     https://www.ddbj.nig.ac.jp/ddbj/

10     https://ncbi.nlm.nih.gov/sra

11     https://www.gbif.org/

12     http://ftp.ncbi.nlm.nih.gov/genbank/

13     https://www.boldsystems.org/index.php/Taxbrowser_Taxonpage?taxid=77

14     https://www.ncbi.nlm.nih.gov/taxonomy

15     https://www.gbif.org/dataset/d7dddbf4-2cf0-4f39-9b2a-bb099caae36c

16     https://www.earthbiogenome.org/

17     https://dwc.tdwg.org/

18     https://www.earthbiogenome.org/it-and-informatics-standards
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Next-generation sequencing (NGS) technologies have revolutionized phylogenomics by decreasing the cost and time required to generate sequence data from multiple markers or whole genomes. Further, the fragmented DNA of biological specimens collected decades ago can be sequenced with NGS, reducing the need for collecting fresh specimens. Sequence capture, also known as anchored hybrid enrichment, is a method to produce reduced representation libraries for NGS sequencing. The technique uses single-stranded oligonucleotide probes that hybridize with pre-selected regions of the genome that are sequenced via NGS, culminating in a dataset of numerous orthologous loci from multiple taxa. Phylogenetic analyses using these sequences have the potential to resolve deep and shallow phylogenetic relationships. Identifying the factors that affect sequence capture success could save time, money, and valuable specimens that might be destructively sampled despite low likelihood of sequencing success. We investigated the impacts of specimen age, preservation method, and DNA concentration on sequence capture (number of captured sequences and sequence quality) while accounting for taxonomy and extracted tissue type in a large-scale butterfly phylogenomics project. This project used two probe sets to extract 391 loci or a subset of 13 loci from over 6,000 butterfly specimens. We found that sequence capture is a resilient method capable of amplifying loci in samples of varying age (0–111 years), preservation method (alcohol, papered, pinned), and DNA concentration (0.020 ng/μl - 316 ng/ul). Regression analyses demonstrate that sequence capture is positively correlated with DNA concentration. However, sequence capture and DNA concentration are negatively correlated with sample age and preservation method. Our findings suggest that sequence capture projects should prioritize the use of alcohol-preserved samples younger than 20 years old when available. In the absence of such specimens, dried samples of any age can yield sequence data, albeit with returns that diminish with increasing age.

KEYWORDS
 anchored hybrid enrichment, historical DNA, hybrid capture, Lepidoptera, museomics, archival DNA, Papilionoidea, phylogenomics


Introduction

Next-generation sequencing (NGS) has revolutionized phylogenomics by drastically decreasing the cost and time required to generate large datasets of genome-wide genetic markers. However, while NGS technologies were developed to sequence whole genomes, entire assemblies are generally not preferred for systematics because the surfeit of data is unwieldy. Data files are large, requiring high performance computer clusters and much time for bioinformatics and phylogenetic analysis. In addition, gene duplication and chromosomal arrangements complicate assessment of homology between species and make alignment of whole assemblies difficult (Armstrong et al., 2019). Low-coverage whole genome sequencing is an alternative to traditional high-coverage genome sequencing that shows promise for use in phylogenomics and population genetics (Zhang et al., 2019a; Lou et al., 2021). This method can be used in both model and non-model organisms and for species with relatively small genomes it can be a powerful and cost-effective approach (Zhang et al., 2019b). Low-coverage whole genome sequencing has been used to study evolution of the butterfly family Papilionidae by extracting loci with BLAST-based orthology searches (Allio et al., 2020). There is also potential for combining low-coverage whole genome data with other methods to increase genetic and taxonomic sampling in phylogenetic studies (Ribeiro et al., 2021; Talavera et al., 2021). Despite this, low-coverage whole genome sequencing still retains some limitations of whole genome sequencing, including dependency on existing reference genomes and genomic resources. To overcome these limitations, several reduced representation methods have been developed to target and sequence only homologous loci (Davey et al., 2011). These methods still require high performance computers, but the computational power needed is lower than for assembly of whole genomes. The most common reduced representation methods used in phylogenetics might be divided into three categories: enzymatic digestion methods such as RADseq (Baird et al., 2008); sequence capture including capture and sequencing of ultraconserved elements (UCEs; Faircloth et al., 2012; McCormack et al., 2012), which targets a specific category of genomic areas; and transcriptomics. Transcriptomes, another source of genome-wide markers from protein-coding genes that can be used for phylogenomic reconstruction (Grabherr et al., 2011; Kawahara and Breinholt, 2014; Kawahara et al., 2019). There are costs and benefits of each method (Table 1).



TABLE 1 Advantages and disadvantages of several reduced representation methods for obtaining phylogenomic datasets.
[image: Table1]


Reduced representation methods

Complete taxon sampling is desirable to provide accurate estimates of diversification through time and other questions in macroecology and evolution (Morlon et al., 2011; Jetz et al., 2012). Increased taxon sampling also increases the accuracy of phylogenetic inference by breaking up long branches and minimizing the effects of coalescent stochasticity (Zwickl and Hillis, 2002; Huang et al., 2010). Comprehensive phylogenetic studies that aim to include samples from all described taxa within a group or samples from a geographically broad area are frequently hampered by lack of samples with high quality DNA. Many species are rare, have limited geographic distributions, are protected from collecting by legislation, or live in a part of the world where research permission is difficult to obtain (Rabinowitz, 1981; Prathapan et al., 2018; Wells et al., 2019). Thus, more comprehensive sampling can be achieved by incorporating existing genetic data, such as DNA barcodes or other Sanger data. These pre-existing data cannot usually be combined with UCEs or RADseq data because they rarely have any homologous loci in common (Table 1; Harvey et al., 2016; Toussaint et al., 2021c). However, loci with ample pre-existing data can be targeted by sequence capture. In addition, DNA can be sequenced from museum or herbarium specimens that were not collected specifically for genetic research (Bi et al., 2013; Staats et al., 2013). Following recent usage, we refer to DNA extracted from such specimens as historical DNA or hDNA (Billerman and Walsh, 2019; Raxworthy and Smith, 2021). Historical DNA is typically degraded and fragmented after years of storage at ambient temperatures. Prior to NGS, specimens collected within a few decades could sometimes yield sequence data by labor-intensive means: designing taxon-specific primers to amplify short, overlapping DNA segments usually under 200 bp (Eastwood and Hughes, 2003; Lohman et al., 2008). Fortuitously, preparation of DNA for short-read NGS requires that it be fragmented into short pieces, so specimens collected in the 20th century frequently yield NGS sequence data.

RADseq and allied methods use enzymes to cut high molecular weight genomic DNA into fragments that are then selected based on their size. If the only sample available for a particular taxon is from a decades-old museum specimen with degraded hDNA, the technique will likely not work because the DNA has already been fragmented randomly over time before digestion with site-specific enzymes. Thus, fragments of a given length may not be homologous among samples, and sequence quality may be poor (Graham et al., 2015). While it is possible to map short NGS reads of hDNA to existing RADseq loci or develop sequence capture probes matching the RAD fragments (Tin et al., 2014; Ali et al., 2016; Hoffberg et al., 2016; Suchan et al., 2016; Lang et al., 2020), these methods are more expensive and complex. In addition, it is difficult to distinguish orthologs from paralogs and assess potential linkage disequilibrium with RADseq data (Rubin et al., 2012).

Both UCEs and target capture can use short-read NGS and are thus amenable to sequencing hDNA from museum specimens (Bailey et al., 2016; Blaimer et al., 2016; McCormack et al., 2016). However, target capture has a few advantages over UCEs: Sanger sequences are available for a greater diversity of species because the techniques have been around longer (Table 1). In addition, the function of UCEs and the evolutionary mechanism for their invariance among distantly related taxa are poorly understood (Dermitzakis et al., 2005; Ahituv et al., 2007). Some researchers are therefore reluctant to apply evolutionary models to stretches of DNA flanking the UCE sites, which may evolve in an atypical fashion. With target capture, loci with known evolutionary rates can be targeted to resolve either deep or shallow relationships (Leaché and Rannala, 2011; Townsend and Leuenberger, 2011; Grover et al., 2012; Hamilton et al., 2016). A possible disadvantage of target capture is the time and money that needs to be invested in identifying target loci and developing probes for them (Faircloth, 2017), but probe sets for numerous taxa already exist (Andermann et al., 2020), or can be designed with the help of software packages including MrBait and others (Chamala et al., 2015; Mayer et al., 2016; Faircloth, 2017; Campana, 2018; Chafin et al., 2018). Thus, target capture is frequently the method of choice for phylogenomics projects, especially those that incorporate hDNA from museum and herbarium samples (Jones and Good, 2016). The method has been used to investigate relationships among many taxa including bats (Bailey et al., 2016), birds (Prum et al., 2015), frogs (Hime et al., 2021), spiders (Hamilton et al., 2016; Wood et al., 2018), harvestmen (Derkarabetian et al., 2019), odonates (Bybee et al., 2021), butterflies (Breinholt et al., 2018; Espeland et al., 2018; Kawahara et al., 2018; Ma et al., 2020), moths (Hamilton et al., 2019; Homziak et al., 2019; Dowdy et al., 2020; Zhang et al., 2020), and a variety of plants (Johnson et al., 2019; Eserman et al., 2021; Acha and Majure, 2022).



Sequence capture: How it works

Sequence capture, also known as target capture, target sequence capture, target enrichment, or anchored hybrid enrichment, is an in vitro process that separates pre-selected loci of interest from other genomic regions (Lemmon et al., 2012). First, genomic regions are selected and single-stranded, oligonucleotide probes complementary to the target sequences are designed using existing genomes (Gnirke et al., 2009). If the probes target exons, the process is sometimes called exon capture (Bragg et al., 2016), and if all of the protein-coding loci in the genome are sequenced, the end result is called an exome. The probes are only ca. 100–200 bp in length, but longer genomic regions can be targeted by overlapping or “tiling” multiple probes to span the desired probe region (Bertone et al., 2006). The success of sequence capture depends on the similarity of the probe sequence to the target sequence, which declines with decreasing relatedness between the taxon used to design the probes and the taxon being enriched. Tiling probes from more than one species’ genome can increase the taxonomic breadth with which the probes can be used.

Probes can be synthesized commercially or be made from the modified PCR products of high-quality genomic DNA (Maricic et al., 2010; Peñalba et al., 2014; Knyshov et al., 2019; Zhang et al., 2019a, 2019b). One advantage of PCR-generated probes is that a reference genome is not required to design the probes, and sequence capture may therefore be used in taxa that lack genomic resources (Jones and Good, 2016). The probes are then biotinylated and combined with streptavidin-coated magnetic beads. Ratios of different probes should be carefully controlled so that sequencing coverage will be equal for all loci, which requires reducing the concentration of probes for organellar DNA in relation to nuclear DNA because it is more abundant in DNA extracts (Peñalba et al., 2014).

To prepare specimens for sequence capture, genomic DNA is extracted from each sample and transmogrified into a “library” by chopping it into short pieces with ultrasound or enzymes, then ligating sequencing adapters and sample-specific indexes (a.k.a. barcodes) to the ends of the DNA fragments (Bronner and Quail, 2019). At this stage, multiple libraries can be multiplexed by combining them and sequencing them together (Meyer and Kircher, 2010). Next, the probes and libraries are combined in a solution hot enough to denature double-stranded library fragments, and the temperature is lowered so that target sequences anneal to their complementary probes. The biotin within the probe then irreversibly binds to the streptavidin on the magnetic beads. A neodymium magnet is placed near the tube, causing the targeted fragments, now bound to the magnetic beads, to adhere to the sides (Paijmans et al., 2015). The fluid is then removed from the tube along with non-target DNA in solution. After a purification step, the tube is re-filled with buffer, heated so the hydrogen bonds binding the target DNA to the probes break, thus releasing the targeted library fragments from the probes and into solution, and—with the magnet still in place—the buffer perfused with DNA fragments from targeted regions is removed and sequenced on a short-read NGS platform such as Illumina. Libraries can be PCR amplified before and/or after the hybridization step. The resulting short reads are bioinformatically demultiplexed, quality-controlled, and assembled.

First, low quality reads and sequence contaminants including adapters are removed. Next, the filtered reads are assembled in one of several ways: de novo, with reference sequences, or via reference-guided assembly (Allen et al., 2017). Paralogs are then removed, and consensus sequences are extracted (Andermann et al., 2020). Several bioinformatic pipelines for assembling short of target loci are available (Faircloth, 2016; Johnson et al., 2016; Allen et al., 2017; Andermann et al., 2018). The final product is a set of homologous sequences for a group of taxa.



Sample preservation and DNA quality

Decades of research have identified best practices for preserving tissues for genetic and other molecular research. The high molecular weight nucleic acids present in the nuclei of living tissues quickly degrade into ever-smaller fragments as the post-mortem interval increases (Ludes et al., 1993; Camacho-Sanchez et al., 2013). When genetic data became more commonplace in evolutionary and systematic studies in the late 1980s, it was apparent that standard methods of specimen preservation, such as pinning insects and preparing vertebrate skins, was not ideal for preserving DNA. Conventional wisdom held that thin insect legs dried quickly and often yielded DNA suitable for PCR, but drying, relaxing, spreading, and re-drying Lepidoptera specimens accelerated DNA fragmentation. Experiments to find the best DNA preservation methods ensued (Arctander, 1988; Pyle and Adams, 1989; Post et al., 1993) and continue to be tested as new preservatives are developed (Dillon et al., 1996; Dawson et al., 1998; Camacho-Sanchez et al., 2013; Moreau et al., 2013). The current consensus affirms that cryopreservation in liquid nitrogen or −80°C storage is the preservation method of choice for animal tissues because it preserves DNA, RNA, and proteins indefinitely if the cold chain remains unbroken (Prendini et al., 2002). However, it is often not feasible to lug a nitrogen vapor shipper into the field, keep it charged with liquid nitrogen, and convince airline staff that the bomb-shaped container is safe to bring on an airplane. Thus, fieldwork-friendly alternatives are required. Comparative studies on vertebrate tissues find that some buffers can preserve RNA and DNA at room temperature for long periods of time (Camacho-Sanchez et al., 2013), while a dimethylsulfoxide-sodium solution works well for marine invertebrates (Dawson et al., 1998). Strong (95–100%) ethanol is the favored preservative for insects (Quicke et al., 1999; King and Porter, 2004; Moreau et al., 2013), and drying specimens quickly using silica gel also works well for preserving insect DNA (Post et al., 1993; Dillon et al., 1996). Other types of alcohol, such as methanol and propanol, are not as effective as ethanol for DNA preservation (Post et al., 1993). Killing insects with ethyl acetate seems to degrade DNA (Dillon et al., 1996), and should therefore be avoided. Since the scaly wings of Lepidoptera would be disfigured if immersed in ethanol, making them difficult to identify, one or both forewing-hindwing pairs are removed and placed in a glassine envelope or coin holder before the body is placed in a tube of ethanol (Supplementary Figure S1; Cho et al., 2016). With their cell walls and enzyme-inhibiting secondary metabolites, preservation conditions differ for plants. Early research suggested that ethanol is a poor preservative of plant DNA (Doyle and Dickson, 1987), and drying leaf tissue rapidly in silica gel is generally the preferred method (Pyle and Adams, 1989; Chase and Hills, 1991).



Sample preservation and sequence capture success

As studies incorporating hDNA become increasingly common (Colella et al., 2020; Toussaint et al., 2021c; Garg et al., 2022), researchers will be faced with decisions regarding sample selection. Should an ethanol-preserved specimen always be extracted if a museum specimen is available? If an irreplaceable specimen is destructively sampled to extract DNA, how likely is sequence capture success? What body parts are most likely to yield high quality DNA? We took advantage of sample metadata collected from a large-scale sequence capture project aimed at investigating the evolutionary history of butterflies to identify relationships among several measures of sequencing success and sample age, preservation method, and extracted tissue type. Our results are summarized to provide a decision tree to aid sample selection. While our results are derived exclusively from butterfly samples, they will apply to other insects and dried specimens stored at ambient temperatures.




Materials and methods


Samples

We analyzed metadata associated with 6,146 butterfly specimens from six families that were subjected to sequence capture for several phylogenetic studies undertaken as part of ButterflyNet (Espeland et al., 2018; Kawahara et al., 2018; Toussaint et al., 2018; Toussaint et al., 2019; Braby et al., 2020; Carvalho et al., 2020; Valencia-Montoya et al., 2021; Toussaint et al., 2021a; Toussaint et al., 2021b; Kawahara et al., 2022). This NSF-funded collaborative network aims to infer the phylogeny of butterflies and aggregate data on species distributions (Pinkert et al., 2022) and traits (Shirey et al., 2022; butterflynet.org). The phylogenomic component of the project used two sequence capture probe sets. The first of these, BUTTERFLY1.0, targets 390 single-copy, protein-coding nuclear loci and a single mitochondrial locus: the DNA barcoding fragment of cytochrome c oxidase I (COI; Breinholt et al., 2018; Espeland et al., 2018). We refer to this as the “391-locus probe set”. We aimed to sequence at least one species from each of the ca. 1900 valid butterfly genera (Lamas, 2015) with the BUTTERFLY1.0 probe set (Kawahara et al., 2022); the type species of each genus was sequenced if available. Sequences from the remaining specimens were captured with the BUTTERFLY2.0 probe set (Kawahara et al., 2018), which targets 13 loci found in BUTTERFLY1.0 that are often used in butterfly phylogenetics, (Wahlberg and Wheat, 2008) including COI. We call this the “13-locus probe set”.

The 13-locus probe set and the 391-locus probe set have successfully generated data to resolve evolutionary relationships at varying taxonomic levels. The BUTTERFLY 2.0 13-locus dataset has resolved relationships within the family Hedylidae providing robust support for 80% of nodes (Kawahara et al., 2018). Data generated with this probe set has also been used to recover tribal level relationships in the Acraeini (Carvalho et al., 2020), Baorini (Toussaint et al., 2019), and Candalidini (Braby et al., 2020). The larger BUTTERFLY 1.0 probe set has most notably been used in creating comprehensive and dated phylogenies of the superfamily Papilionoidea (butterflies) including 98% of all tribes (Espeland et al., 2018) and 84% of all genera (Kawahara et al., 2022). The loci in this set have also been use to generate phylogenetic backbones for the subtribe Euptychiina (Espeland et al., 2019) and the tribe Eumaeini (Valencia-Montoya et al., 2021). Some studies have even combined both sets to further increase phylogenetic resolution in the subfamily Coeliadinae (Toussaint et al., 2021a, 2021b, 2021c) and in the subfamily Heteropterinae (Toussaint et al., 2021a, 2021b, 2021c). Data generated with these sets also have applications beyond systematics and have been applied to study butterfly phylogenetic diversity (Earl et al., 2021).

We recorded specimen variables that might predict sequencing success: DNA concentration; type of tissue extracted; preservation method; sample age; and family. We refer to these variables as Concentration, Tissue, Preservation, Age, and Family, respectively (Table 2). Values for Preservation were “ethanol” for samples in which wingless bodies were preserved in a tube of 95–100% ethanol specifically for genetic research, “papered” for specimens that were dried with their wings folded and stored in a paper envelope—a common method of preservation in the field, and “pinned” to indicate specimens that had been skewered on a pin and prepared for a dry specimen collection (Supplementary Figure S1). Most pinned samples were likely dried and papered in the field, then relaxed in a sealed, humid container for ca. 3–24 h before being pinned and spread. The length of time between collection and relaxing/spreading/pinning is unknown and likely varies among samples. Pinned and papered specimens were obtained from the Museum of Comparative Zoology at Harvard University, the McGuire Center for Lepidoptera and Biodiversity at the University of Florida, the City College of New York, and the American Museum of Natural History. Pinned and papered specimens are common in museum collections and were not preserved with the intention of using the samples for genetic research (Kassambara, 2020). There were 654 samples sequenced with the 391-locus probe set and 2,645 samples sequenced with the 13-locus probe set that had complete metadata. Thousands of other samples had some but not all metadata. Missing metadata meant that analyses were conducted with different numbers of samples (Table 2).



TABLE 2 Sample predictor variables that may impact sequence capture success.
[image: Table2]

We used these predictor variables to assess several measures of sequence capture success: DNA concentration (which is a response variable in some analyses); the fragment length of extracted DNA before library preparation; the probe set used; the number of loci captured with each probe set; and the sequence quality (Table 3). Average DNA fragment length after extraction but prior to library preparation was assessed by running ca. 3 μl of each extracted DNA sample on a 2% agarose gel. This index of DNA quality, which we called “Fragmentation,” was scored in a binary manner depending on whether most fragments were greater than or less than 1,000 bp in relation to a standard DNA ladder. After the raw reads for each sample were processed in accordance with uniform quality control measures described below, we assessed sequencing success as the number of loci captured (variable names: LociCaptured13 and LociCaptured391), depending on the probe set (13 or 391) and assessed sequence quality by calculating the number of IUPAC ambiguities in the 657 bp sequence of COI from each specimen (variable name: Quality). This mitochondrial gene is maternally inherited and should be wholly homozygous within a single individual. Any ambiguities therefore represent uncertainty in the assembly associated with poor sequence quality. Ambiguous bases might represent truly heterozygous sites in nuclear genes, but not in mitochondrial genes, which is why we only used COI.



TABLE 3 Response variables used as indicators of successful sequence capture.
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DNA extraction

DNA was extracted with OmniPrep™ Genomic DNA Purification Kits for Tissue.1 Tissue samples were not weighed before extraction. Ethanol preserved specimens were extracted following the methods in Espeland et al. (2018), while papered and pinned specimens were extracted following methods described in St Laurent et al. (2018). Genitalia at the tip of the abdomen were never extracted. If abdominal tissue from a pinned specimen was extracted non-destructively by macerating it in extraction buffer, the distal end of the abdomen was placed in a clear gelatin capsule that was then pierced with the specimen pin (Supplementary Figure S1). DNA extracts were quantified using a Qubit 3 Fluorometer using dsDNA HS and BR Assay kits.2 To minimize sequencing failure, samples with a DNA concentration less than 4 ng/μl were rarely subjected to capture and sequencing, and overly concentrated extracts were often diluted to be less than 150 ng/μl to prevent problems with multiplexing.



Library preparation, target enrichment, and sequencing

Quantified extracts were submitted to RAPiD Genomics3 for library preparation, hybrid enrichment, and sequencing. Libraries were generated by first mechanically shearing DNA to a size of 300 bp. Once sheared, adenine residues were ligated to the 3′ end of the blunt-end fragments to allow for the ligation of barcoded adapters and the PCR-amplification of the library (Breinholt et al., 2018; Espeland et al., 2018; Kawahara et al., 2018). Agilent SureSelect probes4 were then used for solution-based target enrichment of pools containing 16 libraries. Enrichment of these libraries followed the SureSelectXT Target Enrichment System for Illumina Paired-End Multiplexed Sequencing Library protocol (Breinholt et al., 2018; Espeland et al., 2018; Kawahara et al., 2018). These enriched libraries were then multiplexed and sequenced with an Illumina HiSeq 3,000 producing paired-end 100-bp reads (Espeland et al., 2018; Kawahara et al., 2018).



Locus assembly

An existing pipeline for anchored phylogenomics was used to assemble raw Illumina reads (Breinholt et al., 2018). First, paired-end Illumina data were cleaned, and adapters were removed using Trim Galore! 0.4.0.5 Selected reads had a minimum read size of 30 bp and bases with a Phred score above 20 (Breinholt et al., 2018). Loci were then assembled using an iterative baited assembly (IBA) process that used reads with a forward and reverse read that passed prior filtering (Breinholt et al., 2018; Espeland et al., 2018; Kawahara et al., 2018). The assembly process uses the custom python script IBA.py available on Dryad (Breinholt et al., 2017), which uses USEARCH v7.0 (Edgar, 2010) to find raw reads that matches the probe region of the reference taxa. These assembled reads were then filtered using the python script s_hit_checker.py available on Dryad (Breinholt et al., 2017). This script searched assembled reads against a Danaus plexippus reference genome and these results were used for single hit and orthology filtering with a bit score threshold of 0.90 (Breinholt et al., 2018; Espeland et al., 2018; Kawahara et al., 2018). Orthologs were then screened for contamination by identifying and removing sequences that were identical or nearly identical at different taxonomic levels (Breinholt et al., 2018; Espeland et al., 2018; Kawahara et al., 2018).



Statistical analyses

Data were cleaned in the tidyverse (Wickham et al., 2019) and visualized with ggplot (Wickham 2016; Kassambara, 2020). First, we modeled Concentration as a response variable with Age, Preservation, Tissue, and Family as the explanatory variables (Table 2). We considered interactions between Age and Preservation to determine whether Preservation had age-dependent effects on DNA concentration. We log-transformed Concentration and generated generalized linear models (GLM) in R (RStudio Team, 2020; R Core Team, 2021) using the lme4 package (Bates et al., 2015).

Next, we modeled LociCaptured13 and LociCaptured391 (Table 3) with Age, Preservation, and Tissue as explanatory variables (Table 2). Family was initially used as an explanatory variable but was removed from the final model due to its lack of significance. We considered interactions between Age and Preservation to determine whether Preservation had age-dependent effects on locus capture. We generated GLMs in R using the MASS package (Venables and Ripley, 2002) with a quasi-Poisson distribution to model LociCaptured13 and LociCaptured391 while accounting for overdispersion. To determine whether the proportion of loci captured was different between probe sets, we calculated the proportion of loci captured as the ratio of loci captured over the targeted number of loci. We used a nonparametric Kruskal-Wallis test to determine if the proportion of loci captured was significantly different between probe sets.

To understand how sequence capture and concentration varied in relation to age for each combination of Preservation and Tissue, we calculated Spearman rank correlations between LociCaptured13, LociCaptured391 and Concentration versus sample age across the 9 unique combinations of Preservation and Tissue type possible. To explore the relationship between sequence capture and butterfly family we plotted LociCaptured13 and LociCaptured391 versus sample age across the unique combinations of family and preservation method. We also calculated Spearman rank correlations between the numerical variables in our dataset for each probe set, which included combinations of Age:Concentration, Age:LociCaptured, Age:LociCaptured13, Age:LociCaptured391 and Concentration:LociCaptured (Table 3). Spearman rank correlations were calculated in R using the correlation package (Makowski et al., 2020).

To determine whether some Preservation methods or Tissue types led to higher LociCaptured13, higher LociCaptured391, or longer DNA fragment lengths, we used Pearson chi-square tests. We compared the number of ethanol, papered, and pinned samples that failed or succeeded to capture 50% or more of the loci targeted by the probe set, which is how we coded “successful” locus capture. We performed a similar analysis comparing numbers of samples with average DNA Fragment sizes over 1,000 bp vs. under 1,000 bp in relation to their method of Preservation. We then assessed failed vs. successful sequence capture as a function of the Tissue that was extracted: legs, thorax, or abdomen. Since the majority of samples that we analyzed were ethanol samples, we suspected that these might drive the result, so we excluded them and repeated the analysis with data from papered and pinned specimens only




Results


Determinants of DNA concentration

Age, Preservation, Tissue, and Family were significant predictors of DNA Concentration. Additionally, there were significant interactions between Age and Preservation suggesting that Age impacted Concentration differently depending on the Preservation method (Supplementary Figure S2). The concentration of extracted DNA declines with specimen age when data from all sample preservation types are aggregated (ρ = −0.071, p = 3.07e-07; Table 3). Throughout this paper ρ = the Greek letter rho, which is the Spearman rank correlation test statistic, and p, an abbreviation for probability, is the Latin lowercase letter P. However, the effect is only significant in papered (ρ = −0.1, p = 0.00012) and pinned specimens (ρ = −0.26, p = 1e-06), which were not preserved for molecular research (Figure 1A; Supplementary Figure S2). There was no relationship between age and DNA concentration in ethanol preserved tissues (ρ = 0.022, p = 0.37), but the oldest such sample that we included was 26.83 years old because preservation of Lepidoptera in ethanol for genetic research began only around three decades ago. The type of tissue extracted had a strong effect on DNA concentration. For papered and pinned specimens, the rank order from highest to lowest concentration was abdomen > thorax > legs, while for ethanol-preserved specimens, the order was thorax > abdomen > legs (Figure 2A). Within each tissue type, the rank order of DNA concentration was always ethanol > papered > pinned, though the differences were negligible when legs were extracted (Figure 2A).
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FIGURE 1
 The relationship between sample age and (A) extracted DNA concentration, (B) locus capture with a 13-locus probe set, and (C) locus capture with a 391-locus probe set. In (B,C) the size of each point is proportional to its concentration.
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FIGURE 2
 Differences in (A) mean DNA concentration and (B) mean number of loci captured with 13-locus and (C) 391-locus probe sets in relation to preservation method and type of tissue extracted. Jitter has been added to points in (A) so their distribution can be better assessed visually.




DNA fragmentation and sequence quality

Fragment length depends on Preservation method (χ2 = 19.12; p = 7.05E-05). Ethanol-preserved specimens had more samples with fragment lengths over 1,000 bp (93%), followed by papered (72%) and pinned (56%) samples. Ethanol-preserved and papered specimens had significantly more samples with fragment lengths over 1,000 bp than would be expected by chance (p = 5.75E-163 and p = 3.67E-36; Supplementary Figure S3A). Remarkably, there were no significant relationships between age and fragment length in any Preservation method (Figure 3A). Out of 3,586 COI mitochondrial sequences, only 210 (~6%) had at least one ambiguity. The modal number of ambiguities per sequence was 2 (68 samples), and the highest number of ambiguities per sequence was 144. When disaggregated by Preservation method and plotted against sample Age, there were no apparent relationships (Figure 3B).
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FIGURE 3
 (A) DNA fragment length and (B) sequence quality as a function of age preservation method. The size of each point is proportional to its concentration.




Determinants of sequence capture success

The 13-locus and 391-locus probe sets successfully captured loci from samples of varying Age, Concentration, Preservation, Tissue, and Family. Family had no significant effect on LociCaptured13 or LociCaptured391, but all other variables did. There are no significant relationships between Family and LociCaptured with either ProbeSet or any Preservation method (Supplementary Figures S4, S5). The variable “Family” was therefore removed from the models. Age, Concentration, and Preservation were significant predictors of both LociCaptured13 and LociCaptured391. However, while Tissue was not a significant predictor of LociCaptured13, it was a significant predictor of LociCaptured391. Interactions between Age:Preservation were significant, suggesting that Age impacts locus capture differently depending on the sample preservation method (Supplementary Figures S6, S7). Ethanol preserved specimens have higher average locus capture as Age increases when the other predictors are held constant, followed by papered specimens, and then pinned specimens.

The BUTTERFLY1.0 probe set recovered 100% of 391 targeted loci in some samples, with a mean of 352.68 loci (mode = 385) and the BUTTERFLY2.0 probe set captured a mean of 12.53 loci (median and mode = 13; Table 3). Remarkably, this probe set captured 100% of the 13 targeted loci from the oldest sample in our dataset (111 years). Across all 6,146 samples, we recovered more than 50% of targeted loci in 5879 samples (391-locus probe set = 1888 samples; 13-locus probe set = 3,991 samples), and less than 50% of targeted loci from 267 samples (391-locus probe set = 137 samples; 13-locus probe set = 130 samples), including at least 82 samples that failed to recover any loci (391-locus probe set = 9 samples, 13-locus probe set = 73 samples). The median proportion of locus capture (ratio of loci captured over the number of loci targeted) of the 13-locus probe set was significantly higher than the median proportion of locus capture of the 391-locus probe set (H = 3561.3, df = 1, p = <2.2e–16; Supplementary Figure S8).

LociCaptured13, LociCaptured391, and Concentration are negatively correlated with sample Age, and, while the direction of the correlations is consistent between the probe sets, the strength of the correlations varies (Figures 1B,C; Supplementary Figures S6, S7). The number of loci captured is negatively correlated with Age, and this effect is stronger for the 391-locus probe set (LociCaptured391) than the 13-locus probe set (LociCaptured13; ρ391 = −0.25, p = 8.12E-24; ρ13 = −0.13, p = 9.24E-15; Table 4). There was an exception to this pattern when looking at the unique combinations of Preservation and Tissue: LociCaptured391 was not affected by the Age of papered specimens, as there were several young and old specimens that failed to capture (Supplementary Figure S7). Across all sample tissues and preservation methods, a negative trend between locus capture and age is apparent although not always significant. The strength of the relationship between sample age and loci captured was weak for ethanol-preserved samples (ρ391 = −0.19; p = 3.4e-05; ρ13 = −0.07, p = 0.013), strongest for pinned samples (ρ391 = −0.64; p = 1.2e-06; ρ13 = −0.31, p = 1.4e-06), and intermediate for papered samples (ρ391 = −0.024; p = 0.74; ρ13 = −0.12, p = 3.1e-0.5). Age and LociCaptured for papered and pinned specimens generally had significant negative correlation coefficients (Supplementary Figures S6, S7). Age-dependent capture was strongly affected by tissue type and ProbeSet (Supplementary Figures S6, S7). This trend of decreasing locus capture with age is more clearly seen with both probe sets in pinned samples regardless of Tissue extracted, although the decrease in LociCaptured vs. Age is more apparent in the 391-locus probe set.



TABLE 4 Spearman rank correlations between sample age, DNA extract concentration, and the number of loci captured with two probe sets targeting 13 or 391 loci.
[image: Table4]

LociCaptured is positively correlated with Concentration, and this effect is stronger for the 391-locus than the 13-locus probe set (ρ391 = 0.22, p = 1.03E-18; ρ13 = 0.16, p = 1.09E-23). When including LociCaptured for both probe sets, Age is negatively correlated with LociCaptured (ρ = −0.053, p = 0.00011); Concentration and LociCaptured are positively correlated (ρ = 0.150, p = 1.85E-27; Table 4).

The incidence of sequence capture failure was low, but there was again a clear rank order of success. Ethanol samples had the highest capture rate (98%) followed by papered (96%), then pinned specimens (94%; Supplementary Figure S3B). The type of tissue extracted had a similarly negligible effect on capture success. Extractions from abdominal tissue were most successful (98%), followed by thorax tissue (97%), followed by legs (96%). These values were lower by 1–2% when ethanol samples were excluded from the analysis (Supplementary Figures S3C,D).




Discussion


Sample preservation

Of the three methods we analyzed, immersion in absolute ethanol is the best way to preserve sample DNA for sequencing. If ethanol preserved samples are not available, dry papered specimens generally have better results than pinned specimens. The concentration of DNA extracted from ethanol-preserved specimens did not decline with sample age (Figures 1A, 2A; Supplementary Figure S2), as it did with papered and pinned specimens. The fragment length of extracted DNA was also generally longer (Figure 3A; Supplementary Figure S3A). While this is not crucial for sequence capture, which requires fragmented DNA for short-read sequencing, it is essential for other sequencing platforms such as PacBio HiFi and Oxford Nanopore Technologies long-read sequencing (Whibley et al., 2021; Lawniczak et al., 2022). Thus, preserving samples in ethanol allows them to be used with a broader range of genetic/genomic techniques.

We found no relationship between Preservation type and sequence quality. Although we found a non-significant trend for declining sequence quality with sample age in ethanol-preserved samples but no other sample types (Figure 3B), this might have been an artifact of how we plotted these data. We removed samples with perfect sequence quality (no ambiguities in COI), which comprised most samples, prior to plotting the data. There were thousands more ethanol samples than other sample types (Table 2), so the true impact of age on sequence quality is likely negligible. A greater proportion of loci were captured from ethanol preserved samples than from papered or pinned samples (Table 4; Figures 1B,C, 2B,C). The labs that provided the ethanol-preserved specimens sequenced for this study follow best practices that may improve DNA preservation: 1) Specimens are immersed in 100% ethanol immediately after being killed by pinching the thorax and having their wings removed. No chemical killing agents are used that could compromise DNA quality, and dead specimens are not allowed to air dry (and potentially decay) before ethanol preservation. 2) Several weeks after returning from the field, the ethanol in each tube is discarded and replaced with fresh 100% ethanol. Water in the specimen leaches into the ethanol and dilutes its concentration over time. 3) Ethanol samples are stored in ultracold −80° C freezers.

There are other insect preservation methods not evaluated in this study. For example, we had no access to tissues stored at −140°C in liquid nitrogen vapor. While it is an excellent method for preserving biological molecules, it is impractical to use in many field situations. We extracted ca. ten samples preserved in RNAlater, but these rarely yielded DNA that was sufficiently concentrated for sequencing (>4 ng/μl). These samples were immersed in the preservative immediately after specimens were killed and torn into pieces because aqueous solutions such as RNAlater cannot easily penetrate the hydrophobic cuticle of insects, and thus can fail to preserve tissues suspended in preservative unless the cuticle is ruptured (Evans et al., 2013). In accordance with the manufacturer’s instructions, these specimens were kept as cold as possible in a thermos with ice in the field, and frozen upon return to the lab. There were too few RNAlater preserved specimens to include in our statistical analyses, but we anecdotally conclude that RNAlater is a poor DNA preservative, consistent with the findings of others (Moreau et al., 2013). A study comparing nucleic acid preservation methods for mammal tissues stored at room temperature found that nucleic acid preservation (NAP) buffer was better than 100% ethanol and cryopreservation for preserving DNA and better than RNAlater for preserving RNA after several months of storage (Camacho-Sanchez et al., 2013) at ambient temperatures. Future comparative work should investigate preservation of insect tissues with NAP buffer under ambient conditions, as this buffer has additional advantages of being inexpensive, non-flammable, and stable at ambient temperatures.



Sample age

Sample age has miniscule effects on DNA concentration (Supplementary Figure S2) and sequence capture (Supplementary Figures S6, S7) of ethanol-preserved tissues, regardless of tissue type. The concentration of DNA extracts declines with sample age in papered and pinned specimens, but the type of tissue extracted affects this pattern. The negative correlation is strongest and most significant in abdominal tissues, but weak and not significant (or marginally significant) in extracts from legs or thoraxes. However, extracts from abdomens are generally more concentrated than extracts from other tissues (Supplementary Figure S2). The relationships between Age and LociRecovered13 and LociRecovered391 are significantly negative for pinned specimens, but the relationship is weak for papered specimens (Supplementary Figures S6, S7). In sum, ethanol preserved specimens do not degrade over time, but if one must use papered or pinned specimens, younger specimens yield better results—especially for pinned specimens.

These results bolster results from other research taxa, demonstrating that plant specimens up to 204 years old are amenable to hybrid capture (Brewer et al., 2019). While McGaughran (2020) found that older moth samples have the poorest capture success, Toussaint et al. (2021c) found that sequence coverage was not linked to the age of beetle specimens.



DNA concentration

Hybrid capture requires more DNA than PCR (Chung et al., 2016). While PCR can proceed if there are just a few strands of DNA that are not fragmented between the binding sites of the two primers, the commercial laboratory that we contracted to perform sequence capture and sequencing (see footnote 3) recommends a minimum of ca. 132 ng of DNA per sample (4 ng/μl x 33 μl), though we successfully sequenced samples with less DNA. Since DNA concentration generally decreases with age in pinned and papered specimens (Figure 1A; Supplementary Figure S2), it is best to select the youngest available specimens if there are several of varying ages. The small size of many insects constrains the amount of DNA that can be extracted from them. The amount of DNA that can be extracted is further diminished as papered and pinned specimens age at ambient temperatures (Supplementary Figure S2).

DNA concentration can affect sequence capture below a threshold concentration that is difficult to estimate (perhaps ca. 2–5 ng/μl), but above that, it has a negligible impact on the number of loci captured. We captured 100% of loci from samples with DNA concentrations as low as 0.020 ng/μl and 10.60 ng/μl (13-locus and 391-locus probe sets, respectively), and large numbers of loci were captured with the 391-locus probe set from samples with much lower concentrations, including a sample with a DNA concentration of 2.4 ng/μl that captured 386 loci. These results demonstrate that high sequence capture success can be achieved with surprising small amounts of DNA, albeit not consistently. Conversely, samples with high DNA concentrations do not always guarantee sequence capture. Samples with concentrations of 144 ng/μl and 167 ng/μl failed to recover any loci with the 13-locus and 391-locus probe sets, respectively. Higher DNA concentrations do not guarantee locus capture or higher numbers of captured loci. Further, high DNA concentrations can adversely affect the sequencing depth of other samples multiplexed in the same run by using a disproportionately large number of sequencing reads.

While tissue type is a significant determinant of DNA Concentration, it has little impact on the number of loci captured (Supplementary Figures S6, S7). Therefore, destructively sampling a specimen’s thorax or abdomen only needs to be undertaken when the minimum DNA concentration threshold cannot be met by extracting legs. The value of this threshold will likely depend on the requirements of the PCR hybridization and amplification steps employed in the sequence capture protocol. We used a standard number of PCR cycles during the hybridization step for every sample, but increasing the number of PCR cycles might increase locus capture success of samples with low DNA concentrations. This strategy might increase the likelihood of successful sequence capture of rare or endangered species that can only be obtained as old museum samples.



Degradation

Preservation method seems to be an important determinant of both DNA concentration and locus capture since alcohol preserved specimens had consistently high average concentrations and locus capture regardless of age, while papered and pinned samples had gradual decreases in concentration and loci capture versus sample Age. This is likely due to the ability of different preservation methods to stabilize DNA and prevent degradation.

Short-read next-generation sequencing methods require short fragments of DNA and can sequence DNA from old specimens. Thus, NGS has become a common alternative to PCR and Sanger sequencing, enabling incorporation of museum and herbarium samples in projects that require DNA sequencing (McGaughran, 2020; Mayer et al., 2021; Raxworthy and Smith, 2021). However, severe degradation that produces fragment lengths below the target length of the sequencing method will likely prevent a sample from being captured. The magnitude of these effects depends on the probe length and sequence target length of the library preparation step. Increasing the probe tiling depth and length of the probed region will likely aid capture of degraded samples.



Stochastic variation

We analyzed thousands of samples—one to two orders of magnitude more than similar comparative studies investigating the relationship between sample type and sequencing success (McGaughran, 2020; Mayer et al., 2021). Several samples that were expected to perform well failed to recover many (or any) loci. Given our large sample size, outliers are likely, and may have resulted from unrecorded sample properties that would be important for determining the amount of DNA degradation such as storage temperature, humidity, sample history (specimens shipped as loans, extractions being repeatedly frozen/thawed, extracts kept at ambient temperature for too long, etc.). Additionally, this could also be the result of human or laboratory error. Competition for sequencing within pooled runs could also explain some of this variation, but we did not have information to include that factor in our models.

The sequence quality metadata in this study are a byproduct of multiple phylogenetics studies and many steps were taken to maximize the likelihood of successful locus capture. Therefore, our dataset has a disproportionate number of younger samples, meaning that the smaller number of older samples that happen to have been successful have a strong effect on the relationships that we explore. We excluded no outliers in our analyses. Including old samples that captured successfully sometimes created weakly positive relationships between locus capture and sample age, when this relationship is expected to be negative. However, removal of these outlier samples could erroneously create models that confirm a priori assumptions about locus capture.




Conclusion

Sequence capture is a remarkably resilient method for obtaining sequence data for phylogenomic analysis. We find that DNA from insect specimens stored under less-than-ideal conditions and over a century old can be sequenced successfully. However, success is more likely under certain conditions, and we use our results to provide recommendations for sample selection and preservation (Figure 4). We find higher DNA concentrations are correlated with greater locus capture, but the difference between loci captured is small across samples with low and high concentrations. Sample age is negatively correlated with locus capture, although many or all loci can be captured from older samples. Sample preservation type plays an important role for determining locus capture, with ethanol-preserved samples performing better than papered and pinned samples in our models and correlation analyses. However, samples preserved with any of the methods we investigated can capture a large proportion of targeted loci. The effect that age has on locus capture appears to depend on preservation method, and pinned samples have the steepest decline in locus capture vs. age. By comparing the proportion of loci captured with the number of targeted loci for each probe set, we find that the probe set with fewer targeted loci not only performs better, it also appears to be resistant to decreases in locus capture associated with Age, Concentration, Preservation, and Tissue. We conclude that sequence capture is a robust method that can be used to include historical samples in contemporary phylogenetic and population genetic studies with relatively low risk of failure and marginally diminishing returns when using older and non-ethanol-preserved samples, regardless of the tissue type used for DNA extraction.
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FIGURE 4
 Decision tree for selection of insect specimens most likely to yield optimal sequence capture results.
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We investigated how many species of the GenBank fish DNA barcode data cover the
NCBI taxonomy and the GBIF backbone taxonomy. Species not covered here will be
candidates for a new DNA barcode research in the future.
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Gene name Number of entries
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myh6 3,349
zicl 3,043
RAG2 2,794
(B) Flowering plant
Gene name Number of entries
matK 62,173
rbcL 46,917
trnL 34,273
psbA 25,761
rpsl6 23,473
trnK 20,068
ndhF 19,049
rpl16 12,635
rpl32 12,573
trnF 11,197

We picked up entries from GenBank with a sample ID but no BOLD ID, and extracted
the gene names. Since we have not processed them by text mining, the same genes exist
in the list with different spellings.
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Reference taxon (GenBank acc. no.) Source Reference Assembled Coverage of Maximum Mean
length (bp) reads reference coverage coverage
L. caspia | sequence L. caspia | L. caspia |
L. conus L. caspia | L. conus L. conus
L. conus
Bithynia leachii (MT410857) Direct submission 15,682 2,918 |95 39.6% | 3.1% 1,437 | 77 8.0]/0.3
(DNAmark project)
Caecum sp. (MT877093) Sevigny et al., 2021 15,398 110|232 3.6% | 0.9% 80| 223 0.3|0.6
Oncomelania h. hupensis (NC_012899) Direct submission (NCBI 15,186 10,548 |5 35.3% | 1.7% 5,109 | 2 157.4 |
genome project) <0.1
Oncomelania h. robertsoni (NC_013187) Direct submission (NCBI 15,191 913110 38.2% | 2.2% 45113 29| <01
genome project)
Potamopyrgus antipodarum (MG979468) Sharbrough et al., 2018 15,149 3,126 |5 39.3% | 1.4% 1,208 |2 9.8] <0.1
Potamopyrqus estuarinus (GQ996415) Neiman et al., 2010 15,120 704113 43.3% | 1.0% 51752 21.0| <0.1
Stenothyra glabra (MN548735) Qi etal., 2020 15,830 5,341 | 301 41.6% | 2.9% 3,293 | 204 16.8]1.0
Tricula hortensis (NC_013833) Direct submission (NCBI 15,179 519110 45.1% | 2.6% 152 1.8 <0.1

genome project)
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Mapping L. caspia | L. conus Consensus sequence L. caspia

Gene fragment Gene Reference Source Assembled Maximum Mean Achieved Trimmed % N GenBank
code taxon reads coverage coverage sequence length accession
(GenBank length (bp) (bp) #
acc. no.)

I. Mitochondrial gene fragments

Cytochrome ¢ COl Laevicaspia Wilke et al., 44| - 6] - 3.0]| - 750 123 0.97% ON365469
oxidase subunit | lincta* 2007
(EF379290)
Small subunit 128 Pyrgula Hausdorf 51| - 1] - 48] - 645 586 0.17% ONB362239
ribosomal RNA annulata etal., 2003
(SSU rRNA) (AF445350)
Large subunit 16S Laevicaspia Wilke et al., 70| - 9| - 51 - 766 736 0.14% ON362224
ribosomal RNA lincta® 2007
(LSU rRNA) (EF379306)
1. Nuclear gene fragments
Small subunit 188 Laevicaspia Wilke et al., 1,293 92 105 |24 57.418.8 1,070 1,021 0.10% ON362237
ribosomal RNA lincta® 2007
(SSU rRNA) (EF379280)
Large subunit 28S Hydrobia Criscione 1,948 ]115 9418 45.3|4.2 1,873 1,840 0.00% ONB362238
ribosomal RNA acuta and
(LSU rRNA) (KC110011) Ponder,
20183
Internal transcribed TS2 Pyrgula Stelbrink 833 | - 95| - 68.7| — 7 697 0.00% ON362234
spacer 2 annulata etal., 2020
(MT594179)
Histone 3 H3 Belgrandiella Osikowski 130 | - 22| - 13.8| - 455 328 0.00% ONB77370
krupensis etal, 2018
(MG551341)

*Note that this species was originally identified as Euxinipyrgula milachevitchi in Wilke et al. (2007), however, it has recently been synonymized with L. lincta (see Wesselingh
etal., 2019).
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Species Catalog# Sampletype  Year Weight per replicate (if possible) Qubit concentration (ng/.l)

collected
1 2 3 Total sample Replicate:1 Total 2-Zymo Total 3-Phenol/ Total
weight Qiagen DNA (ng/pl) DNA Chloroform DNA
(ng/p1) (ng/p1)

1 Propithecus diadema USNM 063348 Skin clip 1895 0.015 0.015 0.017 0.048 2.74 274 0.534 16.02 3.82 382
2 Propithecus diadema USNM 063348  Bone fragments 1895 0.002 0.002 0.003 0.0087 too low N/A Too low N/A Too low N/A
3 Propithecus diadema USNM 063349 Osteocrust 1895 0.0095 0.015 0.011 0.0312 0.26 26 0.312 9.36 2.44 244
4 Propithecus diadema USNM 063349 Skin clip 1895 0.005 0.005 0.0035 0.0103 0.658 65.8 0.826 24.78 1.99 199
5  Callosciurus nigrovittatus USNM 154902  Bone fragments 1909 0.003 0.003 0.003 0.009 too low N/A 0.122 3.66 0.764 76.4
6 Callosciurus notatus USNM 101686 Osteocrust 1900 0.004 0.004 0.004 0.013 0.212 21.2 0.538 16.14 0.736 73.6
7 Callosciurus notatus USNM 196712 Osteocrust 1913 0.006 0.009 0.007 0.022 0.454 45.4 2.4 72 4.08 408
8 Callosciurus notatus USNM 145405 Osteocrust 1911 0.006 0.006 0.006 0.021 0.874 87.4 26.4 792 10.5 1050
9 Balaeonptera physalus ~ USNM 617703 Baleen 1948 0.059 0.0102  0.0153 0.085 19.7 1970 432 1296 16.4 1640
10 Balaeonptera physalus ~ USNM 617538 Baleen 1948 0.06 0.0202 0.08 0.168 9.54 954 222 66.6 46 4600
11 Orcaella brevirostris FMNH 99613 Tooth 1966 0.069 0.089 0.097 0.216 Too low N/A 0.1 3 Too low N/A
12 Orcaella brevirostris MCZ 21929 Tooth 1892 0.0993  0.1074  0.1005 0.3709 Too low N/A Too low N/A Too low N/A
13 extraction negative NA NA NA NA NA NA NA Too low N/A Too low N/A Too low N/A

Mean: 1.28 128.45 1.56 46.82 4.11 411.33

stdev 6.52 651.8 14.62 438.65 13.75 1375.06

Each specimen contains details about the species, museum catalog number, type of sample (skin clip, bone, osteocrust, baleen, or tooth), the year collected, weight across each replicate and total sample weight, and the recovered DNA concentration
across extraction replicated and total recovered DNA. Total DNA was calculated as the protocols had variable elution volumes. Summary statistics are shown below the extraction types, with the mean, standard deviation, and minimum calculated.
Samples in bold represent extraction replicate with the highest recovered DNA concentration.
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Catalog # Species Sample type Weight 1 Weight 2 Total sample  Ancient DNA Total DNA Qiamp with DTT Total DNA

weight protocol (ng/nl) added (ng/pl)
1 USNM 114629  Callosciurus saturatus Skin 10 10.8 21.3 0.464 27.84 0.234 234
2 USNM 063347 Propithecus diadema Skin 12.2 132 24.5 0.124 7.44 0.396 39.6
3 USNM 256833 Ratufa bicolor Osteocrusts 27.2 27.2 54.4 1.28 76.8 6.26 626
4 USNM 257721 Ratufa bicolor Osteocrusts 26.8 26.7 53.5 3.8 228 2.82 282
5 USNM 488162 Ratufa bicolor Osteocrusts/nasal turbinates 22 22 44 49.8 2,988 70 7,000
6 Extraction blank NA NA NA Too low N/A Too low N/A
Mean 1.69 101.62 2.58 258.09
min 0.12 7.44 0.23 234
max 49.8 2,988 70 7,000
stdev 194 1,163.76 27.12 2,711.68

Species, catalog number, sample type, weight of samples (miligrams) and the recovered Qubit concentrations (in ng/ul), and total DNA are shown. Summary statistics of the mean, minimum, maximum, and standard deviation are shown. Samples in

bold represent extraction replicate with the highest recovered DNA concentration.
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Species Catalog # Sample type  Year Raw reads

collected
Qiagen Reads following % after Zymo Reads following P/C Reads following
trimming trim trimming trimming
1 Propithecus diadema USNM 063348 Skin clip 1895 1,789,744 566,702 32 4,601,708 193,946 4% 2,696,330 858,070 32%
2 Propithecus diadema USNM 063348  Bone fragments 1895 2,104,764 643,908 31 3,391,274 1,628,704 48% 3,427,410 791,212 23%
3 Propithecus diadema USNM 063349 Osteocrusts 1895 2,454,632 2,070,534 84 2,295,604 2,147,874 94% 4,302,074 3,918,248 91%
4 Propithecus diadema USNM 063349 Skin clip 1895 3,175,338 1,384,718 44 3,569,950 583,680 16% 3,647,742 968,074 27%
5 Callosciurus nigrovittatus USNM 154902  Bone fragments 1909 4,362,226 242,968 6 1,352,868 360,320 27% 3,554,152 1,569,516 44%
6 Callosciurus notatus USNM 101686 Osteocrusts 1900 3,509,020 1,893,724 54 3,390,104 346,568 10% 691,686 306,438 44%
7 Callosciurus notatus USNM 196712 Osteocrusts 1913 4,071,290 3,583,970 88 4,282,886 3,578,628 84% 3,623,668 2,415,302 67%
8 Callosciurus notatus USNM 145405 Osteocrusts 1911 4,568,240 4,266,038 93 5,992 3,904 65% 447,326 390,658 87%
9 Balaeonptera physalus USNM 617703 Baleen 1948 2,246,600 1,992,748 89 3,086,536 2,724,516 88% 3,107,516 2,704,140 87%
10Balaeonptera physalus USNM 617538 Baleen 1948 2,217,512 2,109,102 95 3,714,458 3,160,742 85% 2,413,430 1,740,710 72%
11Orcaella brevirostris FMNH 99613 Tooth 1966 3,052,618 209,266 7 485,582 370,162 76% 3,462,662 479,232 14%
12Orcaella brevirostris MCZ 21929 Tooth 1892 3,384,956 561,364 17 3,774,084 166,242 4% 4,076,568 115,646 3%
Average: 53 Average: 50% Average: 49%
Species Catalog # Sample type Year collected Ancient protocol Qiagen (modified)
Raw reads After trimming Raw reads After trimming
1 Callosciurus saturatus USNM 114629 Skin 1902 4,509,928 3,022,340 67% 4,373,798 194,016 4%
2 Propithecus diadema USNM 063347 Skin 1895 2,659,176 1,295,370 49% 4,166,987 441,518 11%
3 Ratufa bicolor USNM 256833 Osteocrusts 1931 2,067,418 1,944,496 94% 2,325,696 2,213,562 95%
4 Ratufa bicolor USNM 257721 Osteocrusts 1931 1,615,948 1,552,336 96% 382,810 309,308 81%
5 Ratufa bicolor USNM 488162 Osteocrusts/nasal turbinates 1969 106,960 97,006 91% 50,152 41,704 83%
Average: 79% Average: 55%

Raw reads were paired and trimmed with the specified quality filtering parameters. The number of reads remaining after filtering are shown for each extraction method, as well as the percentage of remaining reads. P/C represent

phenol/chloroform extractions.
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USNM Duplicate Tissue Proteinase No. rounds Conc. RNA RIN DV200

K bead beating extraction

(ng/uL)
583864 a Intestine N 2 Too low 2.5 <30%
583864 b Lung N 2 Too low
583866 a Intestine N 2 Too low 2.6 <30%
583866 b Lung N 2 Too low
583873 a Intestine N 2 Too low
583873 b Lung N 2 Too low
583877 a Intestine N 2 Too low
583877 b Lung N 2 Too low
Negtivel NA N 2 Too low
Negtive2 NA N 2 Too low
583864 c Intestine Y 2 52 2.5 <30%
583864 d Lung Y 2 Too low
583866 ( Intestine Y 2 27.6 2.5 <30%
583866 d Lung Y 2 Too low
583873 ( Intestine Y 2 2.12
583873 d Lung Y 2 Too low
583877 c Intestine Y 2 1.61 2.6 <30%
583877 d Lung Y 2 Too low
Negtive3 NA Y 2 Too low
Negtive4 NA Y 2 Too low
583864 e Intestine Y 1 2.45 2.5 <30%
583864 f Lung Y 1 Too low
583866 e Intestine ¥ 1 3.67 2.6 <30%
583866 f Lung Y 1 Too low
583873 € Intestine Y 1 Too low
583873 f Lung Y 1 Too low
583877 & Intestine Y 1 Too low
583877 f Lung Y 1 Too low
Negtive5 NA Y 1 Too low
Negtive6 NA ¥ 1 Too low

Qubit concentrations and RIN quality estimates of RNA extracted from replicate tissue and lung subsamples taken from four formalin-fixed bat vouchers, corresponding to Protocols 1 and 3 in
Figure 1.
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Single Dual (mean) Difference
(mean) p-value
(t-test)
Average coverage 11041 81.41 ns.
Prop. reads on target 032 063 <0.001
Prop. loci captured 0938 078 ns.
Average heterozygosity 033 014 <0001
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Population Mapping #loci #validsites  # unknown #

approach (vs) sites segregating
sites (ss)

cc historical de 340 229,038 1,062 737
novo
high-quality 316 220,405 2,507 457
de novo

oM historical de 1,329 546,333 163,714 3423
novo
high-quaiity 1,385 755,282 108,429 2,587
de novo

BV historical de 222 137,951 3816 781
novo
high-quaiity 203 139,645 848 515
de novo

88 historical de 512 214,860 70,833 1,740
novo
high-quality 464 314,115 10,080 784
de novo

w historical de 583 366,996 19,419 1,339
novo
high-quaiity 558 364,575 14,739 1,090
de novo

WGR historical de 85 53,588 785 371
novo
high-quaiity 79 49,156 734 99
denovo

wauU historical de 755 279,258 128,192 1,638
novo
high-quality 979 494,550 217,020 2,639
denovo

For Tajima’s D and Watterson's theta (6) the mean and the standard deviation (SD) are reported.
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